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ABSTRACT

Fourty-two tests of a model cable moored platform have been conducted in
ITHR ice towing tank facility. In each test, a sheet of urea doped fce, with
thickness from Z0-40mm and bending strength between 25 and 40kPa, was driven
past the medel platform. The platform was tested in two modes: "Fixed", in
which no deflection of the platform was allowed, and “moored”, in which the
platform could surge, heave and pitch against restoring forces provided by
buoyancy (for heave and pitch) and a leaf spring (for surge).

The observed behavior indicated that, for both moored and fixed platform
geometries, the forces on the plataform increased with increasing ice thick-
ness.  The fixed plataform experienced increasing forces as the ice impact
velocity increased but for the moored platform any such response was masked by
resonance effects. The critical frequency in this regard was the breaking
frequency of the ice for the heave and pitch forces on the moored platform.
However, the surge force power spectrum was dominated by the natural frequency
of the platform,

A most interesting result of the study is that the mooring forces on the
plataform appear to experience a minimum with respect to the stiffness of the
mooring system. Such a result has obvious practical impiications, and will be
investigated further,
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I. TINTRODUCTION

Drilling for oil In relatively deep, ice-covered or lce-infested waters
poses a number of problems, not least of which is the provision of a stable
platform from which drilling activities can be conducted. A cable-moored
piatform of conical hull shape provides such stability, and experience with
one platform, "Kulluk," (see e.g., Hnatiuk and Wright, 1984) in the Beaufort
Sea. Figure 1 shows the hull shape and mooring configuration of a model
floating, conical platform similar to "Yulluk." This model was used in all

the experiments deseribed herein.

While "Kulluk" cperated with success in the Beaufort Sea, there remain to
be answered a number of concerns for the designers and operators of such
floating platforms. Obviously of importance are the forces, displacements and
accelerations (the dynamic response) of the platform as it encounters a vari-
ety of different ice types {ice sheets, ice floe fields, rubble ice, large
Individual floes, etc.). Knowledge of the dynanmic response "envelope” of a
platform will enable decisions regarding emergency movement of the platform
(due to unacceptable ice conditions) to be made more effectively, avoiding
unnecessary ''downtime" and also unsafe operations. Another area of concern 1is
the problem caused by ice underriding the platform, and potentially damaging
the drill string. Indeed, this latter event may be a more important factor in
determining safe operation than the ice forces. Also of importance is the
effect of mooring svstem stiffness on the dynamic response of a platform.
This may even allow some "tuning" of platform dynamic response to be made

according to prevailing ice condition.

A. Scope of Study

The principle objectives of the study were to determine the effects of
mooring system stiffness, ice sheet thickness, ice sheet strength and ice
sheet velocities on the forces and motions (accelerations and displacements)
that a conical platform would encounter while amidst a large, moving ice

shest.

To meet these objectives, model tests were conducted at IIHR's ice towing
tank, using a l.S5-meter-~diameter (at the load waterline) test platform. The

model platform, shown in figure 2, was approximately a l:45-scale replica of



the hull of the existing platform "Kulluk."”  However, it did not exactly
replicate "Kulluk", as it was somewhat simpler in hull form and "Rulluk's"

mocring sysitem was not simulated exactly.

The ice sheets were grown and tempered to the required thicknesses and
strengths by means of the methods described below. After tempering, the

sheets were pushed against the platform by the tank carriage.

The results obtained from the tests are compared with the rerformance

critervia for the cable mooring system of the platform "Kulluk.”

B. Practical Aspects

A cable-moored platform of the type shown In figure 1 is obviously only
one of a number of design concepts under consideration for operation in ice
covered waters. No single platform is ideal! for all Arctic drilling sites,
and the most suitable platform type is determined by, typically, the water
depth and the ice conditions at the drilling sites. Frederking (1984) reviews

the various platform concepts.

Cable-moored platforms appear best suited to water depths between 20-60
meters. "Kulluk" was designed to withstand lce floes of 1 to l.5m thickness
of annual ice. In worse ice conditions, it is to be towed from the drill
site. Additional protection was to be provided by ice~breaking ships acting

as escort (Huatink and Wright, 1984; Loh and Stamberg, 1984).

. Previous Work

A detailed review of previous work, both practical and theoretical,
concerning ice forces against inclined planes and conical structures is given
by Matsuishi and Ettema (1985a). The interested reader is referred to this

report.

Relatively few tests have been performed on models of cable-moored struc—
tures. Frederking and Schwarz (1982) conducted a series of tests investigat—
ing the ice-breaking performance of a downward breaking cone. For some tests,
the cone was restrained from moving, while in other tests, it was allowed to
oscillate both vertically and horizontally. The cscillating cone experienced

a horizontal force only two—thirds of that measured for the restrained cone.



Matsuishi and Ettema (1985a,b) conducted tests on the model platform used
in the present study to investigate the dynamlc behavior of the piatform when
impacted by floes of annual ice, and when in a field of mushy ice. They made
measurements both with the platform fixed and with it "moored.”™ As in thig
series of tests, wooring system stiffness was modeliled using a leaf spring

{(see Section II, below). Among the results they obtained were:

1. That mooring force, platform motions and accelerations increased with
increasing floe diameter, but asymptotically approached a constant value
when floe diameter exceeding platform waterline diameter.

2. That mooring forces increased with increasing speed of ice floe impact.

3. That when impacted by mushy ice, the moored platform experienced a force
that increased monotonically as a "prow" developed around the leading
edge of the platform. Once the "prow" had reached an equilibrium size,
the ice loads remained steady.

4. In mushy ice, the mooring forces were linearly proportional te the thick~—

ness of the ice rubble layer.

It is intended that this study should build on the work of Matsuishi and
Ettema (1985a,b).

II. EXPERIMENTAL PROCEDURE

A. Test Facilities

1. TIIHR's ice towing tank.

All experiments were conducted using IIHR's ice towing tank which is 20m
long, 5m wide and 1.3m deep. Figure 3 shows the layout of the tank, and cold
room within which it is housed. Depending on the external ambient temper-
ature, the cold room has a cooling capacity between 15 and 20kw, allowing an

ice sheet to grow at a rate of 1.5 to 2.0mm per hour.

A motorized carriage {(shown in figure 4) was used to push the ice sheets
against the model platform. The carriage is driven by a wvariable velocity
D.C. motor, and can move at velocities between 0.00! to 1.50m/s. Velocity is

accurately measured by means of a wheel carrying a circular array of regularly



spaced holes, which is mounted on the drive shaft of the motor. A light
shines on one side of the wheel and, as a hole passes, the light is detected
on the other side of the wheel by a photo detector. The number of "pulses"

detected per second is linearly proportional to the carriage velocity,
2. The test platform.

The test platform is similar, but not exaectly identical, in form to the
existing cable-moored platform "Rulluk." A scale of 1:45 can be used to the
relate the test platform to "Kulluk."” Table 1 lists the principal dimension
of both "Kulluk" and the test platform. A detailed drawing of the test plat-

form is given in figure 5.

As discussed by Matsuishi and FEttema (1985a) a floating cable-moored
platform can be considered to be affected by three linear restoring forces or

moments.

(a) A horlzontal mooring force arising from the spring stiffness of the
model. Three values of spring stiffness were used in these tests; Ks wooe
1.7&N/m, 0.5kN/m. The latter two stiffnesses were obtained by means of leaf

springs in the mooring harness.

(b) A vertical foundation reaction force, opposing heave motion, due to

buoyancy; K, = 17.3kN/m.

(¢) A foundation reaction moment, opposing pitch motion, again due to

buoyvanay; kp = 35.1kNm/degree.
3. Instrumentation.

The platform was instrumented in two different ways: (a) for KS heing
non-infinite (i.e., the platform was "moored"); and (b) for Ky infinite {the

platform was "fixed").

When "moored”, the platform was connected to an instrument beam by way of
a linear mooring harness and a load cell (see figure 5). The mooring harness
comprised a pair of elastic leaf springs {(to provide Ki), a spline bearing,
stroke bearings and universal bearings, as shown in figure 7. The harness
simulated accurately the moticn of a floating, moored platform. Horizontal
mooring force was measured using a 490-Newton NISHO DENKI LMC-3502-50 load

cell which connected the mooring harness to the instrument beam. Yawing and



swaving of the moored platform werse restricted by two vertical rods located at
the fore and aft of the platform {see figure 8). The 10mm diameter rods were
constrained to siide in 10.5mm wide slots {see figure 9). Thus the moored

platform had three degrees of freedom for motion: heave, pitch and surge.

Heave and pitch motions were measured by means of two linear voltage
displacement transducers {LVDT's), which sensed the vertical motion of the
platform at two positions, fore and aft. The LVDT's were exclted using 12

volts with a full stroke range of 0.15m.

Vertical and horizontal accelerations of the moored platform were mea-

sured with three 2g(19.6ms™2) KYOWA ASO-2BL accelerometers.

The "fixed" platform (Ks = @} was connected directly to a load cell which
was, in turn, bolted to the instrument beam (see figure 10). The horizontal
and vertical forces, and the pitching moment experiences by the fixed platfornm
were measured using a 196-Newton and 98-Newton-meter NISHO DENKI IMC~4107-20
load cell.

The locations of the measuring sensors and the positive directions of
recorded data are shown in figure 1l. The output voltages from the measuring
sensors were scanned with a digital voltmeter. The digitized data were ser-—
ially tramsmitted to IIHR's HP-1000E computer system, and there stored on
disc. The data acquisitlion band width was 120Hz, though each channel was

sampled at a rate of either 7 or 10Hz.
4, Calibration of transducers.

For each of the data-logging transducers, the zero level and sensitivity

were determined before each test.

Each of the load cells and accelerometers had their output voltage, v,
measured for an amplifier-created calibration strain €C. The sensitivity, §,

of each transducer was evaluated as
§ = (V/EC)C (1)

where C is a predetermined ratio of strain to the force or acceleration axper—

fenced by the transducer.



Sensitivities of the LVDT's were evaluated by neasuring the voltage

change for a given displacement of the transducer rod.

The sensitivity of the carriage velocity measurement was determined by
correlating the output voltage with the mean carriage velocity as measured
with a length scale and stop watch. Calibration coefficients are listed in

table 2.

B. Model Ice

lce sheets were grown from a 0.77 by weight urea solution by the "wet
seeding” procedure described in detail by Matsuishi and Ettema (1985a).
Sheets were grown to three nominal thicknesses (20, 30 and 40mm). After
seeding had occurred, the cold room was adjusted for maximum cooling rate
until the ice sheet had grown to 857 of the desired thickness. At that time
the room temperature was raised to allow the ice sheet to temper (i.e., to

weaken).

The flexural strength, Of, and the flexural modulus of elasticity, e,
were monitored during the warm—up period until Gf attained 2 prescribed value
(25kPa or 40kPa). The load F to fail a cantilever beam of length £, width b,

and thickness h, in downwards flexure was used to estimate Gf

Is] = .6_1;.:‘.%_ (2)

Two to three cantilever beams were tested at several locations around the ice
sheet in order to obtain a representative mean value of Uf at intervals as the
sheet weakened.

The flexural elastic modulus, E¢, was determined by measuring the incre-
ment § of the vertical deflection of the ice sheete due to small increments of

a point load AP, applied at the center—point of the ice sheet. Thus

_0.188(1-v%)  Ap.2

E (g") (33

2

Dwgh

where Vv = Poigson's ratio for ice {(taken to be 0.3); Dw = density of urea
solution (= 1000 kg/mB); and g = gravitational acceleration (= 9.8lms”2). The

data associated with each ice sheet are given in table 3.



C. Preliminarvy Tests.

A number of tests were conducted to determine natural frequencies and the
logarithmic decrement of the moored platform surge, heave and pitch oscilla-
tions both in open water and in ice conditions. The results are tabulated in
table 4, Openwater tests had been conducted previcusly by Matsuishi and
Ettema (1985a) who had concluded that additional hvdrodynamic forces due to
movement of the push blade used for driving ice sheets were negligibly
smail. The coefficient of friction between the platform and the ice was

measured, using a range of normal pressures.

D. Test Procedures.

A total of 42 tests were conducted; 15 using the fixed platform, 7 using
the moored platform with K, = 1.7kN/m, and 20 using the moored platform with
Kg = 0.5kN/m. For each test series, the ice sheet was pushed with a constant
velocity against the platform by the carriage. The velocities used were 0.02,
0.04, 0.1 and G.2m/s. The relationships between model and prototype values of
ice sheet speeds are given in figure 12, while the relationships between

forces and moments for model and prototype are shown in figure 13.
ITI. PRESENTATION OF RESULTS

A. Data

Individual time series from the tests are presented in a separate adden-
dum to this report. (Examples of time series are shown in Appendix 1.) The
data obtained from the digital voltmeter were converted from voltages into
"engineering" values (N for force, ms™2 for acceleration, mm for heave, de-
grees for pltch) by means of a simple computer program. The time histories
were also analyzed to give the temporal mean, the standard deviation about
that mean, and the maximum and minlmum values for each signal. Table 3 gives
the results for the "fixed" platform tests, and table 6 for the "moored"

platform tests.



B. "Fixed" Platform

Figures 14 through 17 show the effect on horizontal force of velocity.
Note that, as In all graphs of results, the mean force and the mean plus two
standard deviations are plotted (following the practice of Matsuishi and
Ettema, 1985a}. It can be seen that horizontal surge force increases with
velocity. Similar trends are observed for vertical (heave) force (figures 18
through 21) and pitch moment {(figures 22 through 25). Horizontal Fforce,
vertical force, and the magnitude of the pitching moment all increase with
increasing ice thickness (see figures 26 through 28). The effect of ice
strength is less clear, but would appear to indicate that hoth forces and the

pitching moment increase with ice increasing strength.

C. "Moored"™ Platform

Figures 29 through 33 show the variation of horizontal {surge) force with
veiocity for the wmoored platform. The mean surge force appears to Increase
with velocity, though not always monotonically. There is a possibility of a
minimum force at some intermediate velocity, This minimum is more evident if
one considers the variation of the mean force plus two standard deviations
with lce velocity., This is discussed further in Section IV below. Filgures 34
through 36 show the effect of ice thickness on mooring force; mooring force
cleariy increases with increasing ice thickness. Note, however, that for the
40 mm ice thickness Ky = L7 kN/m, while for all other thicknesses K, = 0.5

kN/m.

De Qualitative Data

As well as collecting time series of loads, displacements and acceler—
ations, visual data was also gathered. An underwater video, viewing the
underside of the model platform, was taken for each test gignificant ice
underride occurred in all cases, which Is cause for concern since underriding
ice may foul drill string or mooring lines. Above water videos were also
taken of each test. After each test, any ice lodged under the platform was

collected and photographed (see, as an example, figure 37).



IV, DISCUSSION

A. Obsgervations

A number of qualitative observations can be made with regard to ice and

platform behavior during the tests.

1. Modes of ice fracture

As expected, ice fractured circumferentially as it thrust against the
platform (see fligure 38)., After downward flexure had produce a circumferen-—
tial crack ice segments were further broken by radial cracks. The resulting
ice pileces were then shored down the hull and clearing from beneath it
occurred in one of three ways. They were either swept past the sides, or
under the bettom of the platform, or it rotated back under the oncoming ice
sheet. The last clearing mechanism leading to the formation of a ridge or
coliar of broken ice that ringed the platform and significantly affected the

ice loads it experienced.

2. Platform motion

The platform, amidst a moving ice sheet, showed a fairly regular, though
also stochastic, motion. The platform would pitch up at the point of impact
and heave, while being shoved backwards. After a certain amount of motion it
would lurch, or surge, forward rapidly, only to be shoved backwards again.
Numerous smaller motions were superposed on this long term surge behavior.

This behavior Is discussed further in Section E, below.

3. Ice subduction

A major concerm in any floating drilling structure is to avoid broken ice
moving under the structure and fouling the drill string. In a cable moored
system such as "Kulluk", a further concern is added; that of avolding fouling
of moored cables. Considerable ice under flow was observed in the tests con-
ducted for this study, being most prevalent in thick ice conditions. Somewhat
different behavior could be expected for the "Kulluk" platform, because of
differences in a hull shape, particularly of the hull "skirt" (see figure

39). Thus while "Kulluk" would experience less ice underflow than the model



platform, it would experience higher forces, since ice could jam In the

"skirt"” angle and crushing may occur in rhat region.

B. TIce Thickness Effects

As noted in Chapter III above, for both the 'moored" and the '"figed"
platform all measured parameters (surge force, heave and pitch for the "moor-
ed'" platform, surge force, heave force and pitch moment for the "fixed" plat-
form) Increased their mean and peak values monotonically with increasing ice
thickness. This Is as to be expected since for a given ice strength the load
to break an ice sheet In downward bending increases. In fact, if one treats

an ice sheet as approximately a simple beam one has

d | 72

(43

~la

where 0 = the strength of the ice; vy = half the thickness of the ice sheet; I

1

the second moment of inertia; and, M is the breaking moment. If we allow I

i

bt3/12 (where b = breadth and t = thickness of the simple beam), then we

have:
Moo=t (5)
since y = t/2. The moment recuired to break the heam is given by
M= FL {6)

where F is the resultant force due to the platform acting on the ice, and £ is
the appropriate moment arm (see figure 40). It is reasonable to assume fhat

% will be related to the characteristic length, %2 , which is generally taken
(esg., TAHR 1980) as proporticnal to t3!4. Thus, éé might expect that

F tl.ES (7

However, two factors should be considered. First, no account has been taken

of dynamic effects, nor has the effect of the skirt on the platform been

considered. Second, the above analysis is simple and only a two-dimensional

16



approximation. Ralston (1980) provides a three dimensional plasticity solu~-
tion expressing the horizontal and vertical forces as second—-order polynomial
functions of ice thickness, while Enkvist (1983) suggests that the resistance
of the ice is directly proportional to the ice thickness. Given the complex—
ity of the platform geometry, no simple relationship between forces and thick-
ness should be expected, but the upward curvature apparent in almost all of

figures 26 through 28 and 34 through 36 suggest a relationship of the form:

o Foo M@ () (8)

o~

where n > 1,

€. Ice Velocity Effects

For the fixed platform, a general trend appears to be that both mean and
peak values of heave force, surge force and pitch moment increase monotoni-—
cally with increasing ice velocity. In some cases, however, it appears that a
minimum in these parameters may occur at V = 0,05 m/s; as for ice thicknesg =
30 mm and strength = 25 kPa for the fixed platform (figures 15, 19, 23). This
may be related to resonance and dynamic effects, or could simply be the result
of scatter. One would expect the forces to increase with ice velocity if, as
was the case here, the mode of ice failure remained the same (viz., downward
fracture) through the range of velocities investigated because forces associ-

ated with flexural breaking and submergence of jce Increase {see for example,

Schulson 1987).

For the moored platform, the situation is more complex as would be ex-
pected, given the wore dynamic nature of the experiments. Thus, although for
three cases (t = 40 mm, S = 25 kPa; t = 20 mm, S = 40 kPa; t = 30mm, S = 40
kPa) the heave appears to increase monotonically with veleocity, this is not
the case In the other two cases {(t = 30 mm, S = 25 kPa; t = 20mm, § = 25
kPa). Similar inconsistencies are apparent for the surge force and piteh
angle. It appears that the stochastic nature of the ice fracture process

overrides any deterministic trends which might be ceccurring.

11



D. Mooring Stiffness Effects

Including the work of Matsuishi and Fttema (1985a), three tests have now
been performed for three mooring svstem stiffnesses (KS = 0, l.7 kN/m, 0.5
kN/m). As figure 4! shows there appears to be a minimum of surge force as a
function of linverse mooring stiffness (ifks). This is a very important re-
sult, particularly for the design engineer, as it suggests that there may be
an optimum mooring stiffness which provides minimum loads and accelerations on
the platform. This result requires further investigation. In particular, it
is not clear precisely what factors contribute to this minimum. Future exper—

iments are planned fo elucidate this matter.

E. Dynamic Response

In order to determine the dominant freguencles of mooring loads, platform
motions, and the controlling failure modes of the ice as it moved agalinst the
platform, spectral analysis of time-histories was performed using a fast
fourier transform computer program. The frequency spectrum for each test was
then compared with the calculated breaking frequency fie fy, is calculated by
dividing the ice impact veloeity, V, by the average length of broken pieces

ib, thus:

v
£, =5 (9)
bR

In order to highlight certain trends the following discussion will concentrate
on cross-cuts through the tests. Four moored platform tests (all with ice
thickness = 30 mm and ice strength = 25 kPa) are comsidered with impact veloc—
ities ranging from 0.02 to 0.20 ms™1l. Similarly, four fixed-platform tests

are considered (see Table 7).

i+ Moored platform dynamic response

Figures 42 through 45 show the frequency power spectra for mooring force
(or surge displacement), ¥, and pitch angle, 9, for tests P30l through P304.
Relevant data are listed in table 7. Figure 41 shows that for test P30! both

F, and 8 exhibit a dominant peak at 2%f = 0.7 which is approximately fb/Z-

Mooring force also shows a peak at f = fb. For P302, F_, shows a double peak

X

12



at 2nf * 1.0 - 1.2, while 8 shows a peak at 27f = 2.0 which is associated with
fb. The double peak in the mooring force spectrum appears to be assoclated

th the natural surge frequency of the platform, £3 2wfn is approximately
le4s  The mooring force peak is rather broad banded, a trend which persists
for all data and is a result of the markedly stochastic nature of the ice
fracture process around the platform. In test P303, there is a secondary peak
on the mooring force spectrum at 2nf = 4.2 which corresponds to fy, but again,
the primary peak Is associated with the natural fregquency. In the piteh
spectrum, tLhe primary peak is at 2$f§. P304 continues this trend. Again,
surge Is dominated by the platform's resonmant frequency. 1In the pltch spee-
trum, three peaks are evident, which correspond to beB, fbfé and fb/S. To
express this physlically they represent vibrations associated with every third,

fourth and fifth fracture process.

The trend for the moored platform would thus appear to be as follows.
When breaking frequency, fb, is less than the platform's natural frequency of

surge oscillation amidst ice, f the dominant frequency of mooring-force

S!
oscillation coincides with an Integer fraction of fy3 usually fhfZ. Physical-
ly, this means that the platform is shoved back by the ice, which all the
white fails flexurally until mooring forces exceed imposed ice forces and the

platform surges forward, to be shoved back once agaln.

When fy equalled or exceeded fg, the dominant frequency of mooring force,
and platform surge, was fs. Physically, the moored platform acted as if it
were a plucked violin string. When released from a position of maximum surge
displacement, mooring forces caused the platform to spring forward, impacting
the onward thrusting ice sheet in a brief series of and breaking, heavily
damped vibrations. Pitch oscillations of the platform occurred primarily at
the breaking frequency (or some fraction thereof). It should perhaps be noted
that there are a2 number of inaceuracies inherent in the frequency analvsis.
Data was gathered at 7 or 10 Hz, thus higher frequencies than this are not
analyzed. Similarly, test length was at most 400 seconds, so very low fre-
quency effects will not be captured. Nonetheless, it does seem clear that the
two major loading modes om the platform are the long term surge and the break-

ing of the ice.

i3



2. TFixed platform dynamic response

Figures 46 through 49 show the frequency power spectra for surge re-
straining force {?X) for tests P301F through P304¥, with assocciated data in
table 7. The spectra are more broad banded than for the moored platform,
which Is a result of the lack of degrees of freedom for the fixed platform.
In a sense, the fixed platform was unable to tune its responses to either the
forcing frequency, or to a natural frequency of motion. P301F shows a second—
ary peak at fy, with the primary peak at fbfz. In P302F there is a very broad
peak, with the upper frequenecy corresponding to fy+ A similar situation is
evident for P303F. The smaller, higher frequency peak corresponds to fy,, and
the trailing peak may be associated with the clearing of rubble from around
the platform. P304F show another double peak, centered on fb/E. in contrast
te the moored platform there is no long period surge peak; This is to be
expected since the platform is fixed. Again the breaking of the ice appears

to be an important feature in the ice fracture process.

V. CONCLUSIONS

The following conclusions were drawn from the study:

l. When impacting the platform, ice sheets fractured circumferentially.
Significant amounts of broken ice passed under the platform, especially

for the thicker ice sheets.

2., For both "moored" and "fixed" platform tests, surge force, heave force and
pitch moment (or heave displacement and pitch angle for the "moored"
platform) increased monotonically with Increasing ice thickness, The
exact relationship between force and thickness is unclear, because of
complexities in the Interaction geometry, but Is of the form

n
Fat

where n ; 1.

3. The general trend for the "fixed" platform was for surge force, heave

force and pitch moment to increase monotonically with ice velocity. The

14



few exceptions to thls are probably due to scatter, though resonance

effects cannot be dismissed.

In contrast, for the "moored" platform the effect of ice velocity on surge
force, heave displacement and piteh angle is clearly compllicated by

raesonance effects.

The surge force experienced by the platform exhibits a minimum as stiff-

ness decreases from infinity. The minimum cccurs at KS = 1KN/m.

Fourier analysis of the time series show that for the "fixed" platform the
dominant frequency is the breaking frequency of the ice,fb, or some whole

number fraction thereof.

The "moored" platform also showed the breaking frequency, or a fraction
thereof, to be dominant for both heave and pitch. However, the surge
force power spectrum was dominated by the natural surge frequency of the

platform.

15
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Table 1

Principal Dimensions of the Test Platform and "Kulluk"

Test Platform "Kulluk"
{1/45 scale)

Diameter at deck level
Diameter at load waterline
Diameter at base line
Depth

Draft

Bisplacement

Cone Angle

(m)
{m)
(m)
{m)
(m)
(a)

{degree)

I.QS

1.5

0.334

0.187

0.271

81,0

6745

50.0

15.5

B.4

24700

31.4
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Tahle 2

Calibration Coefficients for Test Transducer

Transducer Coefficient
Load Cell 17.62 N/volt

Moored Platform LYDT #1 12.7 mm/volt
LVDT #2 12.7 mm/velt
Surge Force 7.85 N/volt

Fixed Platform Heave Force 7+85 N/volt
Pitch Moment 7.85 N/volt

18



Tahle 3

Ice Bheet Data

Sheet No. Thickness Strength, Ty EEJY
{mm) (kPa)
2201 21 24 921
P202 21 25 1064
P203 20 27 881
P204 21 27 940
P301 28 26 435
2302 27 24 400
P303 28 26 220
P304A 28 25 150
P305 28 40} 1453
P401 39 24 549
P301F 32 27 1443
P201F 21 24 4458
P302F 30 20 2100
P202F 20 25 4976
P203F 20 25 1569
P303F 30 20 1522
P304F 30 24 1171
P305F 30 39 786
P306F 30 50 1518
P3GTF 30 40 705
P308F 30 38 1418
P30SF 30 41 1861
P4OLF 40 24 2131
P4O2F 19 24 1471
P40O3F 39 25 2207
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Table 4

Natural Periods and Logarithmic Decrements
of Moored Platform

Surge Surge Heave Pitch
Displacement Displacement Displacement Rotation
(ks = 1,7 kﬁmekS = 0.5 kN/m)

Natural Period, T 3.00 4.50 1.41 1.17
(seconds)
Logarithmic 0.29 .25 - 0.55

Decrement, §&

20



Table 5

Test Thickness Velocity Strength E% 20 ?! 20
No. {(mm) (m/s) kPa ’ v

P301F 29 0.02 25 47 .4 3%.0 56.9 39.4
P302F 30 .04 21 41.3 23.0 45,7 32.6
P303F 30 0.1 24 48.5 27.4 33.5 52.6
P304F 30 0.2 24 51.9 43,2 40.4  105.0
B3G5F 30 0.02 39 47.2 46,2 37.4  33.8
P306F 36 0.04 38 49.4 33.0  68.1 34.2
P307F 30 0.1 39 51.3 32.8 53.2 64,8
P308F 30 0.2 38 77. 659.4 29.1 88.4
P309F 30 0.2 41 80.7 75.4 85.1 171.4
P4OLF 40 0.02 24 78.3 92.0 73.3 59.0
P4O2F 39 0.1 24 87.0 71.4 67,2 95.8
P4O3F 39 0.2 25 182.2 116.4 73.1 173.0
P20LF 21 0.02 24 18.6 10.7 24,2 18.1
P202F 20 .1 24 2405 15.4 28.8 27.4
P203F 21 0.2 25 39.0  31.8 37.9 78.4
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Table &

Moored Tests

Test Thickness Velocity Stremgth F 20 P 2 I 20
No. (mm) {m/s) {kPa)

P241 21 0.02 24 13.1 3.4 - - - -
P202 21 0.04 25 21.1 12.8 -0,201 0.230 ~1.446 3.876
P203 20 0.10 27 22.8 4.2 ~0.223 D.176 ~1,269 0.718
P204 21 J.20 27 28.6 1.6 =0,162 0.132 -0.811 1.202
P3G1 28 0.02 26 26.6 20.0  -~0.285 0.22 -2.801 0.9
p302 27 0,04 24 23.2 8.2 ~0.238 0.23 -1.399 0.92
P303 28 0.10 2 28.5 4.0 -0.219 0.52 ~1.,405 1.34
P3044 28 0,20 25 29.3 bob  ~0,252 0.12 -1.277 1.16
P305 28 0.02 40 27.0 20,4 ~0,267 0.26 ~1.56 1.12
P205 19 0.02 40 27.5 23.4 ~-.211 0.188 -1.514 799
P206 19 0.04 18 21.6 3.76 -0.,201 0.162 -1.413 .576
p207 19 0.04 39 18.1 18.9 0,248 0.236 ~1.664 716
P208 20.5 .10 ai 37.2 4.94 ~0,339 0,262 ~2.265 1.1656
P209 19 3.20 39 37.5 4,72 ~0.360 0.148 ~2.25 0.96
P306 30 0.04 40 71.0 45,6 - - - -
P3010 28 0.02 36 50,8 51.8 -0.226 0.334 —1.616 1.65
7309 28 0.20 36 77.8 9.6 -0.455 0.412 -4,.54 3.03
P308 28 0.10 36 72.7 13.4 ~0.423 0.834 -3.87 4.38
P3G7 28 0.04 36 64,1 32.2 ~0.250 0.524 ~-2.412 1.72
P371 37 0.02 28 172.8 95,0 -0.150 0.690 -1.92 1.65
2403 40 0.02 24 167.0 73.4  0.060  1.00 ~2.42 3.68
P404 40 0,10 21 91.3 46,2 -0.285% 1.26 -3.05 2.38
P4G5 40 0. 20 21 124.3 55.4 ~0.382 1.28 -3.97 4,80
P406 40 0.02 22 5744 62.8 ~0.364 0.40 ~-2.72 1.86
P40O7 40 0.02 20 47.8 33.4 -0.395 0.36 -2.31 1.26
Paga 40 8.10 20 87.0 53.4 -0.374 1.26 ~2.91 2.90
Thickness

20 mm - 4 at 25kPa, 4 at 40kPa, 1 at 18kPa

30 mm - 4 at 25kPa, 1 at 21kPa, 6 at 40kPa

40 mm - 7 at 25kPa
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Table 7
Platform Dynamic Response

A: Moored Platform; £ = 30mm, s = 25kPa

surge piteh
#Velocit / — ki ' £ 2
Test # Velocity{m/s) breaking length(mm) ¢ ZNfb zﬁfﬁam gf&om
P3G1 2.02 116 0.18 1.13 0.7 0.7
P302 0.04 95 .44 2.76 1.0~1.4 2.0
303 0.10 120 0.83 5.22 0.8-1.4 4,5
P304 0.20 75 2.7 17.0 1.4 5.2,3.8,3.2
B: Fixed Platform; f = 30mm, s = 25kPa
Velocity(m/s) breaking length{mm) £y EHfb Zﬁféom

P301F 0.02 155 0.13 0.82 0.55
P302F 0.04 120 0.33 2.07 2.1
P303F 0.10 115 0,87 5.47 42
P304F 0.20 100 2.0 12.6 6.0
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Figure 2. The Model Platform
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Figure 3. The Platform Showing Sway and Yaw Restraint
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Figure 37. Ice Trapped Underneath the Platform, Shown after the Test



Figure 38. Circumferential Ice Fracture Around Platform
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Figure 39,
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Comparison of "Skirts" for Model and "Kulluk"



Figure 40,

hull

|, moment arm

F, resultant force

Bepicetion of Forces Acting on the Ice Sheet
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Figure 45. Frequency Power Spectra for Fx and 9, test P304 {moored)
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fgure 46. Frequency Power Spectrum for Fx, test 2301F {Fixed)
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