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ABSTRACT

A 1.5-meter-diameter (at the load waterline) test platform was used to
determine the ice loads and motions likely to be experienced by a moored
floating platform, of conical hull form, in a layer of mushy ice rubble.

The test platform was connected to a mooring harness which simulated the
mooring system of an existing platform, "Kulluk." In order to evaluate the
effects of platform motions on ice loads, a parallel series of experiments
were conducted with the test platform restrained, or fixed, from moving. The
experiments were congucted using the IIHR ice towing tank.

It was found that the forces required to moor or restrain the conical
test platform increased almost linearly with increasing thickness of ice-
rubble layer. When impacted by ice rubble the moored platform drifted
horizontally and changed its trim, but without undergoing cyclic motions. The
test platform when moored experienced ice loads which were up to 26%less than
it did when it was restrained from moving.

The maximum ice loads that were experienced by the test platform, when
either moored or restrained, did not vary significantly at the speed with
which the layer of ice rubble impacted the test platform,

An important feature of ice-rubble impact with the test platform was the
accumulation of ice rubble to form an "ice prow,” at the leading perimeter of
the test program. The ice load exerted against the test platform increased
while an "ice prow" developed, becoming more or less steady when it had
attained its esuilibrium extent.
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ICE LOADS AND MOTIONS EXPERIENCED BY A FLOATING, MOORED PLATFORM
IN MUSHY ICE RUBBLE

1. INTRODUCTION

A moored, floating platform for use in ice-covered waters is likely to
encounter and be impacted by fields of moving ice rubble, as is depicted in
figure 1. The resulting ice loads exerted against a moored platform are,
however, difficult to predict because their magnitudes are governed by both
the pattern of ice-rubble accumulation around the platform and the motions
that the platform may undergo during impact. In turn, the pattern of ice-
rubble accumulation, and possible motions--displacements as well as accelera-
tions--of the platform are influenced by the rubble-size composition, thick-

ness and speed with which the field of ice rubble moves around the platform.

The primary aim of tie study described here was to determine the effects
of the thickness and speed of a moving field of mushy ice rubble on the ice
loads that the field may exert against a moored, floating platform. An
additional aim of the study was to investigate the effect of platform motions
on ice loads that it experiences during impact with a field of mushy ice.

In order to attain these aims, series of model tests were conducted with
the test platform illustrated in figure 2. The test platform was shaped as an
inverted cone with a diameter of 1.5 meters at its load waterline. The cone
was flared to a cylindrical skirt which lined the bottom of the platform. The
skirt is designed to protect the mooring cables for a floating platform from
direct impact from the ice. A mooring harness which acted as a linear spring
was used to simulate the system of mooring cables that would typically be used
to moor a floating platform (e.g., see Gaida et al., 1981). The mooring
harness enabled the moored test platform to surge, heave and pitch, without
appreciable sway, yaw or roll.

Incidently, the test platform replicated, at an approximate scale of
1:45, an existing platform, "Kulluk,"” which is used for exploratory drilling

activities in the Beaufort Sea. A recent article in ARCTIC NBAS RECORD (1984}
briefly describes the problems that resulted when "Kulluk" became surrounded

by rubble ice in the brash size range.



In order to illuminate the effects of platform motions on the ice loads
that ice rubble could exert against the test platform, model tests were also
conducted with the platform fixed so that it was restrained from surging,
heaving and pitching. The comparison of the ice loads experienced by the test
platform in the moored and fixed (fully restrained) conditions shed light on
the influences of platform motions on the forces exerted by the ice rubble.

The present study is companion to an exploratory study by Matsuishi and
Ettema (1985) on the dynamic behavior of a moored platform continuously im-
pacted by floes of level, annual ice. The two studies were conducted concur-
rently. The sheets of urea ice that were used to model ice floes were frag-
mented to produce ice rubble which was of a relatively mushy consistency.

II. ICE LOADS EXERTED AGAINST A MOORED PLATFORM

A moored platform of conical hull form when located in a field of moving
ice rubble experiences ice loads which can be resolved into horizontal,
vertical and rotational components as shown in figure 3.

A Equations of Motion of a Floating, Moored Platform. The equations of

motion for a floating, cable-moored platform can be written in the following
general form:

[md ix} + [c] (% + [K1 {x} = IF} , (1)
(i) ({i) (6 Giv)

in which a term (i} relates to platform inertia; and terms {ii), (iii) and
(iv} relate to damping, and mooring plus water-reaction restoring
force/moment, and ice force/moment, respectively. Also, [m] = mass matrix,
[c] = damping matrix, (k] = stiffness matrix, {x} = displacement vector
and {F} = ice force/ moment vector,

[, A
[p f 8 (2)

{F}
fA (fe - fyﬂ,y) dA
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in which f, and f, = ice pressure in the orthogonal x and y directions;

Y
lx and ¢ = moment arms associated with the orthogonal lines of action of ice
pressure against the hull; and, A = contact area between ice rubble and
platform;
{x} = y {3)
g

Integration of the ice pressures f, and fy acting against the platform
gives the total ice forces and pitch moment; for the horizontal, or surge.

direction

Fy = fAfdi : (4)
for the vertical, or heave, direction

Fy = JAfydA : (5)
and for pitch

M, = fA(fstx- fyzy)dA . (6)

As is described in section III, for the present study the ice forces Fx
and Fy and the pitch moment MZ were not directly measured during experiments
with the moored platform. Instead the mooring force kyj;y was measured (kyy =
stiffness of mooring system in surge direction). Also measured for the moored
platform were: surge displacement and acceleration, y and y heave displace-

ment and acceleration, x and; pitch angle and acceleration, ¢ and,.

When, for the present study the test platform was fixed so that it could
not move, inertia and damping forces and moments were zero. The ice forces
Fys Fy and the moment M, were counter-acted by restraining forces in the surge
and heave directions and by pitch moment, which were measured using a multi-
axial load cell.



B Prior Studies on Ice Loads Against Conical Structures. The liter-

ature on ice loads experienced by conical structures, especially floating
ones, is not extensive although it is beginning to accumulate, in step with
the recent burgeoning of activities related to navigation as well as explora-
tion drilling through ice-covered waters. No published study has involved
measurement of the ice or mooring forces (items {iii) and (iv) in (1) through
(3)) as well as inertia forces or moments (terms (i})).

Ralston (1980} and Milano (1980, 1982) proposed analytical models for
determining ice loads against fixed, conical structures. Frederking (1980),
Frederking and Schwarz (1982) and Wessels (1984) presented results from model
tests on ice loads exerted against a variety of conical structures some of
which were able to surge, heave and pitch. All these studies have shown that
lower ice loads occur for a conical form which deflects ice and fails in
downwards flexure rather than one which deflects ice upwards and out of the
water. This is one reason why the platform "Kulluk™ has the form of a down-
werd-deflecting cone, although details of the model tests and analyses per-
formed for the design of "Kulluk™ have notyet been published.

Frederking (1980}, Frederking and Schwarz (1982}, and Wessels (1984},
Toyama and Yashima (1985) and more recently Matsuishi and Ettema (1985) offer
some data and insight into the dynamic behavior of moored platforms of conical
hull shape impacted by ice sheets. The collective body of data show that a
conical platform which can surge, heave and pitch experiences, lesser ice
forces does a conical platform which is restrained, or fixed, from moving.
However, except for the study by Matsuishi and Ettema, these studies report
only measured values of mooring or restraining forces but do not offer infor-
mation on the magnitudes of platform motions.

There has yet to be conducted an extensive study of the loads imposed by
ice rubble impacting against a moored platform of conical hull form.  Some
work has been done on the resistance encountered by cones and ship hulls towed
through ice rubble (e.g., Mellor 1980, Keinonen 1980, Hellman 1984). General-
ly, however, the topic of ice loads imposed by ice rubble has not been the
subject of much research. The present study is intended to probe the interac-
tion dynamics of a floating conical platformin a field of ice rubble.



IIT. EXPERIMENTS

A. Experimental Set-up.

1  The IIHR Ice Towing Tank. The experiments were conducted using
IIHR's 20-m-long, 5-m-wide, and 1.3-m-deep ice towing tank. A schematic
layout of the cold room, in which the ice tank is housed, and its cooling
system is given in figure 4  The cooling system is composed of two compres-
sors which provide coolant to the two cooler units situated at each end of the
cold room. The compressors are in turn cooled by water pumped from a 200 e
sump. If the sump exceeds a certain limiting temperature, a cooling tower
situated out-doors i s operated to cool the sump water.

Fans inside the four cooler units draw air from the cold room and, after
the heat exchange has occurred, discharge it into eight ducts which extend the
whole length of the cold room. This chilled air is forced through an array of
20-mm diameter holes along the base of each duct, thereby producing a flow of
chilled air over the towing tank. The four ducts are alternately arrayed so
as to provide an even distribution of cold air. Ever, two hours, one pair of
cooler units is defrosted by electrical heating. Depending on the ambient air
temperature outside the cold room, the total cooling capacity of the system
varies between 15 and 20 kW, which enables an ice sheet to grow at a rate of
about 1.5 to 2.0 mm per hour.

A push-blade was installed on the 5m wide, 24-m long motorized car-
riage, shown in figure 5 for driving the modelled fields of rubble ice a-
gainst the model platform. The depth of the push-blade was kept equal to the
thickness of the ice rubble layer so that the ice rubble layer did not in-
crease its thickness, at the push blade, during the test. The carriage runs
along rails on the tank's walls. The level of each rail was adjusted to a
tolerance of + 1.5 mm along its length. An angle beam on one side of the
basin gives the lateral guidance to the carriage and carries the rack of the
rack-and-pinion drive mechanism. The 0.C. motor on the carriage has a maximum
torque of 31 HNm and a speed range of 58 to 1750 RPM. A 1:15 gear box in-
creases the torque to 465 Nm and gives a reduced speed range of 39 to 117
KPM.  The effective radius of the pinion is 0.06 m; consequently the carriage
has a maximum driving force of 7750 N and a velocity range of 0.024 m/sec to



0.74 m/sec. Higher velocities, up to 22 m/sec, can be achieved i f a 1:5 gear
box is coupled to the DC. motor.

In order to measure the velocity of the carriage, a wheel carrying a
circular array of holes is mounted on the drive shaft of the D.C. motor. The
passage of each hole, as the shaft rotates, is sensed by a photo detector
which emits a light through the hole. The number of pulses counted during a
time interval is proportional to the velocity of the carriage. The length of
the time interval is 0.371 seconds so that 1000 pulses correspond to a velo-
city of 0.333 m/sec. After each interval of 0.371 sec, the number of pulses
is latched to a display and to a digital-analog converter which holds the
voltage during the following interval until the next measurement is avail-
able. The mean velocity of the preceding interval is therefore, displayed and
can be sampled.

2 The Test Platform. The test platform simulated approximately, at
1:45-scale, the moored platform "Kulluk." The principal dimensions of the
test platform and "Kulluk" are listed in table 1. Figure 6 shows the form and
principal dimensions of the test platform. In form, the platform was an
inverted cone which flared down to a flat-bottom cylinder. The transition
from conical to cylindrical section was rounded so that ice rubble would move
smoothly around the hull without becoming lodged in the region of the
transition from cone to cylinder forms.

Moored platforms are acted upon by mooring-cable tensions and foundation
reaction which is equal to buoyancy less weight of the platform. The equiva-
lent spring stiffnesses of the test platform were:

a) stiffness of mooring cables

ke = ky1 = 1.7 kN/m; (7)
b} stiffness of the foundation reaction

kyp = k33 = 17.3 kN/m, for heave; (8)

= 35.1 Nm/degree, for pitch rotation. {9)

7\_
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Note that the subscripts ij (e.g., 11,33,55) are per convention for the ten-
sorial form of the equations of motion {e.g., see Sarpkaya and Issacson 1981).

The ratios of water depth to typical lengths of mooring cables are in the
range of 0.02 to 0.05 (see Gaida et al. 1983}, which results in a much smaller
vertical component of the mooring forces compared to a horizontal component.
As the equivalent spring stiffness of mooring cables, (7), is an order of
magnitude smaller than the equivalent spring stiffness of the foundation, (8),
the contribution of mooring cables to vertical force and pitching moment can
be disregarded. However, the maximum drift of a drilling platform is re-
stricted to within 5% of water depth, in order to protect drilling equip-
ment. Additionally, the cables are pretensioned so as to increase the overall
stiffness of the mooring system. The cable mooring system can, therefore, be
idealized as being a linear horizontal spring.

3. Instrumentation. The test platform was connected to an instrument
beam by way of the linear mooring harness and a load cell as shown in figures
7 and 8. The motions of a cable-moored, floating platform were simulated
using a mooring harness which was comprised of a pair of elastic leaf springs,
a spline bearing, stroke bearings and universal bearings, as shown in figure
8.  The horizontal mooring force was measured using a 490-newton NISHO DENKI
LMC-3502-50 load cell which connected the instrument harness to the instrument
beam. Yawing and swaying of the moored platform were restricted by the loca-
tions of two vertical rods at its fore and aft as shown in figure 7. The 10-
mm diameter rods were constrained to slide in 10.5-mm wide slots as shown in
figure 9. The moored, test platform could surge, heave and pitch.

The heave and pitch motions of the moored platform were measured by
recording, with two linear voltage displacement transducers {(LVYDT's), the
elevation of the platform at two positions.

Vertical and horizontal accelerations of the moored platform were
measured with three 2G (19.6 m/sz) KYOWA ASQ - 2BL accelerometers.

For a parallel series of experiments the test platform was fixed to the
instrument beam by way of a load cell as is shown in figure 10. This condi-
tion of retraint was used to simulate the impact of ice rubble with a fixed
conical structure and, by comparison of results with the moored test platform,
to elucidate the influence of platform motions on ice-related forces.



The horizontal and vertical restraining forces and pitching moment of the
fixed platform were measured using a 196-newton and 98-newton-meter NISHO
DENKI LMC-4107-20 load cell connecting the platform and the instrument beam.

The locations of the measuring sensors and the positive directions of
recorded data are shown in figure 11

The output voltages from the load cells, LVDT's, accelerometers and the
carriage velocimeter were scanned using a digital voltmeter. The digitized
data were serially transmitted through a telephone link to the IIHR HP-1000 E
computer system and were then stored on disk. The band width of the data
acquisition link was 120 Hz, although each channel was sampled at a rate of 5
or 10 Hz.

4. Calibration of transducers. The zero level and sensitivity of each
transducer (force, moment, displacement and acceleration) was determined
before each test.

Each output voltage, V, of the load cells and accelerometers was measured
for a calibration strain, € created by an amplifier. The sensitivity of
each transducer, § was calculated as

S = C(V/ec) (10)

in which C is a predetermined ratio of strain to force or acceleration exper-
ienced by transducer.

The sensitivity of LVDT's, 13.03 mm/Volt and 12.92 mm/Volt, were eval-
uated by measuring the voltage change for a given displacement of each trans-
ducer rod.

The sensitivity of the circuit for the carriage velocity was determined
by correlating its output voltage with the mean velocity of the carriage
(determined by use of a stop watch and a length scale).

5. The Platform's Natural Periods of Oscillation. Free-oscillation

tests were carried out to determine the natural periods and logarithmic decre-
ments of surge and pitch for the test platform. The recorded data are shown

in table 2. The platform's natural period of heave was estimated from



T=2r/uw =28/ JWWMT ) (11)
in which A, = the platform's water-plane area = TrDLw/4 ;D = the platform
diameter at the load waterline; M = the platform's mass; AM = added mass,
assumed to be 1.2 M (from Faltinsen 1975, Van Oortmerssen 1976}; and pd =
specific weight of water.

6. Opemwater Tests. Openwater tests were conducted to check that the
push-blade which was used to drive the layer of ice rubble did not cause
additional hydrodynamic forces to be exerted against the test platform. It
was found that the additional hydrodynamic forces exerted against the platform
in openwater were negligibly small for the range of speeds that were tested.
The push-blade was perforated by many holes so that it could not push a sig-
nificant surge of water ahead of the carriage.

B. Ice-Rubble Simulation.

1. Ice-Rubble Fields. The simulated fields of rubble ice were 5-m wide,
or 3.3 times the diameter of the platform at the load waterline. The field
was sufficiently wide such that the side-walls of the ice tank did not sig-
nificantly affect the test results.

2. Ice Rubble. Ice sheets were grown from a 0.7-percent, by weight,
urea solution according to the following procedure. With the cooler system
operating at full capacity, the urea solution was cooled to a temperature of
about 0.1°C above the solution's freezing temperature (-0.30°C) and the air in
the room was chilled to about -12°C. Water circulation system provided neces-
sary mixing of the solution to prevent the formation of the unwanted ice
cover. Before being wet-seeded, the surface of the urea solution was screened
to remove the ice which had formed during the solution cooling process. Then,
the water circulation and the blowers of the cooling units were shut off and
the cold room was fogged with a fine spray of water droplets. The spray was
produced using a pressurized air spray gun and a pressurized tank. The water
droplets froze in the air and settled onto the surface of the water which had
by then reached the freezing temperature of the solution (-0.30°C). The wet-
seeding process prevented the unwanted formation of relatively large ice
crystals and enabled a multitude of small crystals to grow simultaneously over




the surface of the urea solution. Eventually, after growing through a transi-
tion layer, the ice grew with the columnar structure of thermal ice.

Each ice sheet was grown to about $5-percent of its final thickness, 30
mm.  The room temperature was then raised so that the air temperature at an
elevation of about 10 mm above the ice sheets was about 2 to 4°C, and ice
sheet was warmed and weakened. The principal properties of the ice sheets are
listed in table 3.

The ice rubble was prepared by dicing a 30-mm thick urea ice sheet (1.35
m prototype thickness) grown prior to each test series. The urea ice frag-
ments were mustered in the model-ice tank and groomed into a layer having a
uniform thickness of either 0.16, 0.32, 048 or 0.80 times the draft of the
test platform. The surface of the simulated ice-rubble field was not
refrozen.

C. Test Procedure. A total of 26 tests were conducted, of which 18 were

with the test platform moored (figure 7}, and 8 with the test platform fixed
from moving (figure 10). The test program is summarized in figure 12. For
each test series, the thickness of the layer of ice rubble was kept con-
stant. The layer was driven with a constant speed in the range of 0.02 to
0.20 m/s (0.26 to 2.6 kts in prototype scale) as indicated in figure 12, and
shown in tables A-1 and A-2. After each test, the layer of ice rubble was
regroomed to its original condition. For some thicknesses of ice-rubble
layer, three tests were conducted to examine the reproducability of test
results.

The porosity of each layer of ice rubble was measured by removing a
portion of each layer with a sieve-like canister of known volume and weight.
The porosity of the rubble ice layer before each test was typically 0.52. The
average diameter of the ice fragments was slightly less than 50 mm.  The size
range of the fragments was fairly broad; varying from individual crystals to
blocks of ice.

The relationships between model and prototype values of rubble ice speeds
are given in figure 13, while the relationships between forces and moments of
model platform and those of prototype are shown in figure 14.

The submerged depth of the push-blade was equal to the initial thickness
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of each layer of ice rubble. In this manner, ice rubble protruding beneath
the push-blade was swept hack behind the blade, and in effect, the push-blade

simulated an ice mass which, driven by wind or other ice masses, pushes a
layer of ice rubble, as is suggested in figure 15.

V. RESULTS

The pressures exerted by ice rubble impacting against the test platform
attained maximum values when an ice ridge or "ice prow" (a term suggested and
used by Ashton et al. 1973 and Mellor 1980) developed around the leading
portion of the platform's waterline perimeter. The development of a prow of
ice rubble accumulated against the platform is illustrated in figure 16.

Because the accumulation of ice rubble around the test platform signifi-
cantly affected the ice loads that it experienced, a discussion about the
influences of rubble thickness and speed on ice loads is best prefaced by a
brief description of the manner whereby ice rubble moved and accumulate around
the test platform.

A. Observations on the Movement and Accumulation of Ice Rubble around

the Test Platform. As a layer of ice rubble was pushed toward and around the

test platform, ice rubble accumulated along the leading perimeter of the
platform and, thereby, formed a relatively stationary zone, or prow of ice
rubble. The advancing field of ice rubble was forced to pass around the
platform with its prow of ice rubble. The boundaries of the prow delineated
shear surfaces between stationary ice and the moving field of ice rubble.
Figure 16 shows schematically the manner whereby ice rubble moved and accumu-
lated around the test platform.

While the prow of ice-rubble was forming, and had not yet reached its
equilibrium size, the ice load exerted against the platform increased monoton-
ically, as is indicated in figure 17. Once the prow had attained its equili-
brium size the ice loads became more-or-less steady.

Commensurate with increasing ice load were changes in the platform's
displacement and the force required to moor the platform. With increasing ice
load, the moored platform drifted horizontally and altered its trim. However,



during continuous impact with ice rubble, the moored platform did not ex-
perience cyclic motions.

Measured forces, moments and motions of the test platform are summarized
in Appendix 1. Time histories of mooring force, as well as heave displacement
and pitch angle are given in Appendix 2 for the moored, test platform. Also
given in Appendix 2 are the time histories of the horizontal (surge) and
vertical (heave) restraining forces that were recorded from the test platform
when it was fixed from moving.

The thickness of the prow of accumulated ice rubble was measured after
each test. As is plotted in figure 18, it is evident that the thickness of
the ice-rubble prow increased with increasing layer thickness. It appears
from figure 18 that the maximum thickness of the prow asymptotes to about
twice the draft of the platform; draft = 0.187 m Measured thicknesses of ice
rubble accumulation at various locations around the test platform are given in

Appendix 3.

Measurements of the porosity of the ice prow of ice rubble showed that
the prow had, on average, typically a porosity of about 11%less than did the
initial layer of ice rubble.

B. The Effect of Thickness of Ice-Rubble Layer on Ice Loads and Platform

Motions. The maximum mooring force (in the surge direction), ksy, and heave
displacement, x, experienced by the test platform when moored increased with
increasing thickness of ice rubble layer as shown in figures 19 and 20,
respectively. The relationship between mooring force and layer thickness is
shown in figure 19, in which it is apparent that the relationship is almost
linear.

Pitch angle, 8 , increased slightly with increasing thickness of layer
for the layer thicknesses up to 90 mm (4.05 m in prototype scale) as shown in
figure 21. Thereafter pitch angle decreased and the direction reversed direc-
tion. The scatter of recorded pitch angle was also greatest for the thickest
layer of ice rubble.

The equations for pitch moment, [(6), can be used to help explain the
change of pitching direction and scatter of record for thicker rubble ice
layer;



My = [p(f, - f o 0dA (6)

Ice pressures against the platform f, and f,, are highly dependent on the
submergence, accumulation and compaction of ice rubble around the platform.
Consequently, the spatial distribution of ice pressure against the platform
may vary, especially over the bottom of the platform. Because pitching mo-
ment, M is particularly sensitive to the spatial distribution of ice pres-
sure against the platform, and, as is indicated in (6), its rotational direc-
tion may change in accordance with the distribution of ice rubble accumulated
around and beneath the platform. It seems that, for the thickest layer of ice
rubble, the distribution of ice ruhble and, commensurately, ice pressures were
such that the direction of platform pitch differed to that for the thinner

layers.

When the test platform was fixed so that it was restrained from moving,
the restraining forces (surge and heave) and pitch moment increased linearly
with increasing thickness of ice rubble layer. The relationships between the
maximum values of FY' Fxy and M and layer thickness are shown in figures 22,
23, and 24, respectively.

C. The Effect of Speed of Ice-Rubble Movement on Ice Loads and Platform

Motions. The maximum values of mooring forces and heave displacements that
were experienced by the moored test platform remained constant over the range
of impact speeds tested (0.02 to 0.20 m/s in model scale, 026 to 2.6 kts in
prototype scale). These results are portrayed in figures 25 and 26 for
mooring force in the surge direction, ke¢¥, and heave displacement, X,
respectively.

Presented in figure 27 are values of the pitch angle that were assumed by
the test platform when it was in full contact with a layer of moving ice
rubble. It is evident that more data is needed to lucidly explain the in-
fluence of layer speed on platform pitch angle.

By influencing the size of the ice prow formed ahead of the platform,
and, relatedly, by influencing the distribution of ice rubble accumulated
beneath the platform, it is apparent that the platform's angle of pitch was
affected by the speed with which a layer of ice rubble moved around the test
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platform. The speed effect is difficult to unravel from the effect of layer
thickness.

D. The Effect of Platform Motions on Ice Loads. If the inertia and

damping terms are neglected in (1) and (2), it is possible to compare the
quasi-steady loads experienced by the moored test platform (figures 19 and 20)
to the loads experienced by the platform when it was fixed or restrained from
moving (figures 22 and 23). Table 4 is a summary of the comparison for a
moderately high speed of rubble ice impact, 0.08 m/s (1.04 kts in prototype
scale). Appendix 1 contains a more detailed list of the data.

The horizontal (mooring) and vertical restoring (buoyancy) forces that
were experienced by the moored platform were less than the horizontal and
vertical restraining forces experienced by the fixed platform. The difference
between the horizontal ice loads (mooring force and surge-restraining force)
decreased with increasing layer thickness of ice rubble. For the thinnest
layer (16% of platform draft), the ice load exerted against the moored plat-
form was 26% less than that exerted against the fixed platform. However, for
the thickest layer (80% of platform draft), the ice load that was exerted
against the moored platform was only 2% less than that exerted against the
fixed platform.

Other than saying that the platform's facility to move led to a reduction
in the vertical component of ice loads, compared to the loads exerted when the
platform was fixed, the influence of platform motion on (ice-related) vertical
forces for varying impact speeds and layer thicknesses is difficult to discern
clearly. For the thinnest layer, the vertical ice load exerted against the
moored platform was 19% less than that exerted against the fixed platform.
For intermediate layer thicknesses (32 to 48% of platform draft), the vertical
ice load exerted against the moored platform was about 38% less than that
exerted against the fixed platform. The difference decreased to about 26% for
the thickest layer.

V. CONCLUSIONS

The following principal conclusions were drawn from the study:
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When impacted by ice rubble, the moored test platform drifted hori-
zontally and altered its trim, but did not undergo cyclic motions.

The mooring force experienced by the moored test platform increased
monotonically as a "prow" of ice rubble developed around the leading
perimeter of the platform. Once the “prow" had reached an
equilibrium size, the ice loads remained steady.

The horizontal (surge) restraining force and pitch-restraining moment
experienced by the test platform, when restrained from moving, in-
creased monotonically and attained a maximum steady value in the same
manner as for the test platform when it was moored. The vertical
(heave) restraining forces increased with small fluctuations and
attained maximum value in a similar manner as did the horizontal
restraining force.

The maximum values of mooring forces and heave displacements that
were experienced by the moored test platform, and the maximum re-
straining forces and moments that were experienced by the test plat-
form when restrained from moving, were almost linearly proportional
to the thickness of the ice rubble layer.

The maximum values of pitching angles that were experienced by the
moored test platform increased slightly with increasing thickness of
ice-rubble layer. However, for the thickest layer of ice rubble (150
mm} the pitching angle changed direction and the scatter of data was
great.

The maximum values of the mooring force and heave displacements that
were experienced by the moored test platform were generally constant
over the range of impact speeds, 0.02 to 0.20 m/s.

The maximum values of the pitch angles of the moored test platform
impacted by the intermediate thickness (48% of platform draft) of ice
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rubble were constant over the whole range of impact speeds. However,
for both the thinnest and thickest layers (16 and 80% of platform
draft) the maximum pitch angles increased with increasing speed of
ice impact.

The mooring and heave restoring forces experienced by the moored test
platform were 26% and 19%, respectively, smaller than the restraining
forces experienced by the fixed platform for a moderately high speed
of ice rubble impact, 0.08 m/s. However, as layer thickness in-
creased, the difference between the mooring and surge-restraining
forces decreased. In other words, the horizontal ice load exerted
against the moored platform approached that exerted against the fixed
platform, as layer thickness increased.
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Figure 3. Ice forces and moment associated with rubble-ice pressure.
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Figure 13. Relationships between model and prototype ice impact speed.
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Figure 18. Thickness of ice-rubble accumulation as a "prow.”
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Figure 19, The effect of ice-rubble thickness on mooring force.
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Figure 20. The effect of ice-rubble thickness on heave displacement.
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Table 1. Principal Dimensions of the Test Platform and "Kulluk."

Test Platform "Kulluk"
{1/45 scale)

Diameter at deck level, Dp (m) 1.8 81.0
Diameter at load waterline, Drw (m)} . 145 67.5
Diameter at base line, Dy {m)} 1.334 60.0
Depth, D (m) 0.334 15.5
Draft, d {m) 0.187 8.4
Displacement, ¥V (m3) 0.271 24700

Cone angle, & {degree) 31.4 31.4
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Table 2. Natural periods and logarithmic decrements of model platform

SURGE HEAVE PITCH

Natural Period, T 3.00 1.41 1.17
(seconds)

Logarithmic Decrement, § 0.29 - 0.55
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Table 3. Ice-sheet data

Thickness, t(m) 0.029-0.032
Flexural strength, Uf {(kPa) 16.6 - 24.4
Elastic modulus, E(MPa) 8.2 ~ 14.8
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Table 4. Comparison of ice loadings experienced by the
platform when moored and when fixed

Ratio for moored: fixed condition of
platform restraint

Layer Layer Surge Force Heave Force
Thickness Speed

H v

(m) (m/s)
0.03 0.08 0.74 0.81
0.06 0.08 0.87 0.61
0.09 0.08 0.88 0465
0.15 0.08 0.98 0.74
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APPENDIX 1. Tables of Mpasured and Analyzed Data
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Expt. File H v Fy (‘SH 8
No. No. {mm) {(m/s) {N) {mm) (deg)
5-7 JO3G 30 0.04 37.1 0.70 -0.047
5-4 JO3D 30 0.08 20.9 0.63 0.054
5-8 JO3H 30 0.12 36.0 1.04 0.080
5-9 JO31 30 0.20 29 .4 0.70 0.076
-5 J16E 60 0.08 42.5 1.12 0.052
9-7 J16G 60 0.08 33.0 0.65 0.034
10-3 J18C 60 0.08 37.9 0.72 0.063
7-5 J11E 90 0.02 59.6 1.82 0.044
7-3 J11cC 90 0.04 63.9 1.55 0.062
5-5 JO3E 30 0.08 60.8 1.84 0.048
9-6 J16F 90 0.08 57.0 1.95 0.067
10-4 J18D 30 0.08 47 .9 1.45 0.088
7-4 J11D 90 0.12 66.1 2.12 0.070
7-8 J11H 150 0.02 95.6 Not Measured
7-6 J11F 150 0.04 88.5 4,2 -0.,060
5-6 JO3F 150 0.08 89.8 2.99 ~0.132
10-5 J18E 150 0.08 81.7 2.99 0.034
7-7 J11G 150 0.12 96.1 4.54 0.027

Table A-1. Summary of Data for the Moored Test Platform
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Expt. File H v Fy Fy M,
No. No. (mm) (m/s) (N) (N) (Nm)
8-3 J14C 30 0.8 13.5 27.1 ~-2.5
8-4 J14p 60 0.08 33.0 56.8 -4.,5
11-5 J21E 60 0.08 20.6 37.2 -3.1
11-7 J21G 60 0.08 17.3 36.3 -2.3
8-5 J14E 90 0.08 55.4 69.7 -6.7
11-6 J21F 90 0.08 37.1 56.3 -4,9
8-6 J14F 150 0.08 76.2 93,5 -10.7
11-8 J21H 150 0.08 62.7 81.5 -8.1

52

Summary of Data for the Fixed Test Platform




APPENDIX 2: Time Histories of Measured Quantities

Notoe:
(D Ordinate is in voltage.

(2) Calibration coefficient for the ice speed (V) is (0.417 volts = 0.0025)
m/s.

(3) Heave displacement is downward positive.

(4) Pitching angle is positive when fore part of platform moves downward and
aft upward.
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Table A-3.

Calbraton Coefficients

Exp. No. F Fy M, X, XZ Al, AZ’ A3
(N/V) (N/¥) (N-m/¥) (mm/V) (mm/V) (m/s2/V)
1-1 1-9 21.4% 21.4 21.4 13.03 12.92 -
2-1 2-6 9.8 9.8 9.8 13.03 12,92 -
3-1 3-14 19-6 19.6 19.6 13.03 12.92 -
4-1 4~5 19.6 19.6 19.6 13.03 12,92 -
5-1 59 19.6 19.6 19.6 13.03 12.92 0.490
6-1 19.6 19.6 19.6 13.03 12.92 0.196
7-1 7-8 19.6 19.6 19.6 13.03 12.92 0,196
8-1 8-6 19.6 19.6 19.6 13.03 12.92 0.196
9-1 9-7 19.6 19.6 19.6 13.03 12.92 0.196
10-1 10-5 19.6 19.6 19.6 13.03 12.92 0.196
11-1 11-8 19.6 19.6 19.6 13.03 12.92 0.196
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APPENDIX 3: Ice Accumulation around the Platform

Note:

{i) Thickness measurements are in centimeters
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