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THE APPLICATION OF CENTRIFUGAL MODELING
TO DETERMINE ICE FORCES ON ISOLATED CIRCULAR STRUCTURES

1.0 INTRODUCTION
The potential for large petroleum reserves in arctic
offshore regions has created a demand to predict ice
forces on offshore structures.

Shallow water exploratory

structures such as gravel islands presently exist, but the

uncertainty associated with ice loadings warrants high
factors of safety and corresponding costs.

As exploration

moves into deeper waters and production structures come on
line, the costs will continue to rise.

If, however, the

uncertainties associated with the ice loads may be
decreased, significant savings will result and seemingly
unprofitable oil fields may be developed.
In recognition of the need to predict ice forces
associated with arctic winter conditions, Vinson (1) has

proposed that the technique of centrifugal modeling be
applied to the ice/structure/seabed foundation interaction
problem.

Typical model tests involving soils are

inadequate because the stress state within a small scale
model does not match that within the full scale prototype.
Because the strength of soil is a function of the overall
stress state, it is necessary that the stresses within the

prototype be reproduced accurately within the model.
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Centrifugal modeling provides a means to accomplish
this task.

The problem of ice/structure/seabed foundation
interaction had not been previously addressed with
centrifugal modeling.

It was recognized, therefore,

that it was first necessary to establish the validity
of centrifugal modeling for just the ice/structure
interaction problem.

Consequently, a laboratory research

Program was conducted to investigate ice induced forces
on offshore structures with centrifugal modeling.
Preliminary work in this area was conducted by Wurst (2).

This thesis reports the results of the laboratory
investigation to employ the technique of centrifugal
modeling to determine ice forces on isolated rigid piles
and cones.

Chapter 2 discusses the principles of

centrifugal modeling and the development of the model
test system.

Chapters 3 and 4 report the results of the

investigations of ice forces on vertical piles and cones,
respectively.

Included within these chapters are

discussions of the results and comparisons with other
results reported in the literature.

In general, it was

found that the results compare favorably with those of
others and centrifugal modeling is valid for investigating
the ice/structure interaction problem.
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2.0

DETERMINATION OF ICE FORCES
WITH CENTRIFUGE MODELS

by Herbert F. Clough' ,A.M. ASCE,
Philip L. Wurst2,A.M. ASCE, and Ted S. Vinson3 ,M. ASCE

ABSTRACT:

A test system and procedures were

developed to investigate ice forces on offshore
structures with the technique of centrifugal
modeling.

The development progressed through

four design stages associated with:
model container strong box,
formation system,

(1) the

(2) the ice sheet

(3) the model structure drive

system, and (4) the instrumentation.

The

components were developed separately before
incorporation into the final system.

The test

apparatus developed included an aluminum strong
box with a motor driven model structure.

The

ice sheets were formed by prolonged application
of vaporized liquid nitrogen.

Temperatures,

loads, and displacements were measured with
thermistors, strain gages, and an LVDT,
.

respectively.

'The test results indicate that a

relationship between ice thickness, temperature,

and time may be used to create an ice sheet of
'Staff Engineer, Hart-Crowser & Associates, Seattle, WA;
formerly graduate research assistant, Oregon State
University.
2
Staff Engineer, Geotechnical Resources, Portland, OR;
formerly graduate research assistant, Oregon State
University.
3
Professor, Department of Civil Engineering, Oregon State
University, Corvallis, OR 97331.
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predetermined thickness on the centrifuge.

The test

results from ice lateral load pile tests conducted with
the system developed compare favorably with the results
obtained by other investigators.
2.1

INTRODUCTION

Shallow water oil exploration is being conducted in
arctic offshore regions.

As the design of production

structures begins, there is great interest in the
magnitude of ice loads for the arctic offshore
environment.

Ultimately, the successful performance of

the offshore structures will depend upon their ability to
resist the ice loads or dissipate the energy in the ice
floe.

To assess this ability requires an examination of

the interaction between the ice floe, structure, and
seabed foundation (Croasdale, 4; Vinson, 12).

Many attempts have been made to quantify the forces an
ice floe exerts on a structure.

There are four techniques

commonly employed to estimate ice forces:

(1) analytical

modeling, (2) small scale laboratory modeling using either
real or artificial ice,

(3) in situ testing using

naturally occurring ice sheets, and (4) instrumenting
field structures.

Each technique has its own inherent

advantages, but none are completely satisfactory in that
they either fail to examine the entire problem of ice
floe/structure/geologic foundation interaction, or they
are very difficult to implement.

To accurately model soil response, whether it be the

6

seabed foundation or the structure itself (e.g., a gravel
island), the stress-strain-strength dependency of the soil
on the overall stress state must be addressed.

In a

physical model study, this requirement implies the state
of stress at corresponding points in the full-scale
prototype and the model must be equal.

For a model built

from the same materials as the full-scale prototype, this
last condition is met only if the model and prototype are
the same size.

Clearly, any advantage of a physical model

study would be lost.

Alternatively, the technique of

centrifugal modeling may be used to create a one-to-one
correspondence of stress state at corresponding points in
a small-scale model subjected to a high inertial
acceleration and a full-scale prototype.

2.2 CENTRIFUGAL MODELING TECHNIQUE
Background.-- Centrifugal modeling is not a new
technique, but its importance has only recently been
recognized in the United States.

Cheney (3) states that a

19th century Frenchman named Phillips first suggested
using the centrifuge to account for the weight of beams in
model studies.

Since structural member weight is

relatively unimportant in structural problems, this
suggestion was not acted upon by the profession until
Bucky (2) conducted centrifugal modeling studies in the
United States in 1931.

Al-Hussaini (1) conducted a

literature review of centrifugal modeling and reports of
studies in Soviet laboratories in the 1930's concerning

7

slope stability, pressure distributions under foundations
and around buried pipes, and foundation settlements.

Principles of Centrifugal Modeling.-- The inertial
acceleration experienced by a model on a centrifuge is
best described with a cylindrical coordinate system, as
shown in Figure 2.1.

Since the centrifuge rotates in a

plane, there are two components of motion that are of
interest, tangential and radial.

The tangential

acceleration, at, of a point on a centrifuge is

a

t

(2.1)

= r15 +

in which r is the radius,r is the relative speed in the
radial direction,

6 is the angular velocity, and 1; is the

angular acceleration.
a

r '

Similarly, the radial acceleration,

is

a

r

= r - r62

(2.2)

in which i2 is the rate of change of the speed in the
radial direction.

Equations (2.1) and (2.2) may be

simplified for most models on a centrifuge.

If movement

in the model in the radial direction is slow or
nonexistent, the usual case for geotechnical applications,
then r = r = 0.

Further, for tests conducted under

constant angular velocity,

6= 0, although some problems

require consideration of this term because of the

8

Radial velocity
and acceleration

Point of interest
in model container

°t
Tangential velocity
and acceleration

Axis of rotation
of centrifuge

Figure 2.1 - Plan View of Inertial Field Created in
a Centrifuge

9

necessity of accelerating the centrifuge prior to the test
and braking the centrifuge following the test.

The

resulting acceleration of interest is in the radial
direction and is

ar

= -r

(2.3)

e
'

where the minus sign indicates that the acceleration acts
toward the hub of the centrifuge.

When a model of some finite dimension replaces the
point in space on the centrifuge, equation (2.3) implies
that stress will not vary linearly across the model as is
Using the results shown in

the case for the prototype.

equation (2.3), the variation in stress within the model
is derived in Section 2.8. The result is shown in equation
(2.4).

A2

0.=
1

Puv

k

r.
1

2

-rot
2

(2.4)

2

in which p is the material density and the subscripts o
and i refer to the surface of the model and point of
interest in the model, respectively.

Unlike natural

conditions, the stress in the model is a function of the
depth (r) squared.

If, however, r

is greater than five

times the model depth, equation (2.4) may be reduced to
equation (2.5) with less than 10% error.

10
a

= pe2

(2.5)

pr

The depth in the model is represented by Ar, so the stress
in the model is a linear function of depth just as in the
prototype.

This last fact is the basis for the principal
advantage of centrifugal modeling.

For materials which

have properties that are stress-state dependent, such as
soil, centrifugal modeling allows the use of small-scale
models constructed of the same material as the prototype.

For example, if a model is created that is scaled down
from the prototype by a factor of n, and it is accelerated
on a centrifuge to an inertial acceleration of ng, where g
is the acceleration of gravity, then the stress at
corresponding points between the model and prototype will
be the same provided they are constructed of identical
materials and the boundary stresses are the same
(Al-Hussaini, 1).

From this example it may be deduced

that the scaling relationship for linear dimensions on the
model is 1/n.

Similarly, scaling relationships for other

physical quantities may be derived.

Scott and Morgan (11)

presented a summary of these relationships for centrifugal
model studies which is reproduced in Table 2.1.

To demonstrate the validity of these scaling
relationships, it will be shown that these relationships
may be derived by consideration of dynamic similitude.
Ice-structure interaction involves the similitude of
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Table 2.1.-- Scaling Relationships for Centrifugal
Modeling (After Scott and Morgan, 11)

Quantity

Prototype

Centrifuge Model
at n gravities

(1)

(2)

(3)

Length

1

1/n

Area

1

1/n2

Volume

1

1/n3

Time-Dynamic Events

1

1/n

-Hydrodynamic Events

1

1/n2

-Viscous Flow

1

1

Velocity

1

1

Acceleration

1

n

Mass

1

1/n3

Force

1

1/n2

Energy

1

1/n3

Stress/Pressure

1

1

Strain

1

1

Density

1

1

Frequency

1

n
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gravity, inertial, and internal forces.

These are

manifested by the Froude and Cauchy numbers which
represent, respectively, the ratio of inertial to
gravitational forces and inertial to internal forces.
Equating the Froude numbers from the model and prototype,

F

r

=

F

(2.6)

r
p

in which F

r

is the Froude number and the subscripts m and

p refer to the model and prototype, respectively.

From

the definition of the Froude number (v/Y74T), the scaling

relationship for velocity may be derived as follows:

vm/V.TWITIRT =

vp/)4757.1T

(2.7)

in which v is velocity and 1 is a characteristic linear
dimension.

If the model is scaled down from the prototype

by a factor n and tested at an inertial acceleration of
ng

,

then

valingplp/n = v p/ glt773

(2.8)

VM = V

(2.9)

and

This result indicates that the scaling relationship for
velocity is one.

This is the same as the value given for

velocity in Table 2.1.

Further, equating the Cauchy
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numbers (C = v2p/E),

C

= C

m

(2.10)

p

the scaling relationship for elastic modulus may be
derived.

(2.11)

/Em = v P2 p /EP

p

vm2

P

in which E is the material elastic modulus.

It was just

shown that the equality of Froude numbers requires the
Further, the model and prototype

equality of velocities.

are constructed of identical materials.

2

m

p

m

=

V2
P

Therefore,

(2.12)

pp

and

Em =

(2.13)

Ep

Equation (2.13) indicates that the scaling relationship
for modulus of elasticity, which has the same dimensions
as stress, is one.

This agrees with the centrifugal

model scaling relationship for stress given in Table 2.1.
In addition to the principal advantage discussed

earlier, centrifugal modeling has other advantages as
well.

Three-dimensional problems that may be expensive or

impossible to address with analytical modeling can be
accommodated with centrifugal modeling.

Further,
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centrifugal modeling allows observation of the model for
rare event conditions or even to failure.

As with any other modeling technique, however,
centrifugal modeling does have some limitations.

Al-Hussaini (1) presented a summary of these limitations
for geotechnical applications.

The first, mentioned

earlier, is that the inertial acceleration field in the
centrifuge is not constant with model depth.

Second, the

model should have the same stress and strain history as
the prototype.

Third, the accelerations associated with

starting and stopping the centrifuge subject the model to

a stress history to which the prototype has not been
subjected.

Fourth, creep and secondary compression may

not obey the same scaling relation as primary
consolidation.

Fifth, macroscopic soil structure (e.g.,

fissured clay) may not be reproducible in the model.

Finally, side friction between the model and the test
container may influence test results.

These limitations, though, may be overcome with proper
test techniques.

If the model is small compared to the

centrifuge arm radius, the inertial acceleration field
closely approximates a gravitational field.

Surcharges

may be used to reproduce field stress histories in the
model.

The centrifuge may be accelerated and braked

slowly to minimize the associated stresses.

The effects

of creep and secondary compression may be estimated from
conventional soil mechanics theories.

Boundary effects

15

may be minimized by careful design and construction of the
model.

2.3 TEST APPARATUS AND PROCEDURE
Boeing Centrifuge.-- The centrifuge used in this
study, shown in Figure 2.2, is owned and operated by the
Boeing Aerospace Company, Kent, Washington.
components of the centrifuge include:
plant/rotor/arm assembly,

The primary

(1) power

(2) swinging buckets to

accommodate the model container, (3) slip rings to pass
electrical signals and fluid or gas,

(4) an enclosure to

minimize air drag, and (5) a containment structure to
isolate the centrifuge from personnel in the event of a
failure.

The Boeing centrifuge is powered by a belt drive,
variable speed, 15 horsepower, 3 phase electric motor.
is controlled manually with a tachometer.

It

The arm radius

from the hub centerline to the base of a swinging bucket
is 55 in. (1.4 m).
66 g-tons.

The centrifuge has a rated capacity of

That is, the product of payload weight and

centrifugal acceleration may not exceed 66 g-tons.

The

centrifuge is equipped with swinging model container
buckets.

These allow for the preparation and mounting of

the model in the horizontal position.

When the centrifuge

is in flight, the buckets swing up to the vertical
position.

The swinging buckets can accommodate a model

with maximum dimensions of 19.5 in. by 19.5 in. (0.495 m x
0.495 m) in area and llin. (0.28 m) in depth.

The 26

16

Enclosure----

Rotor--

Rotating Arm-

Swinging Bucket -*-

Figure 2.2

The Boeing Geotechnical Centrifuge
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electrical slip rings available include 24 rated at 1 amp
current and 2 at 5 amps.

There is one hydraulic slip ring

rated at 100 psi (690 kPa) for gas or 25 psi (170 kPa) for
liquid.

The centrifuge is isolated from personnel by

reinforced concrete walls.
Test System:

Design Criteria.-- The design criteria

for the test system were very specific.

The initial goal

of the research program was to investigate ice forces and
failure mechanisms on isolated structures with centrifugal
modeling.

Therefore, it was necessary to construct an

environmental model container in which the experiments
could be conducted, monitored, and controlled, while in
flight on the Boeing centrifuge.

The physical dimensions

of the model test container were limited by the size of
the swinging buckets on the centrifuge, and the ability to
monitor and control the system was limited by the type and
number of electric and hydraulic slip rings on the
centrifuge.

The basic criterion for the design of all

parts of the model test container was the ability to
withstand the forces associated with high inertial
accelerations.

Model Test Container and Instrumentation.-- The
functions to be performed in the model test container
included (i) creating a uniform ice sheet, and (ii)

failing an ice sheet against a model structure driven
at a controlled displacement rate.

In addition, it

was necessary to monitor temperatures, forces, and

18

All of these tasks, of

displacements during the tests.

course, had to be accomplished from a remote location.

The test system components were evaluated separately
prior to combining the components into a working system.

The test system was broken into four components as
follows:

(1) model container strong box,

(2) ice sheet

formation system, (3) model structure drive system, and
The development of each of these

(4) instrumentation.

components is examined below.

The design of the model container strong box was
dictated by the size of the swinging bucket, the design
inertial loads, the desired boundary conditions for the
ice sheet, and consideration of corrosion due to
continuous wetting and drying.

The wall thickness was

determined based on the hydrostatic load associated with a
water depth of 9 in.
100 g.

(230 mm) and an inertial field of

The container was constructed from 1/2 in.

thick 6061-T6 aluminum plate.

Aluminum was chosen for its

strength, light weight, and corrosion resistance.
surfaces were sealed with silicone caulk.
were made with 1/4 in.

(13 mm)

Connections

(6 mm) by 20 by 3/4 in.

stainless steel allen cap screws.

Mated

(19 mm)

The container, shown in

Figure 2.3, is square in plan view with overall dimensions
of 19.5 in. by 19.5 in. by 11 in. (495 x 495 x 279 mm).
Initial failure tests were conducted with this square

boundary, but to be compatible with the final nitrogen
distribution system, a circular boundary ring constructed

19

Aluminum
Strong Box

Thermistors

Circular
Boundary Ring
Nitrogen
Distribution Ring

To Liquid Nitrogen

1\

Foam

Model Pile

Insulation
Drive Motor
Lead Screw

Strain Gages
LVDT

(a) Sectional View of Model Test Container

Figure 2.3

Final Test System Configuration
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( b) Model Test Container

(c)

Figure 2.3

Overa I

I

Test System

(Cont.) Final Test System Configuration
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of cold rolled, 1/4 in.

(6 mm) thick, 6061-T6 aluminum was

placed within the square container.

Next a system to create a uniform ice sheet of
predetermined thickness was developed.

The formation of

an ice sheet is a heat transfer problem involving
conduction, convection, and radiation.

In the model test

container, conduction is the preferred heat transfer mode
as it would most likely produce a uniform ice sheet.

In

an attempt to simplify the problem to a one-dimensional

conduction problem, the model container strong box was
lined with 1/4 in.

(6 mm) thick acrylic plastic and

surrounded with 1 in. (25 mm) thick polystyrene foam
insulation board.

In addition, a 1/4 in.

(6 mm) thick,

heat formed TFE ("Teflon") liner was placed inside the
circular boundary ring.

A simple conductive heat transfer

analysis of this situation demonstrates that the heat flow
through the container sides and base is approximately 1%
of the heat flow through the ice covered surface.
Therefore, the situation is effectively one-dimensional.

On the centrifuge, it was not possible to place the foam
insulation beneath the test container owing to the force
to which it was subjected and to limitations on the height
of the model container.
1/2 in.

It was replaced by a sheet of

(13 mm) thick plywood with drilled holes to create

an air gap beneath the container.

The thermal

conductivity of dry still air is comparable to polystyrene
insulation.
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Since the insulated test container may be assumed to
be one-dimensional with respect to the freezing process,

the situation closely approximates the assumed conditions
for the familiar Stefan solution to the ice sheet
formation problem (Lunardini, 7).

This solution considers

conductive heat transfer only and is based on the
following assumptions:

(1) the temperature at the

ice-water interface and below is 0°C;

(2) the cold-side

surface temperature is constant; (3) the temperature
variation through the ice sheet is linear; (4) the
densities of ice and water are equal.

The Stefan solution

for sheet ice thickness, h, is:

0 . 5

h = [(2k/L)Tt]

(2.14)

in which k is the ice thermal conductivity, L is the
latent heat of fusion of water, T is the temperature
differential between the surface and the water, and t is
the length of time the surface temperature is applied.
The quantity 2k/L is constant.
index,

I,

Further, if the freezing

is defined as the product of temperature below

freezing and time, equation (2.14) may be rewritten as

(2.15)

h = B,,rf-

in which B is a constant.

Equation (2.15) was used to

obtain predetermined ice thicknesses.

The constant B was
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evaluated in a series of freezing tests on the centrifuge
and in the lab.

Next, a method was developed to create the cold side
temperature.

With respect to creating an ice sheet on a

centrifuge, this problem had not been previously
addressed.

Since one hydraulic slip ring was available on

the Boeing centrifuge, it was decided that a fluid or gas
should be used to create the cold side temperature.

Liquid nitrogen was the obvious choice for several
reasons:

(1) it is inert,

(2) it required no return line,

(3) it provided a large cold side temperature, (4) flow
could be easily controlled by means of a solenoid valve,
and (5) it required no special refrigeration equipment.

Preliminary experiments in which liquid nitrogen was
poured directly on a water surface produced violent
freezing resulting in cracked and non-uniform ice.

Therefore, it was recognized that the nitrogen should be
allowed to vaporize prior to entering the chamber.

To test the feasibility of forming an ice sheet on the
centrifuge with this system, a single nozzle was placed on
the side of the model test container as shown in Figure
2.4a.

This configuration was tested on the centrifuge,

and typical ice thickness contours are also shown in
Figure 2.4a.

It is clear from these contours that this

system was inadequate due to the nonuniform ice sheets
formed.

A second attempt is shown in Figure 2.4b.

This

configuration is balanced with nozzles on opposite sides.
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Figure 2.4 - Trial Nitrogen Distribution Systems with
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Although symmetrical, the ice sheet was still nonuniform.

The final configuration, in conjunction with the circular
boundary ring, was a circular nitrogen distribution system
as shown in Figures 2.3a, 2.3b and 2.4c.
constructed of 1/2 in.

(13 mm) outside diameter copper

refrigeration tubing with 1/16 in.
1 in.

The ring was

(25 mm) intervals.

(2 mm) holes spaced at

The holes were drilled at 45°

from the vertical in an effort to reduce water
turbulence.

A typical ice sheet for this configuration is

shown in Figure 2.4c.
sheet was very uniform.

The inner two-thirds of the ice
The outer one-third was thicker

due to conduction through the boundary ring.

The liquid nitrogen was delivered to the distribution
ring through a series of copper refrigeration tubes.
connection at the hub was facilitated by a 24 in.
length of flexible tubing.

The

(610 mm)

This, in turn, was connected

to tubing firmly attached to the centrifuge arm.

A second

length of flexible tubing accommodated the necessary
movement associated with the swinging bucket.

At the

model test container, the tubing branched and entered the
distribution ring at opposite sides.

This last portion of

tubing was attached to sheet metal supports to withstand
the high inertial accelerations.

A solenoid valve outside

the centrifuge enclosure provided on/off control and a
manual throttle valve provided flow rate control.

The

nitrogen vapor was confined in the model test container
with an acrylic plastic cover held in place by a single
wing nut.
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Once a uniform ice sheet was created in the model test
container, it was necessary to fail it against the model
structure.

The ice force on a structure is a function of

the relative velocity.
structure may be moved.

Therefore, either the ice or the
It is easier to move the

structure through a fixed ice sheet.

Further, the

structure may be driven through the ice sheet trough,

thereby minimizing concern for the ice sheet curvature
while on the centrifuge.

Preliminary suggestions for

drive mechanisms included electric, hydraulic, or

pneumatic motors, hydraulic or pneumatic rams, and a
system of falling weights, cables and pulleys.

An

electric motor was chosen owing to the relative
simplicity.

The motor chosen was a 1/3 horsepower,

variable speed, DC motor with a 100 to 1 gear ratio and
tachometer feedback loop control.

a

It was manufactured by

ElectroCraft Corporation, Hopkins, Minnesota, under model
number 552-004-113.

Since a motor mounted in the

container would have to withstand high inertial

accelerations, two motor configurations were considered
and tested on the centrifuge to 100g.

The first

configuration had the motor mounted in the model test
container.

The second had the motor mounted at the

centrifuge hub with a flexible drive cable leading to the
model structure.

The motor performed well when mounted in

the model test container so this configuration was chosen.

The motor was attached to a single, 20 threads per
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inch, lead screw equipped with a specially modified base.

The lead screw assembly was manufactured and modified by
Velmex, Inc., Bloomfield, New York under Unislide model
number 3-6000.

Together, the motor and lead screw

assembly had a rated maximum force of 300 lbs (1.34 kN).

The motor was capable of moving the model structure at
speeds of 0.005 to 2.5 in./min (0.13 to 64 mm/min).

The

motor and lead screw assembly were mounted such that the
drive shaft would be parallel to the centrifuge hub to
reduce gyroscopic forces.

The motor was mounted within a

watertight cabinet in the test container and the drive
shaft passed through the container wall by means of a
bearing and seal.

Finally, a coupler joined the motor and

lead screw to allow for misalignment.

The model structure assembly consisted of 1 in.

(25 mm)

diameter 6061-T6 aluminum rod stock fixed to a base plate
and in turn attached to the lead screw assembly.

The top

of the aluminum rod was threaded to accept various model
structures such as piles or cones.
were machined from micarta.

The model structures

Micarta has a lower thermal

conductivity than aluminum, and, therefore, reduced the
formation of thicker ice adjacent to the model.

Data Acquisition and System Control.-- The
instrumentation in this test program was required for both
data acquisition and process control.

During the freezing

process, it was necessary to monitor temperatures and
control liquid nitrogen flow.

During the loading process,
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it was necessary to monitor temperatures, the ice load
on the structure, and the structure displacement and
velocity.

The number of instrumentation channels was

limited by the 26 electrical slip rings on the
centrifuge.

A detailed schematic diagram of the

data acquisition system and instrumentation is shown in
Figure 2.5.

The number of slip rings required for the

instrumentation transducers and process control are
indicated on the figure.

A photograph of the overall test

system is shown in Figure 2.3c.

To create an ice sheet of approximately 0.2 in.

(5 mm)

in thickness, an air temperature of -30°C ( -22° F) was
required for a period of 35 minutes.

To maintain the air

temperature above the ice at a constant -30°C (-22°F), a
simple feedback loop was developed.

The liquid nitrogen

was turned on and the air temperature was monitored.

When

the temperature dropped below -31°C (-24°F), the nitrogen
was shut off with a solenoid valve until the temperature
rose above -29°C (-20°F) at which time the liquid nitrogen
was applied again.

A throttle valve was used to restrict

the flow of liquid nitrogen, thereby reducing the
switching frequency and the amplitude of temperature
variation.

During the loading phase of the test procedure, it was
necessary to monitor the temperature in the air above the
ice, in the ice, and in the water.

In addition, the ice

load on the structure, the structure displacement, and the
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Figure 2.5 - Data Acquisition System Schematic Diagram
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The ice loads on the structure were measured with
strain gages attached to the aluminum model structure base
and sealed in a waterproofing compound.

The gages

measured the flexural strains associated with the ice
loads and were calibrated for the moment about the
pedestal base.

For vertical frictionless structures

(e.g., a greased model pile), the horizontal ice load, F,

may be determined knowing the point of application of the
load,

F

=

M/e

(2.16)

in which M is the measured moment, and e is the distance
from the point of load application to the structure base
plate.

For inclined structures the load must be resolved

into the two force components that contribute to the base
moment.

For inclined planes, the test configuration can

be arranged such that the vertical component essentially
passes through the structure base if displacements are
small.

For cones, this is not possible.

For a friction-

less cone of ice level diameter, D, and angle from the
horizontal, a

,

an expression for the horizontal load may

be derived as shown in Section 2.9.

This expression is

given in equation (2.17).

F

=

M/[e - 4D/(3

tan a

)

(2.17)

33

Equation (2.16) reduces to equation (2.17) when

a= 90°.

A Hewlett-Packard 3497A system in conjunction with an
HP85B mini-computer was used for data acquisition and
process control.
test program.

Three programs were developed for the

The first program was used before a series

of tests to store instrumentation information to be called
up and used by other programs.

The second program

controlled the freezing process by monitoring the air
temperature above the ice and using the temperature in a
feedback loop to control the flow of liquid nitrogen.

The

HP3497A has a switching capability that was utilized to
control the solenoid valve in the liquid nitrogen line.

The program also continuously calculated the freezing
index.

With a limiting value input, an ice sheet of the

approximate desired thickness was produced.

The third

program monitored the temperatures in the air, ice, and
water in the test container, the base moment on the model
structure, and the displacement of the model structure.

In addition, the internal timer of the mini-computer was
used to monitor time for use in the velocity calculation.

In the loading phase of the test procedure, a back-up
system was used to monitor load and displacement.

An X-Y

plotter continuously output the load and displacement of
the model structure.

The output was also used to detect

when failure had occurred so the test could be terminated.
Procedure.-- The test procedure consisted of four
basic phases:

(1) model preparation, (2) ice sheet
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formation,

(3) structure loading, and (4) ice thickness

determination.

The preparation phase differed for the

first test in a series of tests.

Testing on the centrifuge required initial equipment
set up not required for one gravity tests.

Specifically,

the model container with all instrumentation and the water
at test level was weighed prior to mounting on the
centrifuge.

A counterbalance of equal weight was mounted

on the opposite bucket to maintain a gyroscopically
balanced system.

A signal conditioning system was mounted

at the centrifuge hub to modify the electrical signals
from the strain gages and LVDT prior to passage through
the slip rings.

Electrical connections were required

between the model test container and the centrifuge hub
and between the slip rings and the monitoring systems
outside the centrifuge containment room.

A connection was

also required between the hub and model container for the
liquid nitrogen.

All of the electrical wires and the

liquid nitrogen tubing had to be firmly secured to the
centrifuge arm.

Finally, the centrifuge bucket and model

test container were lifted to the horizontal position to
insure that no part would rub while "in flight."

The initial preparation for a series of tests involved
steps not required for subsequent tests.

To reduce

freezing times and create uniform ice sheets, it was
essential to begin with the model test container and the
distilled water at less than 2°C (35°F).

This required a
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source of prechilled distilled water.

Prior to filling

the model test container with water, the container was
cooled with liquid nitrogen.

While the container was

being cooled, the computer programs that controlled the
tests were loaded into memory and the first program was
used to store values to be called up by the other
programs.

Once the model test container was filled with

water, the procedure followed that of a typical test given
below.

A typical test procedure is outlined for a test
conducted on the centrifuge.

For a test conducted at one

gravity, the procedure would be the same with the
exception of steps involving the centrifuge.

The steps

are as follows:
1.

Select model structure and apply silicone grease.

2.

Set motor RPM based on desired velocity and
return the model structure to "home" position.

3.

Adjust thermistors and replace model container
cover.

4.

"Spin up" centrifuge to obtain desired g level.

5.

Initiate computer program to monitor freezing

process and input freezing index based on desired
ice thickness.
6.

When freezing is complete, the computer program
to monitor ice force, structure displacement, and
temperatures is automatically loaded and
initiated.
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7.

Make ready the X-Y plotter.

8.

Start the drive motor.

9.

After failure of the ice is indicated by the X-Y
plotter, stop the motor.

10.

"Spin down" centrifuge.

11.

Determine ice thickness and point of application
on pile.

12.

Remove all ice from the model test container and
refill with precooled distilled water.

The ice thickness is an important parameter in the
ice-structure interaction problem, but it is not easily
determined.

In the initial series of tests conducted with

this test system (Wurst, 14), the ice thickness was
determined by taking the average of twenty to thirty
The

physical measurements of the ice thickness.
measurements were made with plastic calipers.

This

The ice in

procedure has some inherent disadvantages.

these experiments was very near its melting point.

Any

excess pressure with the calipers could indent the ice and
lead to an erroneous thickness measurement.

Further, each

measurement gave the thickness at one point only and
several minutes were required to obtain the measurements.

In a follow-up series of tests, a new procedure for
obtaining the ice thickness was used.

Following the

failure of the ice sheet, a portion of the ice sheet in or
near the failure zone was cut out and placed on a
previously weighed sheet of heavy paper.

The ice and
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paper were weighed and sprayed with paint.
discarded and any remaining water mopped up.

The ice was
The area of

the ice, reflected by the silhouette, was determined with
a planimeter.

Knowing the area of the ice sheet, the

weight of the ice sheet, and the density of ice, the
average ice thickness may be deduced.

This procedure can

be conducted quickly and the results are very accurate.

2.4 ANALYSIS OF TEST SYSTEM PERFORMANCE
An evaluation of the test system performance involves
(1) an analysis of the ability to consistently produce an
ice sheet of predetermined thickness, and (2) a comparison
of load test results with the results of other research
programs.

Ice Sheet Formation.-- The model test container was
constructed to create a one-dimensional freezing
condition.

Therefore, the ice thickness should be

proportional to the square root of the freezing index.

The Stefan solution allows for the analytical evaluation
of the constant of proportionality, B (re. equation 2.15).

B = h/iT-= V2k 71=

(2.18)

For k = 3.21 x 10-3 Btu/(in.-min-°C) and L = 5.17 Btu/in.3 ,

B = 0.035 in./(min-°Cf.

The constant, B, was also evaluated empirically in a
series of tests in which the ice samples extracted to
determine the ice thickness were chosen so as to be
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representative of the entire ice sheet.

The results are

shown in Figure 2.6a together with the theoretical Stefan
solution.

It is clear that the ice thickness is indeed

proportional to the square root of the freezing index, but
the constant of proportionality of 0.0092 in./(min-°C)°.5

obtained empirically differs from the theoretical value of
0.035 in. /(min- °C) °'S

To understand the reasons for this

difference, it is necessary to examine the assumptions
underlying the Stefan solution in relation to the actual
conditions of the test system.

The basic assumptions of the Stefan solution, listed
previously, are violated, in general, by the freezing
conditions imposed during a test.

To estimate the

effects of violating the assumptions, a more rigorous
analysis was carried out using the Neumann solution
(Lunardini, 7).

The result of the analysis using the

Neumann solution is also shown in Figure 2.6a.

The

constant of proportionality differs from the Stefan
solution by only 6%.

The disparity between the theoretical and experimental
results lies in large part in the temperature used to
calculate the freezing index.

The theoretical results are

based on the temperature at the ice-air interface.

The

experimental results are based on the air temperature
approximately 1/4 in. (6 mm) above the ice surface.

two temperatures can be quite different.

These

Williams (13)

gives a generalized temperature profile for thin ice
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sheets as shown in Figure 2.7.

Based on temperature

measurements from this study, values have been assigned to
the temperature profile.

The surface temperature is

approximately one-fifth of the air temperature.

Using

this value, the data from Figure 2.6a were corrected to
reflect surface temperature and replotted in Figure 2.6b
together with the Neumann solution.

Agreement between the

analytical and experimental results is much improved over
the results shown in Figure 2.6a.

The disparity between the theoretical and experimental
results may also be attributed to the method used to
calculate the freezing index.

It is clear from both

Figure 2.6a and 2.6b that the regression line for the data
does not pass through the origin.

The calculation of the

freezing index commenced immediately when the air
temperature dropped below freezing.

Ice did not begin to

form immediately, however, for three reasons.

First, the

surface temperature is much higher than the air
temperature.

Second, the water temperature at the start

of a test was typically 1 to 2 °C.

Third, it is well known

that pure water must be cooled substantially below the
freezing point before spontaneous crystallization occurs.
The ice in these experiments was not artificially seeded.

All of these factors contributed to delaying the
initiation of the ice sheet, so the freezing index
calculation was initiated prior to ice formation.

As ice thickness data were gathered and analyzed from
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loading tests, two discrepancies from the freezing test
results were noted.

The first is demonstrated in

Figure 2.6c which gives ice thickness data for all loading
tests conducted in one gravity.

The relationship between

ice thickness and the square-root freezing index is
represented by the solid line.

The same relationship for

the freezing tests is given by the dashed line.

The

difference in the two relationships is attributed to the
location of sampling for the ice sheet thickness
determination.

For the freezing tests, the ice sample was

taken so as to be representative of the entire ice sheet.

For the loading tests, however, the sample was taken in
the failure zone near the middle of the ice sheet.

Recall

from Figure 2.4c that the ice sheets were slightly thinner
near the center, and therefore, the results of the loading
tests indicate a slightly larger required freezing index
to obtain a given ice thickness.

The second discrepancy noted is that the scatter in
the data increased dramatically for loading tests.

Figure 2.6d shows ice thickness versus the square-root of
the freezing index for all high inertial acceleration
tests and the regression line for the data.

The wide

scatter in the data in Figure 2.6d is a reflection of the
greater variability in the test conditions.

Factors such

as (1) initial water, model test container, and ambient
air temperature, (2) air turbulence associated with the
spinning centrifuge, and (3) liquid nitrogen pressure may
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all have an effect on the ice thickness relationship.

Any

of the conditions may vary from test to test, but
especially from day to day.

To check this hypothesis, the

correlation coefficients for each category of test were
calculated and are given in column (2) of Table 2.2.

It

is expected that the variability in test conditions should
increase as more tests are conducted and for tests on the
centrifuge.

This is reflected by a decrease in the

correlation coefficient.

Further, the correlation

coefficient was calculated for each day's tests and the
results averaged within each category.
listed in column (3) of Table 2.2.

These results are

In all cases, the

correlation coefficient increases when determined on a
daily basis.

This indicates that a large part of the

scatter in the data is due to day to day test condition
variability.

The ice thickness-freezing index relationship may
still be used as a predictive tool, not withstanding the
day to day variability.

Laboratory tests may be conducted

to determine the slope of the ice thickness - square root
freezing index relationship.

Then, each time the

relationship is used, the first tests of the day will
serve to calibrate the system.

This procedure was used

with moderate success in this test program.

Load Application.-- The entire system performed well
during the loading phase of the test procedure.

The motor

maintained a constant model structure penetration rate and
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Table 2.2.-- Correlation Coefficients for Ice Thickness

-

Square-Root Freezing Index Relationships.

Test Category

Correlation Coefficient

Average Daily
Correlation
Coefficient

(1)

(2)

(3)

0.96

0.97

All tests

0.52

0.75

1 g tests

0.87

0.96

20 g tests

0.48

0.74

50 g tests

0.81

0.91

100 g tests

0.81

0.91

Freeze Tests
Load Tests
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was usually within 2% of the predetermined rate.

Although

the test system has been used periodically over two years,

there has been no leakage problem either out of the
container or into the motor housing unit.

The performance of the test system may be judged by
comparing the results obtained under the present research
program to those obtained by previous researchers.

Figure 2.8 shows a plot of two non-dimensional parameters
that relate the force on the structure, the structure
geometry, the strength and thickness of the ice, and the
penetration velocity of the structure.

The ordinate is

the normalized force on the structure, that is, the ratio
of the effective ice pressure to the ice uniaxial
compressive strength.

The abscissa is the Froude number.

The specific variables are defined in Table 2.3.

The

solid line in Figure 2.8 is the best-fit line to the

results of vertical pile load tests conducted under the
present research program.

The symbols represent results

of other investigators as noted on the figure.

The

results of other investigators represent a wide range of
conditions from laboratory tests with 2 in.

(51 mm)

indentors conducted by Michel and Toussaint (8) to a field
investigation of forces on a 600 ft (180 m) diameter
gravel island in the Arctic offshore reported by
Ralston (9).

The good agreement between the results

presented is testimony to the highly satisfactory
performance of the test system.
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2.5 ERROR ANALYSIS
The experimental error associated with the test
program may be investigated with respect to the two
non-dimensional parameters shown in Figure 2.8.

Columns

(1) and (2) of Table 2.3 list the quantities used in the

calculation of the non-dimensional parameters and their
corresponding symbols.

Column (3) lists the estimated

estimated relative error for each of these quantities.

The

error in the force on the pile is associated with the
difficulty in precisely calibrating the strain gages and
with the uncertainty in the point of application of the
load on the pile.

The pile diameter and penetration

velocity were both known to a great degree of certainty.
The pile diameter was measured to within 0.001 in.
(0.03 mm) using calipers.

The velocity was calculated

from a regression analysis of displacement versus time
data.

The error in the ice thickness was due to the

determination of both the weight and the area.

The

effects were reduced by using large sample sizes.

The

uncertainty in the inertial acceleration was almost
entirely the result of uncertainty in the radius to the
water surface.

All of these errors discussed so far, however, are
small compared to the error in the ice uniaxial
compressive strength.
large error.

There were two reasons for this

First, there was scatter in the data used by

Schrieber (10) to establish the relationship between
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Table 2.3.-- Estimated Errors for Experimental Quantities

Quantity

Symbol

Estimated Error,

in percent
(1)

(2)

(3)

Horizontal Force on Pile

F

5

Ice Uniaxial Compressive Strength

a

18
c

Pile Diameter

D

0.2

Ice Thickness

h

5

Penetration Velocity

v

0.7

Inertial Acceleration

i

2
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strength, strain rate, and temperature.

If the strain

rate and temperature were known exactly, the estimated
error would be + 10%.

Second, the uncertainty in the

temperature measurement was + 60% owing to the fact that
ice sheet temperatures were measured with thermistors of
about the same size as the thickness of the ice sheet.

The error in the compressive strength associated with the
uncertainty of the temperature was about + 15%.

When the

errors from these two sources are combined, the resulting
error in the uniaxial compressive strength was about + 18%.
From error theory, if

a

b c

u = x y z....

(2.19)

then
Ru = [(aRx)2

+ (bRy)2

+ (cRz)2 + ...ji(2.20)

in which x, y, and z are independent quantities whose

standard relative errors are Rx, R. and Rz, respectively,
and RU is the standard relative error of u.

Using this

expression, the estimated error of the normalized
force is + 20%.

Similarly, the estimated error of the

Froude number is + 3%.

Figure 2.9 shows the data from the

pile load tests plotted together with the estimated error
range.

The scatter in the data is consistent with the

error range shown.

It is therefore believed that a high

degree of confidence may be placed in the results obtained
with the test system.
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Figure 2.9 - Comparison of Estimated Standard Error and Data
Scatter: Normalized Force versus Froude Number
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2.6 CONCLUSIONS
A test system was developed to study ice/structure
interaction with physical models on a centrifuge.

The

system performance was evaluated with the following
results:

(1) it is possible to create a relatively uniform

ice sheet by vaporizing liquid nitrogen over a still water
surface in a model test container on a centrifuge; (2) a
loading system that drives a model structure through a
fixed ice sheet is suitable for centrifugal models; and
(3) the test results obtained from centrifuge model

experiments can accurately predict ice forces on large
scale structures.
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2.8

DERIVATION OF STRESS WITHIN A MODEL ON A CENTRIFUGE

Let r

be the radius to a point on the surface of a

0

model on a centrifuge.

The stress at this point is zero.

The radius to some depth, dr or pr, in the model is ri.
The stress at this point is Gi.

Equation Il expresses the

differential change in stress for a differential change in
radius.

da = pardr

substituting for a

(2.21)

from equation (2.3),

r

du = pr;2dr

(2.22)

and intergrating between the limits ro and r,,
r.

do. = p 6 2f rdr

J

0

(2.23)

rc,

gives the expression for the stress in a model at depth r..

2

Cri = Pe

(r-r02)

(2.4)

1

2

To derive equation (2.5) in the text, note that equation
(2.4) may be rewritten as

cri

= Pe
2

2

(r. + r

) (r
0

r

)

0

(2.24)
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If the model depth is small compared to the radius, then
ri + r. 1"2ro and r.

r. = pr.

Making these

1

substitutions, equation (2.24) reduces to equation (2.5).

= pp
1

6t.

(2.5)
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2.9

DERIVATION OF

FOR HORIZONTAL

EXPRESSION
CONICAL STRUCTURE

LOAD ON

The moment at the base of a model conical structure is
the sum of the moments caused by the two components of ice
force shown in Figure 2.10.

Summing moments about point 0

(clockwise positive),

0 = M + Mf

- MF

(2.25)

in which the subscripts f and F refer to the vertical and
horizontal load components, respectively.

The moment due

to the horizontal load may be obtained from equation
(2.16) in the text.

MF = Fe

(2.26)

The moment due to the vertical load is a function of the
load distribution on the conical structure as shown in
Figure 2.11.

The vertical distributed load, wf, is

related to the horizontal distributed load, WE, for a
frictionless cone as shown in equation (2.27).

wf = wFcos

8/tan (a

(2.27)

)

in which e is defined in Figure 2.11.

Assume
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IL

e

Figure 2.10 - Definition Sketch:

Ice Load on Model Cone
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F

Direction of

---- Ice Floe

Movement

Figure 2.11 - Actual Distributed Loads on Model Cone
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wF = K cosh

in which K is a function of F and D.

(2.28)

To determine K, note

that

dF = w F (D/2)d @cos

Substituting for wF in equation (2.29)
(2.28)

(2.29)

from equation

and integrating between the limits T1/2 and -7/2

yields

= 4F/ (Tr D)

K

Substituting for K in equation (2.28)
(2.27)

(2.30)

and then wF in

gives the expression for the vertical distributed

load in terms of the horizontal force and structure
geometry.

= 4F cos2e/[7Dtan( a)]

w

(2.31)

f

The differential moment due to the distributed vertical
load is given by equation (2.32).

divIf

= wp74)cose de

Substituting for wf in equation (2.32)
(2.31)

yields

(2.32)

from equation
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dM

=

FD cos 0 de/[7tan(a ) ]

(2.33)

f

Intergration of equation (2.33)

between the limits V2

and -7T/2 results in the moment due to the vertical
distributed load.

M

=

4FD/[37Ttan( a)]

(2.34)

Substituting for Mf and MF in equation (2.25)

and solving

for F yields equation (2.17) in the text.

F

=

M/[ e-4D/(3 Trtan a

)

]

(2.17)
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2.11 NOTATION

The following symbols are used in this paper:
=

a

at, ar =
B

=

b
C

=
=
=
=
=
=

c

D
E
e

F
Fr
g

h
I

i

K
k
L
1

M
n
R
r,r,r
Ar
T
t

u

v
w
x,y,z
a
P

a
a
e

c

.

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

..

e,e

=

arbitrary exponent;
tangential and radially acceleration,
respectively;
constant of proportionality between ice
thickness and square root freezing index;
arbitrary exponent;
Cauchy number;
arbitrary exponent;
structure diameter at water level;
ice elastic modulus;
distance from structure base to point of
application of ice load;
horizontal force on structure;
Froude Number;
acceleration of gravity;
ice thickness;
freezing index;
centrifugal inertial acceleration;
a function of F and D relating w to cos 0;
ice thermal conductivity;
volumetric latent heat of fusion of water;
a characteristic length;
measured moment about model structure base;
centrifugal modeling scaling factor;
relative standard error;
radial components of displacement or distance,
velocity, and acceleration, respectively;
depth in model;
temperature difference through ice sheet;
time;

arbitrary derived quantity;
velocity;
distributed ice load;
arbitrary independent quantities;
model cone angle, from horizontal;
material density;
stress
uniaxial compressive strength of ice;
horizontal angle from the direction of
penetration, centered upon the model cone; and
angular velocity and acceleration; respectively.

SUBSCRIPTS
F

=

due to horizontal load;
due to vertical load;
at some arbitrary depth in the model;
model;

p

=

at model surface; and
prototype.
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3.0 ICE FORCES ON VERTICAL CYLINDRICAL STRUCTURES
by

Herbert F. Clough; A.M. ASCE and
Ted S. Vinson2, M. ASCE
ABSTRACT:

Laboratory tests were conducted

under one gravity and high inertial acceleration
conditions to determine ice crushing forces on
rigid isolated vertical cylindrical structures.

The technique of dimensional analysis was used
to establish nondimensional parameters that
fully describe the ice crushing phenomenon.

The

nondimensional parameters identified incorporate
the force on the structure, the compressive
strength of the ice, the floe velocity, the
structure size relative to the ice crystal size
and ice thickness, and the inertial acceleration
field induced by the centrifuge employed in the
test program.

The test results indicate that

very small scale model tests can accurately
describe large scale ice forces on rigid
vertical cylindrical structures if proper
consideration is given to the structure size
relative to the ice thickness and crystal size.

'Staff Engineer, Hart-Crowser & Associates, Seattle,
WA, 98102; formerly Graduate Research Assistant,
Oregon State University.
2
Professor, Department of Civil Engineering, Oregon
State University, Corvallis, OR, 97331.
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Further, the results obtained in the study are valid
for both non-saline and saline ice if the respective
ice uniaxial compressive strengths are employed.
3.1

INTRODUCTION

With the potential for large petroleum reserves in
arctic offshore regions, the demand for an ice force
prediction capability has increased dramatically.

Much

research has been conducted to evaluate ice forces on
structures over the past two decades, but little of this
work is relevant to typical arctic winter conditions.

More specifically, winter ice movements in the arctic
result in ice failure modes different from those
typically encountered on rivers.

Ice loads on piers in

rivers usually result from either splitting of rapidly
moving small floes, or thermal expansion of fixed ice
sheets.

In the arctic, however, winter ice movements are

very slow, the floes very large, and crushing and
override failures of ice sheets are observed.

In recognition of the need to investigate ice forces
and failure mechanisms associated with arctic winter
conditions, a laboratory research program was conducted
to determine ice induced forces on a rigid vertical
cylindrical structure associated with a crushing failure
mode.

In addition, the applicability of centrifugal

modeling to the ice-structure interaction problem was
investigated in light of future physical model studies
which will include soil-structure and seabed foundation
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materials.

The results from this program are reported

herein.

3.2 BACKGROUND
Important Parameters.-- It would by very difficult to
account for all of the important parameters related to
the ice-structure interaction problem in a laboratory
research program.

Mukai (17) conducted an extensive

literature review to determine the parameters deemed
important by other research groups in the field of
ice-structure interaction.
column (1) of Table 3.1.

The results are summarized in
It is clear from Table 3.1 that

any research program that investigated the effects of all
of the variables identified would be formidable.

Hence,

the program conducted was concerned only with ice
crushing against a rigid isolated vertical circular pile.

Centrifugal Modeling.-- To create an accurate
physical model of an ice/soil-structure/seabed foundation
interaction problem, the overall stress state in the
model must be the same as in the prototype (Vinson, 26).
This requirement results from the fact that the
stress-strain-strength behavior of soils under drained
loading conditions is dependent upon the overall stress
state acting on the soil.

Therefore, under a one gravity

condition, to create the same stress states in the model
and prototype structure, the physical model must be the
same size as the prototype.

using a model has been lost.

Clearly, the advantage of
Alternatively, if a
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TABLE 3.1.-- Parameters Important to the Ice-Structure
Interaction Problem (Modified after Mukai, 17)
General Parameters
Considered in this Study

Symbols for Parameters

(1)

Structure geometry
- width
- shape
- inclination

(2)

D

Ice properties
- thickness
- temperature
- crystal size
- c-axis orientation
- compressive strength h

-

flexural strength
elastic modulus
Poisson's ratio
creep characteristics

Penetration rate
Failure mode
Ice/Structure bonding

Boundary Effects in model tests

Acceleration
- inertial
- gravity
Maximum horizontal force on Structure

c
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physical model is placed on a centrifuge and accelerated
to an inertial acceleration, ng, (where g is the
acceleration of gravity) then the stress at a depth z in
the model will be ngz.
in the prototype.

This corresponds to a depth of nz

Hence, if the model is scaled down

from the prototype by a factor n, then a one-to-one
correspondence of stress state exists between the
prototype and the model if identical materials are used.
Similarly, scaling relationships that apply to other
physical quantities may be derived as given in Table 3.2.

For a thorough discussion of centrifugal modeling as it
relates to the study of ice-structure-geologic foundation
interaction, see Vinson (26) and Palmer, et. al. (18).

3.3 EXPERIMENTAL APPARATUS AND TEST PROCEDURE
Apparatus.-- The test system used in the study was
originally developed by Wurst (30).

A cutaway view of

the model test container employed in the system is shown
in Figure 3.1a.

The main components include:

(1) an

insulated aluminum strong box, (2) drive motor and lead
screw assembly, (3) linear variable differential

transformer (LVDT) to monitor displacement, (4) model
pile with strain gages attached at the base to monitor
load,

(5) nitrogen distribution system,

ring,

(7) thermistors, and (8) an acrylic plastic cover.

(6) boundary

The overall dimensions of the model test container are
19.5 in. by 19.5 in. (495 mm x 495 mm) in plan and 11 in.
(280 mm) in height.

A photograph of the system is shown
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Table 3.2.-- Scaling Relationships for Centrifugal Modeling
(After Scott and Morgan, 22)
Quantity
(1)

Length
Area
Volume
Time-Dynamic Events
-Hydrodynamic Events
-Viscous Flow
Velocity
Acceleration
Mass
Force
Energy
Stress/Pressure
Strain
Density
Frequency

Prototype
(2)

Centrifuge Model
at n gravities
(3)

1

1/n

1
1
1

1/n2
1/n3

1
1
1
1
1
1
1
1
1
1
1

1/n2

1/n
1
1

n
1/n3
1/n2
1/n3
1
1
1

n
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LVDT

(a) Sectional View of Model Test Container

( b) Overall Test System

Figure 3.1

Centrifuge Model Test System
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in Figure 3.1b.

A Hewlett Packard 3054DL data logger was

used in the test program to monitor and control the
freezing process, monitor ice temperatures, and monitor
the load and displacement of the pile.

The centrifuge

tests were conducted on a small centrifuge at the Boeing
Aerospace Company, Kent, Washington.

The centrifuge had

a rated capacity of 66 g-tons and radius to the base of a
swinging model platform of 4.6 ft (1.4 m).

Procedure.-- A typical test consisted of the
following basic steps:

(1) select a model pile size,

motor speed, and ice thickness, (2) freeze an ice sheet,
(3) drive the model pile and fail the ice sheet, and
(4) determine the thickness of the ice and its point of
application on the pile.

For tests conducted on the

centrifuge, the basic procedure was the same except that
the model container was accelerated prior to freezing and
decelerated after failure of the ice sheet.

The ice

sheets employed in this study were formed by applying
vaporized liquid nitrogen to the distilled water surface
in the covered test container.

3.4 TEST RESULTS
Test Data.-- Data collected during the tests
conducted in the research program are listed in Table 3.3.
Briefly, pile diameters ranged from 0.257 in.

(6.53 mm)

to 1.0 in. (25.4 mm) and penetration rates ranged from
1.40 x 164 in./sec (3.56 x 10-3mm/sec) to 2.62 x 10-2
in./sec (6.65 x 10-1mm/sec).

In addition to the tests
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Table 3.3 - Experimental Data from One Gravity and High Inertial Acceleration Tests
Inertial
Acceleration,
in gravities

Test
Number

Pile
diameter,
in inches

Ice

thickness,
in inches

(2)

(3)

(4)

L130-1

1

.5

1.130-2
1.130-3
1.130-4
1.131-5
1.131-6
1.131-7
1.131-8
1.201-1
1.201-2

1

.5

1

.5

1

.5

L201-3
L201-4

1

.152
.151
.156
.164
.091
.097
.109
.114
.125
.137
.136
.152
.079
.188
.223
.231
.22
.124
.138
.136
.131
.65
.244
.106
.115
.376
.225
.195
.204
.185
.19
.192
.185
.183
.222
.177
.158
.114
.131
.238
.227
.182
.154
.222
.153
.142
.157

(1.)

.5
.5
.5
.5
.5
.5
.5
.5

1.

1
1.

1
1
1

1.

1.226-2

1

.257

L226-3

1

.5
.5

1.226-4
1.226-5
1.225-5

1.

.751
.751
.257
.257
.257
.257

1
1

L227-7

1

1.227-8
1.227-9
1.227-10
1.228-11
1.228-12
1.228-13
1.301-1
1.301-2
1.301-3
1.301-4
1.301-5
1.301-5
1.312-1
1.312-2
1.312-3
1.206-1
1.205-2
1;205-3
1.207-1
1.207-9
1.207-10

1.

1
1
1
1

1
1

1

.5

1

.5

1
1

.751
.751

1.

1
1

1.

1
1

1.

1

1

1

20
20
20
20
20
20

L206-4

100

1.207-2
1.207-3
1.207-4
1.207-5
1.207-5
1.207-7
1.207-8

100

100
100
100
100
100
100

Note:

.5

1

.5
.5
.5
.5
.5
.5
.5
.5
.5
.5
.5
.5
.5
.5

Penetration
velocity, in
inches per
second

Maximum
horizontal force on
pile, in pounds
(6)

(5)

.00088
.0029
.00859
.00857
.00075
.00245
.00745
.0233
.00074
.00238
.00768
.024

.00219
.00304
.00309
.00307
.00306
.00219
.0022
.00716
.00708
.0011
.00302
.00221
.00122
.00111
.00961
.00981
.00959
.00957
.00014
.00014
.00014
.00072
.00527
.0262
.00535
.0007
.0234
.00071
.00237
.0073
.0223
.0236
.00754
.00233
.00071

92.5
68.7
97.5
93.4
47.1
64.3
82.4
75.9
49.4
63.2
91.7
135
24.2
95.6
101
114
132

39.9
47.5
63
49.4
438
186
107
47.4
225
215
164
230
192

105
110
110
88.5
155
117
91.8

74.2
79.7
155
140
149
121
154
95.3
78.3
78.9

Mean ice crystal diameter (d) = 0.075 in. for all tests.
1 in.
= 25.4 mm: 1 lb = 4.45 N; 1 psi = 6.89 kPa.

Mean Ice
temperature, in
degrees Celsius
(7)

-2.5
-3
-3
-3
-2

-1.7
-2.1
-1.5
-2.6
-3.5
-3
-3
-.8

-.8
-1.5
-1.6
-1.8
-.5
-1.2
-1.6
-2.1
-1.5
-2.4
-3.2
-1.3
-1.4
-1.8
-2.3
-2.9
-2.8
-.9
-.8
-.9
-1.9
-2.9
-2.9
-2.8
-2.7
-2.8
-1.6
-2.4
-2.6
-2.5
-2.4
-1.7
-2
-2.2

Uniaxial compressive
strength of ice,
in pounds per
square inch
(8)

435
415
375
375
405
365
340
280
440
435
370
325
335
330
370
375
380
305
355
340
350
400
410
415
360
380
350
360
375
370
325
295
325
465
515
445
500
520
430
380
470
525
490
495
465
465
430
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carried out in a one gravity field, 14 tests were
conducted under inertial accelerations of 20 or 100
gravities.

The forces on the pile ranged from 24.2 lb

(0.108 kN) to 438 lb (1.95 kN).

The ice sheet

thicknesses in the failure zone around the pile ranged
from 0.08 in.

(2 mm) to 0.65 in.

(17 mm).

Ice

temperatures at the time of maximum load ranged from 31°F
(-0.5°C) to 26°F (-3.5°C).

Description of Test Ice.-- The crystallography and
uniaxial compressive strength of ice sheets formed in the
same manner as those used in this study were investigated
by Schrieber (21).

The ice was identified as columnar

with randomly oriented horizontal c-axes and a mean grain
diameter of 0.075 in. (2mm).
S2.

The ice classification is

No difference was detected between the ice grown at

one gravity and the ice grown under high inertial
acceleration.

The results of the uniaxial compressive

strength study were used to construct Figure 3.2.

The

range of strain rates covered in this test program was
larger than those covered by Schrieber, so it was
necessary to extrapolate his results.

Description of Failure.-- The failure of the ice
around the pile could typically be characterized by one
of two modes, depending upon the penetration rate.

At

the slowest rates, the ice was pushed upward and downward
in front of the pile and there were no visible cracks.

typical load-displacement curve for this failure mode is

A
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Figure 3.2 - Uniaxial Compressive Strength of Thin, Non-Saline,
S2 Ice Sheets (Modified after Schrieber, 21)
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shown as curve (a) in Figure 3.3.

At intermediate and

high penetration rates, the failure appeared to be
dominated by cracks propagating outward from the pile at
about 45° from the direction of penetration.

Closer

inspection, however, revealed that the failure near the
pile was similar to that previously described.

The

load-displacement curve for this failure is shown as
curve (b) in Figure 3.3.

The major differences between

the response shown in (b) and that shown in (a) is a
temporary drop in load during the rising leg and the lack
of an initial peak.

Mellor (14) indicates that this drop

is associated with the onset of internal cracking, and
observations during this study support this statement.

For tests conducted at high inertial accelerations, the
observed failures were similar.

In any series of crushing tests on thin ice sheets,
buckling is inevitable.

While this mode of failure was

not common, it was easily recognized.

Specifically, the

ice sheet would lift off the water surface and
circumferential, as well as radial, cracks would form.

In addition, as can be seen from load-displacement curve
(c) in Figure 3.3, the load dropped off very rapidly
after the ice sheet buckled.

Finally, the maximum loads

on the pile for tests in which buckling occurred were
substantially below those in which crushing was the
dominant failure mode, all other factors being equal.

Data from tests in which buckling occurred were not used

150

c
0

(a)

a.

Test # L207-2

(b)

Test # L130-3

ri 100

50

(c)

.20

Displacement,

Test # L228-14

.30

.40

in inches

Figure 3.3 - Load versus Displacement for Observed Failure Modes:
(a) low penetration rate; (b) intermediate to high
penetration rate; (c) buckling failure
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in subsequent analyses.
3.5

DISCUSSION OF TEST RESULTS
Failure Modes.-- The two failure modes described

previously compare favorably with the pure ductile and
transitional failure modes described by Michel and
Toussaint (16).

While the microcracks they observed were

not seen, the shape of the load-displacement curves for
ductile behavior compares quite closely with curve (a) in
Figure 3.3.

The second failure mode described by Michel and
Toussaint occurred at intermediate penetration rates.

They describe macrocracks propagating outward from the
indentor at 30° to 409 from the direction of
penetration.

For the slower penetration rates in this

zone, however, the failure was still dominated by the
microcracks near the indentor.

This is similar to the

behavior observed in this study.

Dimensional Analysis.-- Table 3.1 lists nineteen
separate parameters that should be considered in a
complete analysis of ice-structure interaction problems.

There are two ways to accommodate an analysis with a
great number of variables:

(1) reduce the number of

variables by holding several constant, and (2) combine
the variables into dimensionless groups through the
technique of dimensional analysis.

In addition, some

parameters may be eliminated with proper test
techniques.

All of these methods were used to reduce the
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parameters in this research program to a manageable
number.

The decision to consider only crushing failures on
rigid vertical cylindrical piles eliminated any
variability in structure shape, structure inclination,
and failure mode.

It also eliminated the need to look at

the ice flexural strength, elastic modulus, Poisson's
ratio, and creep characteristics.

Furthermore, the same

type of ice was used throughout the test so the c-axis
orientation did not vary.

Two other parameters can be eliminated using proper
equipment and technique.

Simply using a large enough

test container will enable the simulation of an infinite
ice sheet.

Based on observations of failure zones during

the test program, no boundary effects were apparent.

Finally, bonding between the pile and ice sheet was
reduced or eliminated by applying silicone grease to the
pile before each test.

This appeared to be successful

because open water was always observed behind the pile
whereas tension cracks due to adhesion were not.

Given the parameters that were eliminated, nine
remain to be addressed.

These, along with their

corresponding symbols, are given in Table 3.1.

For this

analysis, it was assumed that the effects of temperature
could be accounted for by choosing the appropriate
uniaxial compressive strength from Figure 3.2
corresponding to the ice temperature of the test.

Then,
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if the maximum force on the structure is chosen as the
dependent variable, the relationship between the
variables can be expressed as:

F = f(D,t,d,a ,v,i,g)
c

(3.1)

The problem has been reduced from an analysis of nineteen
parameters to an analysis of eight.

The final step in the reduction of parameters
involves combining the variables in equation (3.1) into
dimensionless groups.

The Buckingham 7 theorem,

Buckingham (5), states that in a problem with p variables
and q basic dimensions, the number of independent
dimensionless parameters into which the variables can be
arranged is p minus q.
in this analysis:

There are three basic dimensions

mass, length, and time.

Therefore,

there should be five dimensionless groups that fully
describe the problem.

The parameters which appear to be

most appropriate are given in equations (3.2) through
(3.6).

Tr 1

= F/(ac Dt)

(3.2)

Tr 2

= D/t

(3.3)

73= D/d

(3.4)
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74= i/g = n

(3.5)

75= v/YIT

(3.6)

The 71 group is commonly used in the field of ice
mechanics.

Called an indentation factor, Ralston (20),

or the normalized force, it is the ratio of the effective
ice pressure to the ice uniaxial compressive strength.
The 72 group is commonly called the aspect ratio.

It is

the ratio of the structure diameter to the ice
thickness.

The

is group is the ratio of structure

diameter to ice crystal diameter.

The structures

employed in this research program were not large compared
to the ice crystal size so this group certainly warrants
investigation.

The 74

group is the inertial acceleration

normalized by gravity (i.e., n, the scaling factor
associated with centrifugal modeling).

The 75 group,

which embodies the strain rate, is the Froude number.

It

represents the ratio of inertial to gravity forces where,

in this case, the "gravity" forces are due to the
inertial acceleration of the centrifuge.

Columns (2)

through (6) in Table 3.4 give the dimensionless
parameters for this study.

Using these parameters,

equation (3.1) may be rewritten.

F/(aDt) = f(D/t, D/d, n, v/ 1)

(3.7)
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Table 3.4 - Nondimensional Parameters for Ice-Vertical Cylindrical Structure Interaction Problem
71

72

71

Normalized
Forcea,
F/0 Dt

Test
Number

Aspect
Ratio,
D/t

Ratio of structure
diameter to ice
crystal diameter,

c

(2)

(1)

2.8
2.19
3.13
3.04
2.56
3.69
4.45
4.76
1.8
2.12
3.64
5.46
3.56
3.08
2.45
1.75
2.1
4.1
3.77
5.3
4.19
3.37
1.86
2.43
2.29
3.15
3.64
3.11
3.01
2.8
1.7
1.94
1.83
2.08
2.71
2.97
2.32
2.5
2.83
3.43
2.62
3.12
3.21
2.8
2.68
2.17
2.34

L130-1
L130-2
L130-3
L130-4
L131-5
L131-6
L131-7
L131-8
L201-1
L201-2
L201-3
L201-4
L226-2
L226-3
L226-4
L226-5
L22g-6
L227-7
L227-8
L227-9
L227-10
L228-11
L228-12
L228-13
L301 -1

L301-2
L301-3
L301-4
L301-5
L301-6
L312-1
L312-2
L312-3
L206-1
L206-2
L206-3
L207-1
L207-9
L207-10
L206-4
L207-2
L207-3
L207-4
L207-5
L207-6
L207-7
L207-8
a

b
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Normalized
Acceleration,
n

1T5

Froude Correction for
Number,
small D/t,
v/i-E
fl

Normalized
Forceb,

Correction for
small D/d,

F /oc Dt

f2

D/d
(3)

3.29
3.31
3.01
3.05
5.49
5.15
4.59
4.39
4

3.65
3.68
3.29
3.25
2.66
2.24
3.25
3.41
2.07
1.86
1.89
1.96
.77

4.1
9.43
4.35
1.33
3.34
3.85
4.9
5.4
5.26
5.21
5.4
2.73
2.25
2.82
3.16
4.39
3.82
2.1
2.2
2.75
3.25
2.25
3.27
3.52
3.18

Not adjusted
Adjusted for D/t only

(4)

(5)

(6)

(7)

(8)

6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
10.01
10.01
3.43
3.43
3.43
3.43
6.67
13.33
13.33
6.67
6.67
10.01
10.01
13.33
13.33
13.33
13.33
13.33
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67

1

.00012
.00038
.00107
.00108
.00013
.0004
.00115
.00351
.00011
.00033
.00106
.00313
.0004
.00036
.00033
.00032
.00033
.00032
.0003
.00099
.001
6.9E-5
.00031
.00035
.00018
9.2E-5
.00103
.00113
.00108
.00113
1.6E-5
1.7E-5
1.7E-5
1.9E-5
.00013
.00071
.00015
2.4E-5
.00074
7.4E-6
2.5E-5
8.7E-5
.00029
.00025
9.8E-5
3.1E-5
9.2E-6

0

2.8

0
0

2.19
3.13
3.04
2.56
3.69
4.45
4.76
1.8
2.12
3.64
5.46
3.56
3.04
2.33
1.75
2.1
3.95
3.56
5.09
4.01
2.37
1.86
2.43
2.29
2.72
3.64
3.11
3.01

1
1

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1
1

1
1
1

1
1
1

1
1

1
1

1
1
1
1

20

20
20

20
20
20

100
100
100
100
100
100
100
100

0
0
0
0
0

0
0
0
0
0

-.04
-.12
0
0

-.15
-.21
-.2
-.18
-1
0
0
0

-.43
0
0
0

0
0
0
0

-.03
-.11
-.02
0
0
0

-.15
-.12
-.03
0

-.11
0
0
0

2.8

1.7
1.94
1.83
2.05
2.6
2.95
2.32
2.5
2.83
3.28
2.5
3.09
3.21
2.69
2.68
2.37
2.34

(9)

-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-1.7
-.59
-.59
-.19
-.19
-1.7
-1.7
-1.7
-1.7
-.59
0
0

-.59
-.59
-.19
-.19
0
0

0
0
0

-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59
-.59

Normalized
Force,
F/0 Dt
c

(10)

2.21
1.61
2.54
2.45
1.97
3.1
3.86
4.17

1.21
1.53
3.06
4.88
1.86
2.45
1.74
1.56
1.91
2.25
1.87
3.4
2.31
1.78
1.86
2.43
1.7
2.13
3.44
2.92
3.01
2.8
1.7
1.94

1.83
1.46
2.01
2.36
1.74
1.92
2.24
2.69
1.91
2.5
2.62
2.1
2.09

1.78
1.75
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Aspect Ratio.-- Many researchers have studied the
effect of aspect ratio on the normalized force for
indentation tests.

The data available, however, are not

in the range of strain rates considered in this research
program.

Therefore, it was necessary to investigate the

effects of the aspect ratio.

It is well documented that the normalized force
increases as the aspect ratio approaches zero (e.g., a
slender structure).

Michel and Toussaint (16) found no

dependence of the normalized force on the aspect ratio,

and they stated that the apparent dependence found by
other researchers was a strain rate effect.

Recent work

by Bohen and Weingarten (4), however, indicates an aspect
ratio dependence even if strain rate is held constant.

On the other hand, all researchers agree that the
normalized force approaches some constant value at large
D/t.

The data shown in Figure 3.4 support this

contention.

The normalized force is plotted against the

aspect ratio for tests conducted under one gravity with a
-4

Froude number of approximately 1 x 10

.

Note that for

aspect ratios greater than 3, the normalized force is
essentially independent of the aspect ratio.

This

finding is in close agreement with Bohen and Weingarten
(4).

They found the normalized force to be constant for

aspect ratios greater than 2.5.

dependence below a value of 3.

There is an aspect ratio
Many other investigators

have proposed expressions for this relationship.

Some of

F/cpt = 2.1 + 1.0/(D/t)

0

Froude Number = 1E-4

1

2

3

4

5

6

Aspect Ratio, D/t

Figure 3.4 - Normalized Force versus Aspect Ratio for One-gravity tests
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these are listed in Table 3.5 and shown in Figure 3.5.

There are several points to be noted about these
relationships.

First, most other research was conducted

at strain rates corresponding to a brittle failure.

This

was not the case for the tests conducted in this research
program.

Second, note that the slope of each of these

curves is essentially zero for D/t greater than 3, but
rises rapidly for small D/t.
of the

This is the general shape

linear least-squares best-fit line shown in

Figure 3.4, that is,

F/acDt = 2.1 + 1.0/(D/t)

(3.8)

Based on this best fit line, an adjustment to the
normalized force may be calculated for D/t less than 3.

The value of the expression at D/t = 3 is assumed to
represent the condition of large D/t.
given in equation (3.9).

The adjustment is

Values of the adjustment are

listed in column (7) of Table 3.4.

f
1

= 0.34 - 1.0/(D/t),

Size Effect.--

D/t <

3

(3.9)

It has been observed from tests on

brittle materials that compressive strength decreases as
sample dimensions increase.
size effect.

This phenomenon is known as

There are two basic models that have been

proposed to explain size effect.

The statistical model
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TABLE 3.5.-- Empirical Relationships For Normalized Force
versus Aspect Ratio for Rigid Vertical
Circular Structures.
Investigator

Relationship

(1)

(2)

Allen (2)

(a) F/acDt = 0.9[1 + 4/exp(15,7E)]
(b) F/acDt = 1 + 1.5/(D/t)

Afanas'ev, et al.

(1)

F/GcDt = 0.9[1 + 5/(1-57I) ]

D/t > 1
Tryde (25)

(a) F/acDt = 1 + 2.1/(0.4 + D/t)
(b) F/acDt = 1 + 1.5/(D/t)

Eranti, et. al.

(7)

Kato and Sodhi (11)

NOTE:

F/acDt = 4 - 1.55 D/t
D/t < 1
F/GcDt = 2.33[5/(D/t) + 1]°-5

Numbers refer to investigators listed in Table 5

Aspect Ratio, D/t
Figure 3.5 - Previously Determined Relationships for
Normalized Force versus Aspect Ratio
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is based on the concept that if a brittle material's
strength is controlled by flaws, the chances of
encountering a weaker zone increase as the sample
dimensions increase (Weibull, 29).

The fracture

mechanics model is also based on a theory of flaws but
uses the concept of fracture energy or fracture
mechanics.

Kendall (12) used an energy criterion to

determine that strength varies as a
of a cubic sample.

they relate to ice.

a is the side

Iyer (8) discusses these models as
More recently, Bazant and Kim (3)

proposed that ice behavior may be described by the blunt
crack band model, a special case of a nonlocal continuum
theory.

This model provides for a smooth transition from

a yield criterion at small sample sizes to a linear
elastic fracture mechanics model for large sample
dimensions.

For ice failing in the ductile or transitional mode,

it is believed that the statistical model most closely
describes the size effect.

Strictly speaking, the size

effect models given above are for brittle behavior only.

Preliminary results, however, indicate size effect even
for apparent ductile failure.

The essential difference

between the statistical model and the fracture mechanics
model is the prediction of behavior for large sample
sizes.

The statistical model predicts that as the sample

size increases, strength eventually reaches a limit at
which further increase will not decrease the strength.

85

On the other hand, the fracture mechanics model predicts
a continued decrease in strength.

For indentation tests,

the sample dimensions may be represented by the relative
crystal size or D/d ratio.

Schwarz, as related by Iyer

(8), found no size effect for D/d greater than 25.

Mellor (14) states that sample dimensions should be at
least an order of magnitude greater than the crystal size
in small scale tests.

Michel and Toussaint (16) also

found no size effect for D/d greater than 10.

Jones and

Chew (10) conducted a series of compression tests on
samples of constant ice crystal size but varying sample
diameter.

They concluded that the uniaxial compressive

strength was independent of D/d for D/d greater than 12.

These findings agree with the prediction of the
statistical model.

In this study, the D/d ratios ranged from 3.4 to
13.3.

The relationships between the normalized force and

D/d for Froude numbers of 3.5 x 104and 1.0 x 10 Sand one
gravity tests are shown in Figure 3.6.

All values have

been adjusted for D/t less than 3.

For high values of

D/d, the data approach zero slope.

Therefore, it is

believed there is no size effect for D/d greater than
13.

This is in the range of values found by other

researchers mentioned above and is in excellent agreement
with the findings of Jones and Chew (10).

The size

effect can be accounted for in cases with smaller D/d by
applying an adjustment in the calculation of the

+
..,..

-....

+

Froude Number

0 3.5E-4

0

0

--+-- 1.0E-3

.

5

,

.

10

15

Pile Diameter/Ice Crystal Diameter, D/d

Figure 3.6 - Size Effect: Normalized Force versus Relative Sample
Size (D/d) for One-gravity Tests
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normalized force.
(3.10).

The adjustment is given in equation

Values of the adjustment are listed in

column (9) of Table 3.4.

f2 = 0.59 - 7.8/(D/d),

D/d < 13

(3.10)

Inertial Acceleration.-- The principle of centrifugal

modeling, as it relates to this investigation, is that a
prototype of dimension z tested at lg is equivalent to a
model of dimension z/n tested in an inertial field of
If centrifugal modeling is applicable to the problem

ng.

of ice-structure interaction, then the implication of
this principle is that the normalized force on the pile
should be independent of the inertial acceleration.

This

is so because the Froude number for both the model tested
at high inertial acceleration and the prototype at one
gravity would be the same.

The hypothesis of the independence of the normalized
force from inertial acceleration may be evaluated by
plotting normalized force against the dimensionless
acceleration, as shown in Figure 3.7, for three values of
Froude number.

A best fit line is drawn through the data

for each Froude number for the purpose of establishing
the trend.
zero.

Within the scatter in the data, the slope is

In other words, all other factors being equal, the

normalized force is independent of the inertial
acceleration.

Further, it may then be concluded that the

Froude Number
---+--- 3E-4
---0--- 1E-4
---X--- 1E-5

1

0

1E-1 2

5

1E0

2

5

1E1

2

5

1E2

Normalized Acceleration,

2

5

1E3

n

Figure 3.7 - Normalized Force versus Normalized Inertial Acceleration
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principle of centrifugal modeling is valid for the
ice-structure interaction problem.

Another result of the independence of the normalized
force from the inertial acceleration is that, for
crushing failure on a vertical structure, there is no
need to carry out experiments aboard the centrifuge.

The

tests at lg are sufficient to establish the relationship
between the normalized force and the Froude number.

The

significance of this statement is that small scale model

tests involving ice crushing phenomenon will accurately
describe large scale prototypes with no scaling factors
if proper consideration is given to size effect.

This

result is in agreement with the findings of others.

In a

seminar on the design of offshore gravel islands for
petroleum exploration, Jahns (9) states:
...full-scale ice force observations are
consistent with properly interpreted
small-scale data.
In other words, scale
effects do not seem to be important at low
rates of deformation.

In addition, Szepessy and Pfenninberger (24), studying
impact forces on gates, concluded that there were no
scale effects.

Froude Number.-- It has been shown that the
normalized force is independent of the inertial
acceleration.

Further, values of the normalized force

may be adjusted for small D/t and D/d ratios.

The

adjusted values of normalized force are given in column
(10) of Table 3.4.

Figure 3.8 presents these adjusted

Otou
LL

U;

U
L

0

0

LL

00
0

0

Transition

Ductile

0

L1111

1E-6 2

5 1E-5 2

II

....I
5 1E-4 2

Brittle

I .121.1

M.4

5 1E-3 2

5 1E-2

Froude Number, v/ it

Figure 3.8 - Adjusted Normalized Force versus Froude Number
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values of the normalized force plotted against the Froude
number.

The data shown logically divide into two regions

with the dividing line at a Froude number of 3 x 10-4
Linear least-squares regression lines are shown for
each region.

Briefly, for Froude numbers below 3 x 104,

the normalized force is constant with a magnitude of
about 2.0.

Above this Froude number, the normalized

force increases to about 4.2.

Unfortunately, this value

corresponds with the upper limit of the Froude number
possible with the apparatus used in this study, so higher
Froude numbers could not be considered.

It will be

shown, however, that there is reason to believe the

normalized force would have decreased at higher Froude
numbers.

To discuss the significance of the trends observed in
Figure 3.8, it is necessary to replot the data in terms
of an effective strain rate.

Michel and Toussaint (16)

conducted indentation tests and determined that the

effective strain rate could be approximated by

E = v/4D

(3.11)

Using this definition and scaling the results of the
centrifuge tests with the appropriate factor from
Table 3.2 (i.e.,

e

= v/4nD), the results of this study

are shown in terms of strain rate in Figure 3.9.

If

Michel and Toussaint's limiting strain rates for ductile,

0
0
0

o
o

0
0

0

00
8

0

0 0

0 n_oo
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2.11

*
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111111,.
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Figure 3.9 - Adjusted Normalized Force versus Effective Strain Rate
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transitional, and brittle behavior are superimposed on
the figure, it can be seen that the boundary between
ductile and transitional failure occurs precisely at the
break in the trend of the data.

In addition, the

boundary between transitional and brittle behavior
corresponds to the upper limit of the strain rates used
in this study.

The two regions of Figure 3.8 may now be explained in
terms of the failure mode.
3 x 10

-4
,

For Froude numbers below

the ice fails in a ductile manner.

Froude numbers of 3 x 10

-4

Between

and 3 x 103, the failure is

transitional, and above this, brittle.

These conclusions

are in agreement with the descriptions of the failures
given in a previous section.

Recent work by Bohen and Weingarten (4) indicates
that the definition of effective strain rate proposed by
Michel and Toussaint (16) is inadequate.

They propose

that several definitions are required depending upon the
D/t ratio.

Their results indicate that the transition

from ductile to brittle behavior occurs at strain rates
of 2 x 1073sec-1 to 6 x 10'3 see'.

Although this range is

narrower than the range identified by Michel and
Toussaint, the location is in close agreement.

Ductile Failure.-- Ductile failure of ice may be
described with the theory of plasticity.

For example,

Ponter, et. al. (19) present a method for estimating the
normalized force on the pile using reference-stress
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theory and a finite element solution.

For the special

cases of plane stress (D/t = o) and plane strain
(D/t = 0), the problem can be solved analytically.

The

normalized force for these cases are 1.15 and 2.99,
respectively.

The data presented in Figure 3.8 represent

approximately the plane stress condition.

Hence, the

value of 2.0 from the ductile region of Figure 3.8 is not
in close agreement with the theoretical value of 1.15.

One drawback of the plasticity theory, however, is
the need to choose a rate-dependent yield criterion.

Consequently, Vivatrat and Chen (27) proposed an
analytical solution to the indentation problem using an
ice creep law and the energy bound theorem.
is an upper bound on the normalized force.

The result
For a simple

assumed velocity field in which no transverse ice
movement is allowed, they arrive at an upper bound of
normalized force for the ductile region of 2.4.

Their

estimated error in using the simplified velocity field
instead of an actual velocity field was + 30%.

Therefore, the upper bound on the normalized force in the
ductile region should be between 1.7 and 3.1.

The upper

bound in the ductile range for this study is about 2.7,
so the agreement is very good.

Transitional Failure.-- Failure in the transition
region clearly occurs at higher values of normalized
force, but it is not clear why this should be so.

While

it is true that the maximum uniaxial compressive strength
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occurs in this region, the peak force in Figure 3.8 has
been normalized by the uniaxial compressive strength.

In

other words, in the transition region, the peak force on
the pile is increasing at a faster rate than the uniaxial
strength.

This conclusion is critical from a design

point of view.

It implies the maximum loads on the

structure will occur with transitional type failures.

The upper bound of the transition region occurs at a
Froude number of 3 x 10-3
probably occurs.

Beyond this, brittle failure

The value of the normalized force at

the boundary between the transition and brittle regions
is approximately 4.

In addition, recent work by Sodhi

and Morris (23) indicates that for D/t = 3 and a Froude

number of 1 x 10; the normalized force was approximately
4.

These tests were conducted on urea doped ice, but it

is believed that the results are comparable to fresh

water ice because both are normalized with respect to ice
strength.

From the above discussion, it may be concluded

that the maximum normalized force on large structures is
less than 5.

Many other investigators have conducted

research in the brittle region and concluded that the
normalized force is independent of velocity.

For

example, Kato and Sodhi (11) found that velocity had no
effect on measured ice forces.
Comparison with Other Results.-- Although data on

indentation tests at low strain rates are limited, the
results of several previous laboratory and field
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investigations were found to compare to the results
obtained in this study.

Michel and Toussaint (16) conducted indentation tests
in the laboratory with flat indentors 2 in. (50.8 mm) to
8 in.

(203 mm) in width and ice thicknesses of 2 in.

(50.8 mm) and 4 in. (102 mm).

They found the normalized

force was independent of the aspect ratio.

Also, the

difference in normalized force between a flat and round
indentor is probably not greater than 10% (Allen, 2).

In

addition, Michel and Toussaint report the results of
Hirayama and others that provides information at high
strain rates.

Kry (13) conducted a series of laboratory tests with
piles 5 in. (127 mm) and 10 in. (254 mm) in diameter and
ice sheets from 0.5 in. (13 mm) to 1 in. (25 mm) thick.
The values of D/t ranged from 5 to 20.

In addition, in

situ tests on lake ice were conducted with a pile
diameter of 48 in.
10 in. (0.25 m).

(1.2 m) and an ice sheet thickness of

The corresponding values of D/t were

all greater than 4.

Danys (6) reports on wind induced crushing of a large
ice sheet against two light piers in Lac St. Pierre, P.Q.
on the St. Lawrence River.

The loads on the piers were

calculated using the principle of momentum transfer from
a moving fluid to a solid across their interface.

The

velocity of the ice sheet was not given in the article,

but may be deduced based on wind records and photographs
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of the failed ice sheet.

Bases on the length of failure

in a given direction and the amount of time the wind was
blowing in that direction, the velocity of the ice sheet
was estimated to be 0.12 in./sec (3 mm/sec).

The light

piers were approximately 11 ft (3.4 m) in diameter and
the ice thickness was approximately 1.7 ft (0.50 m).
This corresponds to D/t of approximately 7.

The strength

of the ice was not given, but may be estimated based on
tests conducted on ice from Portage Lake, Michigan
reported by Michel (15).

The value chosen corresponds to

a temperature of 27°F (-3°C).

Finally, Ralston (20) reports on ice pressure
measurements around Netserk F-40, a gravel island for
exploratory drilling located in Mackenzie Bay.

Load

sensor panels were placed in the ice sheet at various
orientations around the island.

The uniaxial compressive

strength of the sea ice was estimated using data from
Wang (28).

All of the pertinent information from the previous
laboratory and field investigations are summarized in
Table 3.6.

The results are shown together with the

results of the present investigation in Figure 3.10.
agreement is excellent.

The

Especially encouraging is the

agreement between the present investigation and the field
data, including the accurate prediction of the ice
pressure on a gravel island 600 ft (180 m) in diameter.
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Table 3.6 - Summary of Research Results - Ice Forces on Vertical Structures
Investigator

Diameter,
in inches

Ice thickness
in inches

Ice velocity,
in inches per
second

(2)

(3)

(4)

(1)

Michel and
Toussaint (16)

2.00
2.00
2.00
2.00
4.00
8.00
2.00
2.00
2.00

Hirayama and
others, after
Michel and
Touissaint (16)

4.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00

-

Ralston (20)

144

7200

a

10-4
10-4
10-4
10-1
10-4
10-4
10-2
10-3
10-5

-

-

-

-

-

-

-

-

-

-

-

-

5.00
10.0
5.00
5.00
10.0
10.0
5.00
5.00
48.0
48.0
48.0
48.0

Danys (6)b

x
x
x
x
x
x
x
x
x

-

-

Kry (13)

2.00
5.00
2.00
1.83
3.84
7.20
1.94
1.90
2.30

-

1.01
0.996
1.00
1.01
0.980
0.500
0.500
0.496
11.9
11.7
10.6
9.29

Maximum
force,
in pounds

Nominal pressure,
in pounds per
square inch

(5)

(6)

931
1430
1070
1970
951
956
3250
1950
670

-

-

0.0079
0.0080
0.0080
0.0050
0.0051
0.0050
0.0050
0.0025
0.0083
0.023
0.074
0.186

20

0.115

40

0.004

3000
2430
1980

Froude
Number

(7)

425
572
425
694
418
409
940
880
211

694
694
753

(8)

5.1
1.8
7.2
6.6
1.4
2.6
7.0
6.8
8.3

x
x
x
x
x
x
x
x
x

10-6
10-5
10-6
10-3
10-5
10-5
10-4
10-5
10-7

Normalized
Force
(9)

2.19
2.50
2.52
2.84
2.28
2.34
3.46
2.22
3.18

940
795
940

0

1860
1650

0.0015a
0.001a

4.32
3.50
2.63
2.35
1.86
2.34
1.76

580
420
435
870
565
493
754
667
435
348
507
362

200
200
420
490
490
390
390
490
435
330
200
100

4.0
4.1
4.1
2.5
2.6
3.6
3.6
1.8
1.2
3.4
1.2
3.1

2.9
2.1
1.0
1.8
1.2
1.3
1.9
1.4
1.0
1.1
2.5
3.6

795

1157g

3.6 x 106

Estimated from effective strain rate.
Both light piers give identical results.
c
Average of three load panels.
Note:
1 in. = 25.4 mm; 1 lb = 4.45 N; 1 psi = 6.89 kPa.
h

Uniaxial compressive
strength, in pounds
per square inch

110c

:1
(0:00(0)631a

0.002a
0.0015a
.001a

x
x
x
x
x
x
x
x
x
x
x
x

10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-4
10-3
10-3

350

1.3 x 10-3

3.6

60

3.2 x 10-5

1.8

M = Michel and Toussaint (16)
H = Hirayama
(Aft. Michel and Toussaint. 16)

H

K = Kry (13)
D = Danys (6)
R = Ralston (20)

a;
U
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Present Investigation
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Figure 3.10 - Comparison of Research Results:
versus Froude Number
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3.6

PRACTICAL SIGNIFICANCE OF TEST RESULTS
The present investigation has clearly demonstrated

that small scale testing can accurately describe large
scale ice-structure interaction.

Therefore, the results

of the present study can be used to predict design ice
forces on circular structures where crushing is a
dominant failure mode.

Further, design curves may be

developed as shown, for example, in Figure 3.11.

The

curves for D/t less than 3 were developed by adding back
the adjustment applied earlier (re. equation 9).

The

design curves can be used for saline ice as well as fresh
water ice because the forces are normalized by the
uniaxial compressive strengths.

Finally, the present

study was concerned with a single structure, but test
results from Kato and Sodhi (11) indicate that for
ice/structure interaction, a member of a structural group
acts as an individual if the spacing is greater than 5D.

Therefore, the design curves are applicable to rigid
vertical cylindrical structures whose spacing is at
least 5D.

3.7 CONCLUSIONS AND RECOMMENDATIONS
Conclusions.-- Tests were conducted under one gravity
and high inertial acceleration conditions to determine
ice crushing forces on rigid isolated vertical
cylindrical structures.

Based on these test results, the

following may be concluded:
(1)

Small scale model tests, when properly

0

1E-6 2

a

t llall
5 1E-5 2

,11
5 1E-4 2

Froude Number,

I

11111111

a

5 1E-3 2

v/ it

Figure 3.11 - Normalized Design Force versus Froude Number

l

It 11
5 1E-2
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interpreted in terms of D/t and D/d ratios,

can describe large scale ice forces on
structures for the crushing mode of failure.
(2)

The technique of centrifugal modeling is valid
for the crushing mode of ice-structure
interaction.

(3)

For the crushing mode of failure, a small
scale model with thin ice sheets will

accurately describe a prototype if its
diameter is at least 13 times the average ice
crystal size.
(4)

The normalized force on a structure is
constant for a ductile crushing failure but
rises to a peak in the transition from ductile
to brittle failure.

(5)

The results of this study may be used to
predict crushing ice forces on rigid isolated
vertical cylindrical structures for both fresh
and saline ice.

Recommendations.-- Although there is a high degree of
confidence in the previously stated conclusions, there
are areas of this problem that warrant further
investigation.

Therefore, the following recommendations

are made:
(1)

The relationships established here should be
confirmed for saline ice.

(2)

The transition/brittle failure mode boundary
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should be further investigated to determine
the peak value of the normalized force.
(3)

The applicability of centrifugal modeling to
the brittle mode of failure should be
investigated.
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3.10 NOTATION

The following symbols are used in this paper:

f1

=
=
=
=
=

f

=

a

D
d
F

length of the side of a cubical sample;
structure diameter;
average ice crystal diameter;
maximum horizontal load on structure;
adjustment to the normalized force for small
D/t;

adjustment to the normalized force for small
D/d;

n

=
=
=

p

=

q

=

T
t

=
=
=
=
=
=

g
i

v
z
7

a
c

acceleration of gravity;
inertial acceleration due to centrifuge;
centrifuge scaling factor; normalized
acceleration;
number of independent variables in a physical
problem;
number of basic dimensions in a physical
problem;
average ice temperature;
average ice thickness in failure zone;
penetration velocity;
depth;

nondimensional parameter; and
ice uniaxial compressive strength.
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4.0

ICE FORCES ON FIXED CONICAL STRUCTURES

by

Herbert F. Clough
ABSTRACT:

and Ted S. Vinson

Physical model tests were conducted

on board a centrifuge, as well as under one
gravity, to determine ice forces on conical
structures.

Tests were conducted on model cones

with angles from 30° to 75° and typical ice
level diameters of 0.7 in. (18 mm) and ice
thicknesses of 0.17 in.

(4 mm).

The inertial

(gravitational) accelerations considered were 1,
20, 50, and 100 gravities.

The technique of

dimensional analysis was used to evaluate the
relationship between the horizontal ice force,

ice thickness, ice flexural strength, cone
inclination, penetration velocity, and inertial
acceleration.

The analysis indicates that, for

a given inertial acceleration and a frictionless
cone, the horizontal force is proportional to
the ice flexural strength, the ice thickness
squared, and the tangent of the cone angle.

Further, other factors being equal, the
horizontal force is linearly dependent upon the
inertial acceleration but independent of the ice
'Staff Engineer, Hart-Crowser & Associates, Seattle, WA;
formerly Graduate Research Assistant, Oregon State
University.
2Professor, Department of Civil Engineering, Oregon State
University, Corvallis, OR, 97331
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floe velocity.

Finally, a comparison between

the results of this investigation and the
predictions of Ralston's equation shows good
agreement.

4.1

INTRODUCTION

The potential for large petroleum reserves in arctic
offshore regions has created a need to predict
ice-induced forces on offshore structures.

These

structures may take on many forms such as artificial
gravel islands, caissons, cones, and monopods.

A common

feature of many of these structures is the surface in
contact with the ice floe is sloped.

Therefore, there is

a need to investigate ice forces on sloped structures.
In recognition of this need, a research program was

conducted to determine ice-induced forces on a fixed
conical structure using the technique of centrifugal
modeling.

The program was limited to an examination of

the effects of cone angle, inertial acceleration, and ice
floe velocity on the horizontal ice force.

It is hoped

that this research program will lead to an improved
technique for modeling the ice/structure/seabed
foundation interaction problem.

4.2 BACKGROUND
Scale Model Testing.-- Scaling laws must be used to
predict the full sized structure performance from the
results of model tests.

There are various laws to scale

model test results (Coon, 2), but field measurements with
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which to confirm these laws are scarce.

Further, these

scaling laws require the use of artifically weakened ice
and/or distorted models.

Most model tests in the field

of ice/structure interaction use weakened ice to scale
strength and elasticity, but it is much more difficult to
scale ice density (Matt'anen, 3).

This is especially

important for conical structures because the weight of
the ice can make a significant contribution to the forces
on the strucutre.

Centrifugal modeling, however, can

provide a means by which a model may be scaled without
artificial weakening or distortion.

Centrifugal Modeling.-- For the general problem of
ice/soil- structure/seabed foundation interaction, a
physical model must have the same overall stress state as
the prototype.

This requirement results from the fact

that the stress-strain-strength behavior of soils under
drained loading conditions is dependent upon the overall
stress state acting on the soil (Vinson, 10).

Under one

gravity, this condition is met only if the model and
prototype are of the same size.
of model testing are lost.

Clearly, all advantages

Alternatively, a physical

model scaled down from the prototype by a factor of n may
be placed on a centrifuge and accelerated to an inertial
acceleration ng, where g is the acceleration of gravity.

The resulting stress at corresponding points (depth z/n
in the model and z in the prototype) in the model and
prototype will be the same if each is constructed of
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identical materials.

Similarly, scaling relationships applicable to other
physical quantities may be derived as given in Table 4.1.
These scaling laws overcome the disadvantages associated
with typical model testing.

Strength, elastic modulus,

and density all scale identically.

Therefore,

centrifugal models need not be distorted nor use
artificial materials.

Further, since centrifugal

modeling properly accounts for the weight of the ice,

problems such as ice failing against a conical structure
may be decoupled so ice forces due to bending resistance
and ice ride-up may be investigated independently.

Dimensional Analysis.-- A complete analysis of the
ice/structure interaction problem would incorporate all
of the variables listed in Table 4.2.

For bending

considerations only, the number of variables may be
reduced to those given in equation (4.1).

F

=

f(t,D,v,a,g,i,Gf,E)

(4.1)

Theoretical considerations and model studies indicate
that the horizontal loads on conical structures are
associated with plastic phenomena (Ralston, 5).

Therefore, the elastic modulus may be eliminated from
consideration.

In addition, the waterline diameter of

the models in this research program were essentially
constant.

Consequently, the variables considered in the
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Table 4.1.-- Scaling Relationships for Centrifugal
Modeling (After Scott and Morgan, 8)

Quantity

Prototype

Centrifuge Model
at n gravities

(1)

(2)

(3)

Length

1

1/n

Area

1

1/n2

Volume

1

1/n3

Time - Dynamic Events

1

1/n

- Hydrodynamic Events

1

1/n

- Viscous Flow

1

1

Velocity

1

1

Acceleration

1

n

Mass

1

1/n

Force

1

l/n

Energy

1

1/n3

Stress

1

1

Strength

1

1

Elastic Modulus

1

1

Strain

1

1

Density

1

1

Frequency

1

n

2

3
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Table 4.2.-- Parameters Important to Modeling the
Ice-Structure Interaction Problem (Modified
after Neill, 4)

Important Parameters
(1)

Symbol
(2)

Horizontal force on structure
Ice thickness

Structure width at water line
Ice floe velocity

Corresponding test strain rates
Structure inclination

a

Gravitational acceleration
Centrifugal inertial acceleration

i

Water density
Ice density

Pi

Ice compressive strength

a

Ice flexural strength

of

Ice shear strength

a

Ice elastic modulus

Poisson's Ratio
Ice crystal size
Ice temperature

c

s
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research program are given in equation (4.2).

F

=

f(t,v,a,g,i,Gf )

(4.2)

These seven variables may be combined into four
dimensionless groups that fully describe the physical
system (Buckingham, 1).

The dimensionless groups most

appropriate for the ice/conical structure interaction
problem are given in equation (4.3).

F/(aft2)

=

F(i/g,a ,v/ it)

(4.3)

The dependent dimensionless group is the normalized
force.

The ice thickness squared in the denominator

demonstrates the heavy dependence of the force on a
conical structure on the ice thickness.

The independent

dimensionless groups are, respectively, the normalized
inertial acceleration, the cone angle from the
horizontal, and the Froude number.

The normalized

acceleration is simply n, the scaling factor associated
with centrifugal modeling.

4.3 EXPERIMENTAL APPARATUS AND TEST PROCEDURE
Apparatus.-- The test system used in the study was
developed by Wurst (11).

A cutaway view of the model

test container employed in the system is shown in
Figure 4.1a.

The main components include:

(1) an

insulated aluminum strong box, (2) drive motor and lead
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Aluminum
Strong Box

Thermistors

Circular
Boundary Ring
Nitrogen
Distribution Ring

To Liquid Nitrogen

Foom

Model Cone

Insulation
Drive Motor
Lead Screw

Strain Gages
LVDT

(a) Sectional View of Model Test Container

(b) Overall Test System
Figure 4.1

Centrifuge Model Test System
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screw assembly, (3) linear variable differential

transformer (LVDT) to monitor displacement, (4) model
cone with strain gages attached at the base to monitor
load,

(5) nitrogen distribution system,

(6) boundary

ring, (7) thermistors, and (8) an acrylic plastic cover.
The model cone was constructed of micarta.

Silicone

grease was applied to the cone before each test to reduce
friction.

The overall dimensions of the model test

container are 19.5 in. by 19.5 in. (495 mm x 495 mm) in
plan and 11 in. (280 mm) in height.
system is shown in Figure 4.1b.

A photograph of the

A Hewlett Packard 3054DL

data logger was used in the test program to monitor and
control the freezing process, monitor ice temperatures,
and monitor the load on and displacement of the cone.

Procedure.-- A typical test consisted of the
following basic steps:

(1) select a model cone and motor

speed, (2) freeze an ice sheet,

(3) drive the model cone

and fail the ice sheet, and (4) determine the thickness
of the ice.

For tests conducted on the centrifuge, the

basic procedure was the same except that the model
container was accelerated prior to freezing and
decelerated after failure of the ice sheet.

The ice

sheets employed in this study were formed by applying
vaporized liquid nitrogen to the distilled water surface
in the covered test container.

4.4 FLEXURAL STRENGTH TEST RESULTS
Apparatus and Procedure.-- The flexural strength of
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the ice was determined from simple beam four-point
loading tests and an assumed elastic stress distribution
in the ice.

The flexural strength test device consisted

of two cylindrical reaction blocks separated by 4.5 in.
(144 mm) and two cylindrical loading blocks separated by
1.5 in.

(38 mm).

The load was applied by adding sand to

a 2 in. (50 mm) by 4 in. (200 mm) platform resting on the
loading blocks.

The load rate was controlled and

measured by varying the sand flow rate and recording the
time to failure.

The dimensions of the ice beam (width,

w, thickness, t, and length, 1) were measured with
calipers immediately after failure and the load, P, was
determined by weighing the load platform with the added
sand.

The flexural stress was calculated from G = Pl/wt
f

The ice samples tested were obtained by creating an
ice sheet in the model test container and cutting beams
approximately 1 in. by 5 in.

(25 x 150 mm).

thicknesses ranged from 0.1 in.
(6 mm).

Ice

(3 mm) to 0.25 in.

The samples were placed in a cold room at -3°C.

The samples were then tested at approximately -3°C, -1°C
and 0°C.

Results.-- The factors believed to have an effect on
the flexural strength of the ice were load rate,
temperature, and ice thickness.

The load rate was varied

so as to bring about failure within 5 to 60 seconds.

This corresponds to the range of times to failure in the
model cone tests.

Preliminary results indicated that the

.
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flexural strength was independent of load rate over the
range tested.

Ice thickness and temperature, however,

had a significant effect on the flexural strength.
Because the ice thickness was small compared to the
crystal size (t/d was typically less than 3), it was
expected that the flexural strength would exhibit size
effect.

That is, the tendency to increase in strength as

the sample size decreases.

Size effect should be

reflected by the relationship between the flexural
strength and the ratio t/d, but since the crystal size
was essentially constant, it is sufficient to investigate
the effects of the ice thickness on the flexural
strength.

Flexural strength versus ice thickness for

samples tested at 0°C is shown in Figure 4.2.

There is a

strong dependence of flexural strength on ice thickness.

The actual dependence is probably not linear but the
small range in ice thicknesses and the scatter in the
data do not justify a more rigorous analysis.

Recognizing the size effect, the strength data were
adjusted to represent an ice thickness of 0.15 in.

(4 mm)

and are shown as a function of temperature in
Figure 4.3a.

Using the results from Figures 4.2 and

4.3a, Figure 4.3b was constructed to represent the
conditions of the model cone tests.

The results shown

may be represented as follows:

of=

420 - 850t - 65T

(4.4)

Ice Thickness,

in inches

Figure 4.2 - Ice Flexural Strength versus Ice Thickness for tests
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in which the thickness is measured in inches and
the temperature is measured in degrees Celsius.

Equation (4.4) was used to determine the flexural
strengths of the ice sheets in the model cone tests.

4.5 MODEL CONE TEST RESULTS
Test Data.-- Data collected during the tests
conducted in the research program are listed in Table 4.3.

Briefly, cone angles from the horizontal ranged from 30°
to 75° and the water level diameter was approximately
0.7 in.

(18 mm).

Penetration rates ranged from

0.0012 in./sec (0.030 mm/sec) to 0.027 in./sec
(0.69 mm/sec).

Sheet ice thicknesses ranged from

0.047 in. (1.2 mm) to 0.232 in.

(5.9 mm).

Maximum

horizontal forces on the model cones ranged from 1.5 lb
(6.7 N) to 113 lb (500 N) for typical ice temperatures of
approximately 28°F (-2.2°C).

In addition to the 23 tests

conducted in a one-gravity condition, approximately 9
tests each were conducted at 20, 50, and 100 gravities.

Description of Test Ice.-- The crystallography of ice
formed in this research program was studied by
Schrieber (7).

The ice was identified as columnar with

randomly oriented horizontal c-axes and a mean grain
diameter of 0.075 in.
S2.

(2 mm).

The ice classification is

No difference was detected between the ice grown at

one gravity and the ice grown under high inertial
acceleration.

Description of Failure.-- The failure of the ice
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Table 4.3 - Model Cone Test Results

Test
Number
(1)

C320-1
C320-2
C320-3
C320-4
C320-5
C320-6
C320-7
C417-1
C417-2
C417-3
C417-4
C417-5
C417-6
C417-7
C417-8
C418-9
C418-10
C418-11
C418-12
C418-13
C418-14
C418-15
C418-16
C326-1
C326-2
C326-3
C326-4
C326-5
C326-6
C326-7
C326-8
C327-17
C327-18
C328-I
C328-2
C328-3
C328-4
C328-5
C328-6
C328-9
C327-10
C327-11
C327-12
C327-13
C!327 -14

C327 -15

C327-I6
C328-7

Inertial
Acceleration
in gravities
(2)

Cone
Angle,
in degrees
(3)

45
60
75

1

1
1

30
45

1
1
1

1

60
75
75
60
45

1
1

30
30

1
1
1

45
60
75
75
75
60
60
45
45
30

1

1
1

1
1

1
1
1

1
1

30
30
45

1

20
20
20
20
20
20
20
20
50
50
50
50
50
50

60
75
75
60
45
30

50
50
50

100
100
100

100
100
100
100
100

Note:

1

Water Level
Cone Diameter,
in inches

Thickness
in inches

Penetration
Velocity, in
inches per second

(4)

(5)

(6)

.55
.64
.71
.77
.71
.75
.62

.173
.165
.166
.188
.201
.197
.205
.188
.199
.182
.194

.6

.65
.69
.65
.55
.78
.63
.6

.65
.7

.66
.67
.73
.64
.67
.78
.68
.5

75

.63
.61
.64
.59
.48
.64
.65

75
60
45
30

.65
.75
.61
.62

30

.6

45
60
75
45
60
75
75
60
45
30
60

.62
.67
.65
.71
.76
.62
.69
.68
.68
.71
.72

in. = 25.4 mm; 1 lb = 4.45 N;

Ice

.2

.207
.189
.154
.221
.183
.167
.166
.216
.203
.217
.208
.137
.201
.206
.143
.143
.232
.195
.19
.142
.17

.123
.135
.047
.155
.186
.174
.192
.184
.223
.182
.152
.188
.187
.188
.219

1 psi = 6.89 kPa.

.0027
.00271
.00272
.00272
.00855
.00857
.00867
.00264
.00263
.00263
.00263
.00878
.00875
.00887
.00889
.0266
.0265
.0264
.0261
.0261
.0262
.0261
.0258
.00118
.00118
.00118
.00116
.00412
.0041
.00408
.00407
.00185
.00615
.00184
.00184
.00184
.00612
.00612
.00615
.00182
.00261
.00261
.00259
.00879
.0087
.0086
.00868
.00873

Horizontal
Force on
cone, in
pounds

Mean Ice
Temperature,
in degrees
Celsius
(8)

(7)

10.8
21.2
69.5
5.73
19
29
60

48.1
27.9
18.1
8.34
12.5
18.1
30

61.4
105.6
64.3
31.6
39.5
29.3
24.3
13.8
13.9
3.7
14.5
32.7
42.1
44.5
29.9
18.8
6.84
52.3
81.5
23.2
14.5
1.5
11.2
30.4
51
93.8
19.6
46
113

81.7
52.7
25.6
13.5
81.5

- .5
-1.6
-2.1
-2.4
-2.8
-3.3
-3.3
-

.7
.7

-1.6
-1.8
-2.1
-1.9
-3.2
-3.3
-1

-1.1
-1.2
-2

-2.4
-2.6
-2.7
-2.7
-1.6
-1.5
-2.3
-1.7
-2.5
-2.9
-2.6
-2.6
-2.1
-2.5
-1.5
-1.6
-2

-2.3
-2.2
-1.9
-1.8
-1.6
-2

-2.2
-2.5
-2.8
-2.8
-2.8
-2.9

Ice Flexural
Strength
in pounds per
Square inch
(9)

303
381
413
414 .

429
465
458
303
294
367
370
384
365
465
501
295
334
354
407
390
414
409
417
405
344
392
407
459
409
421
425
433
436
410
407
507
435
403
393
372
365
358
406
451
440
441
440
420
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sheet was characterized by the initial formation of
radial cracks followed by one or two circumferential
cracks.

The maximum load was associated with the

formation of the circumferential crack.

For one-gravity

tests, the circumferential crack typically formed from 4
to 6 in.

(100 to 150 mm) from the model cone.

Following

formation of the circumferential crack, the load on the
structure dropped essentially to zero.

For the high

inertial acceleration tests, the failure appeared similar
except the formation of the circumferential crack was
typically about 2 in.

(50 mm) from the model cone;

following failure, the load on the cone did not return to
zero but maintained a value of approximately 10% of the
peak load.
4.6

DISCUSSION OF TEST RESULTS
Discussion of Failure.-- The failure of the ice sheet

may be treated as a beam on an elastic foundation.

characteristic length, L, which reflects the radial
distance to the circumferential crack, is given by
equation (4.5)

L

=4/ Eta

12pg(1-v2)

(4.5)

in which the variables on the right-hand side are as
defined in Table 4.2.

Note in equation (4.5) the

appearence in the denominator of the acceleration of
gravity.

For tests on the centrifuge, this would be

The
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replaced by ng.

Consequently, all other factors being

equal, it should be expected that the characteristic
length, and hence the distance to the circumferential
crack, will vary as 1/4)/ri.

In other words, the distance

from the model cone to the circumferential cracks for
model tests from 20 to 100 g should be from 1/2 to 1/3
the value for tests at one gravity.

This was precisely

the observed result and gives strong support to the
validity of centrifugal modeling for the ice/structure
interaction problem.

Another observed effect concerning the load on the
model cone supports the use of centrifugal modeling.

For

one-gravity tests, the load on the structure essentially
returned to zero following failure.

This resulted from

the fact that the broken ice on the model cone had
negligible weight.

For tests on the centrifuge, however,

the load did not return to zero, reflecting the weight of
the broken ice.

This observation hints at the

possibility of using centrifugal modeling to divide the
bending failure problem into an essentially gravity
dependent problem using broken ice at high inertial
acceleration and an essentially gravity independent
problem with an intact ice sheet in one gravity.

Although this division was not strictly addressed in the
research program, the low residual loads observed in the
one gravity tests indicate that the forces due to the
bending resistance in the ice dominate the forces due to
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ice ride-up.

Horizontal Ice Load:

Theoretical Consideration.- -

Probably the most widely accepted theoretical treatment
of the ice/conical structure interaction problem is the
plasticity analysis developed by Ralston (5,6).

This

analysis leads to an equation of the form

F

=

C1 af t2 + C2P gtD2

(4.6)

in which, for the test conditions of this research
program, C1 and C2

are functions of

aonly.

Note also,

the appearance of g in the second term on the right in
equation (4.6).

This should be replaced by ng.

Further,

if both sides of equation (4.6) are divided by the
quantity aft2 then equation (4.6) may be rewritten in the
same form as equation (4.3).

F/(pft2 )

=

C1

+

[C2 p gD2/(aft)]n

(4.7)

Equation (4.7) reveals that the normalized force should
be independent of the Froude number but linearly
dependent on the normalized acceleration for a given cone
angle.

Ralston's analysis indicates that C1

is directly

proportional to tan ( a) but the relationship between C2
and a is more complicated.

As a first approximation, the

quantity [C2pgD2/( aft)] will be assumed to be

proportional to tan ( a).

Therefore, equation (4.7) may
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be rewritten as

F/( oft2) = K1 tan (a )

+ K2 tan ( a) n

(4.8)

in which K1 and K2 are constants.

Model Cone Test Results.-- To evaluate the constants
K1 and K2, equation (4.8) may be rewritten by dividing
through by tan ( a) as shown in equation (4.9).

F/[0 t2tan

(

a) ]

=

K1

+ K2 n

(4.9)

Figure 4.4 shows F /[oft2 tan (a )] versus the normalized

acceleration for Froude numbers less than or equal to
1 x 10

73.

Both the theoretical consideration and

preliminary results indicated that the normalized force
is independent of the Froude number for all but the
highest values of Froude number considered.

A least-squares regression line was fit to the data
in Figure 4.4 and is represented by

F/[aft2tan ( a) ] = 1.3 + 0.0070 n

(4.10)

Equation (4.10) provides a means for adjusting the
normalized force for each test to the equivalent of n=1.
In this manner the validity of the assumption that the

normalized force is independent of the Froude number may
be checked.

Figure 4.5 shows the adjusted normalized
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force versus the Froude number for each cone angle.

The

linear regression lines demonstrate that the normalized
force is indeed independent of the Froude number below a
3

Froude number of 2 x 10

.

All of the data at a Froude

number of 3 x lo r3 indicate an upward trend, hence the

rationale for leaving this data out of Figure 4.4.

Because the model cones used in this research program
were small compared to typical models used by other
researchers, a direct comparison is not possible.

The

results may be compared indirectly, however, since
several test results have been compared with Ralston's
equation and found to be in good agreement.

Ralston (3)

compared the theoretical prediction with the results of
model cone tests from other researchers and found good
agreement.

.

Further, Shibata, Kamukura, and Matsushima (9)

compared Ralston's equation with elasto-plastic finite
element solutions and field experiments and concluded
that Ralston's equation is a good predictor of ice fortes
on cones.

With this in mind, the predicted horizontal

ice forces against the model cones are plotted versus the
measured forces in Figure 4.6.

The agreement between the

theoretical and measured forces is very good.

4.7 ERROR ANALYSIS
The experimental error associated with this research
program may be investigated with respect to the
quantities in Figure 4.4.

Table 4.4 lists these

quantities and their relative errors.

The error
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Table 4.4.-- Estimated Relative Errors for Experimental
Quantities

Quantity

Relative Error
in percent

(1)

F

(2)

6%

40%
of
t

tan a

n

5%

2%

2%
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in the measured force is due to uncertainties in the
point of application and distribution of the load on the
cone and the assumption of a frictionless cone.

The

error in the flexural strength is associated with the
error in the original flexural tests evidenced by the
scatter in Figures 4.2 and 4.3.

The error in the

determination of the ice thickness is due mainly to
non-uniformities in the ice sheet.

The error associated

with the cone angle was included to account for possible
misalignments during machining of the cones.

Finally,

the error in the inertial acceleration is due to
uncertainty in the radius of curvature of the water
surface in the centrifuge.

From simple error theory, the error associated with a
product is given by the square root of the sum of the
squares of the errors of each experimental quantity.

If

this rule is applied to the ratio of the normalized force
and tan ( a), the associated experimental error
is 42%.

The dashed lines in Figure 4.4 represent the

limits of this standard error.

The scatter in the data

is somewhat less than would be suggested by an
error of 42%.

It is likely that the estimate of 40%

error in the flexural strength is conservative and the
value is closer to 30%.

4.8 CONCLUSIONS
Model tests were conducted at one gravity and aboard
a centrifuge at high inertial acceleration to investigate
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ice forces on a conical structure with the following
results:
(1)

The normalized force on a frictionless fixed
conical structure, F/(oft2), is proportional to
the tangent of the cone angle,

(2)

a

The normalized force is independent of the
Froude number for values less than 1

(3)

x 10-3.

The normalized force is linearly dependent upon
the normalized acceleration.

(4)

The measured forces on the model cones are in
good agreement with the theoretical values
predicted by the Ralston equation.

(5)

Centrifugal modeling is a good technique for
scaling ice density for small scale model tests
of gravity dependent problems.
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4.11 NOTATION
The following symbols are used in this paper:

C1, C2

=

D
d

=
=
=
=
=

E
F
g

K1, K2
L
1

n

v
w
z
a

Pi
Gc
of
as

=
=
=

=
=
=
=
=
=

=
=
=
=
=

coefficients associated with Ralston's
equation, function of cone angle only;
water level cone diameter;
average ice crystal diameter;
ice modulus of elasticity
horizontal ice force on conical structure;
acceleration of gravity;
inertial acceleration;
constants associated with equation for the
normalized force on a conical structure;
characteristic length of an ice sheet;
length of ice flexural strength test beam;
normalized acceleration; centrifugal
modeling scaling factor;
applied transverse load in ice flexural
strength test;
mean ice temperature;
mean ice thickness;
ice floe velocity; penetration velocity;
width of ice flexural strength test beam;
depth;

cone angle, measured from the horizontal;
ice strain rate in model tests;
Poisson's ratio of ice;
density of water;
density of ice;
ice uniaxial compressive strength;
ice flexural strength; and
ice shear strength.
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5.0 CONCLUSION

5.1

SUMMARY

A test system was developed to investigate ice forces
on offshore structures with centrifugal modeling.

The

functions required of the test system included creating a
uniform ice sheet and failing the ice sheet against a
model structure while on board a centrifuge.

The test

system was used to investigate ice forces on cylindrical
piles and conical structures.

Test data were presented

and the relationships between ice loads and structure
geometry, ice thickness, ice properties, ice floe velocity,
and centrifuge inertial acceleration were investigated.

5.2 CONCLUSIONS
Based on the test system development and ice/structure
interaction investigations, the following may be concluded:
(1)

It is possible to create a relatively uniform ice
sheet on a centrifuge by vaporizing liquid
nitrogen over a still water surface in a model
test container.

(2)

A loading system that drives a model structure
through a fixed ice sheet is suitable for
centrifugal models.

(3)

Small scale model tests, when properly
interpreted in terms of D/t and D/d ratios, can
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describe large scale ice forces on structures for
the crushing mode of failure.
(4)

The technique of centrifugal modeling is valid
for ice/structure interaction problems and
provides a means of scaling ice density for small
scale model tests of gravity dependent problems.

(5)

For the crushing mode of ice failure, a small
scale model with thin ice sheets will accurately
describe prototype behavior if the model diameter
is at least 13 times the average ice crystal size.

(6)

The normalized force on a structure for the
crushing mode of ice failure, F/(adDt), is
constant for ductile behavior but rises to a peak
in the transition from ductile to brittle
behavior.

(7)

The results of lg pile load tests (Chapter 3)
may be used to predict crushing ice forces on
rigid isolated vertical cylindrical structures
for both fresh and saline ice.

(8)

The normalized force on a frictionless conical
structure for the bending mode of ice failure,
F/(aft2),
(a)

is:

proportional to the tangent of the cone
angle, a;

(b)

linearly dependent upon the normalized
inertial acceleration, n; and
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(c)

independent of the Froude number, v/Ya,
for values of the Froude number less
than or equal to 1 x 10-3.

(9)

Measured horizontal forces on the model cones
show good agreement with the predicted forces
from a theoretical plasticity analysis.

5.3 RECOMMENDATIONS
Although valuable results were obtained in this
research program, there are many further areas of
investigation that should be examined.

Therefore, the

following recommendations are made:
(1)

The relationships established should be confirmed
for saline ice.

(2)

The applicability of centrifugal modeling to the
brittle mode of failure should be studied.

(3)

The transition failure mode should be further
investigated.

(4)

The effects of ice-structure friction and
structure diameter on the horizontal force for
bending ice failure should be examined.

(5)

The relationship between the normalized bending
force and the Froude number for values of the
Froude number greater than 1 x 1CT3 should be
established.
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