














ABSTRACT

This thesis examines the interaction of ice and structures under simplified dynamic
impact conditions, where the compliance of the structure and geometry of the ice was
varied. Laboratory ice and iceberg ice conical specimens were impacted with a simply
supported steel plate in a pendulum impact apparatus. The geometry of the ice cone was
varied from 20 to 40 degrees and the thickness of the steel plate was varied from 0.25™ to
0.75". Initial potential energy remained constant for each experiment. Forces, nominal
pressures and specific energies were analyzed using response surface methodology. The
compliance of the plate and cone angle of the ice specimen showed significant influence
on the peak forces and nominal pressures. However, the specific energy was found to be
only dependent on the compliance of the plate. Four iceberg specimens were also tested
and significantly lower peak forces, nominal pressures, and specific energy was observed

in the iceberg samples.
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1 INTRODUCTION

Limited oil resources elsewhere in the world and new technological advances are making
the Arctic an attractive location for oil exploration. The United States Geological Survey
estimates that 30 percent of the world’s undiscovered gas and 13 percent of undiscovered
oil maybe found offshore in water depths of less than 500 m in the Arctic (Gautier 2009).
Also the possibility of opening up a northwest passage from the Atlantic to Pacific may

increase Arctic shipping traffic.

Dynamic ice-structure interaction is an important consideration for the safety of offshore
structures and ships. People, and the environment, can be at risk if ice loads experienced
by a ship or offshore structure exceed the designed capacity. Current design rules are
limited in their estimations of the ice loading effects in dynamic ice-structure interactions
(Kérnd 1999). Relatively little research has been completed to investigate dynamic ice-

structure interaction.

Dynamic ice interactions are important in the design of both Polar Class Ships and Arctic
offshore structures. Dynamic loads are generated when drifting ice impacts against
offshore structures or when ships collide with drifting ice. Long slender structures exhibit
dynamic behavior from such impacts. In these cases, the stiffness, mass and damping
effects are apparent in the ice interaction phenomena. Such analysis requires that the time
dependent loading be known. Problems arise when solving dynamic ice loads since there

is inadequate knowledge of the dynamic ice forces (Cammaert & Muggeridge, 1988).






1.1  Scope and Objectives

The goal of this thesis is to investigate the dynamic interaction between a steel plate and
an ice specimen. The dynamic ice impact scenario consists of a simply supported steel
plate and a conical ice specimen. This simplified geometry is intended to provide insight
into the important parameters of ice-structure interactions where the ice and structure are
deforming. The compliance of the impact plate and angle of ice specimens is varied to
investigate the ice to structure interaction. The stiffness of the ice specimen can
effectively be varied by cone angle. A stiffer ice specimen has a lower cone angle

(blunter) which implies more ice crushing volume for equal ice crushing displacement.

The Design of Experiments Methodology (DOE) is used as a tool for planning test
programs and analyzing the results and supporting the conclusions from the impact
experiments. Response Surface Methodology (RSM) is applied to predict the ice-structure

interaction experimental results.

The following items were analyzed with DOE from the experimental results to study
structure and ice interaction effects:

e Peak forces

e Nominal pressure at 1 m? from process pressure area curves

e  Specific energy

The deviation of each of these quantities is discussed in later sections.



1.2 Literature Review

One of the earliest ice impact experiments that concluded that ice pulverized from
impacts was completed in Russia by Khesin and Kurdymov (1976). A steel ball was
dropped onto an ice plate where accelerations were measured to predict force. A model
was generated from these tests to predict ice loads, but it presumed the ice pulverized at a

uniform thickness with uniform pressures.

Ice impact tests were later conducted during ship-ice rams. The Canadian Coast Guard ice
breaker Louis S. St-Laurent (1977) and the Canmar Kigoriak ice breaker (1980) were
outfitted with hull pressure sensors and impacted with ice floes. The results from these
tests indicated localized high pressure zones that disagreed with the Khesin-Kurdymov
model. Also the Kigoriak tests indicated that the ice loading was dependent on velocity
(Ghoneim Keinonen 1983). In another study, a 9 m? load panel comprised of strain gages
was outfitted on the USCGC Polar Sea vessel (1987). The data was processed and the

pressure area effects are presented in the following form (Sanderson 1988):
P =A% [1-1]

Where the C value is around 8 Mpa,

P is the nominal pressure

Many ice impact tests have been completed by means of dropped projectiles on top of ice

sheets. Jordaan and Mckenna (1988) provide a literature review of the tests completed in







Specific

" Impact
Author Ice Conditions Test P Energy
Energy 3
(MJ/m?)
Comfort and Menon Sea ice Dropped weight N )
(1981) 25100 °C pendulum 2000-15000 -3
Timco and Martin Floating river ice Dropped weight 2-15 1-5
(1979)
El-Tahan et al. BT BT -
(1984) Freshwater Dropped weight 120 1
Gerard Freshwater S 5 .
. 50- Aot
(1970} 1010 -1 °C Projectile 250-900 Penetration only
Yen et al Freshwater Coetticients of
onned b 750
(1970) -10to -1 °C Dropped ball 0.0025-2.5 restitution
Ross Floating sca ice Dropped weight . e .
(1969) 15 10 0 °C projectile 200-8000 Perforation depth
Brooks (1975) Freshwater Projectile 200-4000 Penctration depth

Mcintosh et al.

Floating sea ice

Dropped projectile

0.05%10"

Penetration depth

(1973) -20to -5 °C o 25%10°
. . Lo 0.05%10° .
Young (1973 ) Floating sea ice Dropped projectile © 15%10° Penetration depth
Rychnovsk . . oo 0.2*10° .
y{cllgg; )sl\y Floating sea ice Dropped projectile o 12 S0 Penetration depth

Measurement of forces and accelerations were also used for impact experiments. These

measurements were preferred over specific energy for engineering applications and for

explaining the ice impact phenomena. Some of the early measurements of ice impacts

with accelerometers were Ross (1967), Rychnovsky (1987), Likhomanov and Kheisin

(1971), Mcintosh et al. (1973), and Comfort and Menon (1981). In the summary paper




decelerations of the projectiles were shown to be dependent on the confinement of the ice

sample and the stiffness of the supports (Jordaan and Mckenna, 1988).

Glen and Comfort (1983) used a pendulum impact apparatus that consisted of a steel plate
attached to a 2 m pendulum arm that impacts with a stationary grown ice sample. The ice
sample was a wedge shape with an apex angle of 153 degrees. The pendulum masses
were 650 kg and 1160 kg. Local pressures were measured with 25 custom built strain
gauged diaphragm pressure transducers, forces were calculated from strain gauge and
accelerometer measurements on the plate and the kinetic energy was calculated from
impact speed which was measured with a rotary potentiometer connected to the pendulum
arm. The ice thickness, salinity and temperature were varied in the experiments. Glen
and Comfort (1983) observed that the mean and maximum pressure was inversely
proportional to contact area. Also pressure ranged from 2 Mpa (areas of 800 - 1000cm* )
to 20 Mpa (area of 200 ¢cm?). Glen and Comfort (1983) reported problems with the strain
gauge force and acceleration transducers. They noted errors up to 100 % from

discrepancies between integrated pressure over contact area and measured force.

A more recent impact experiment was conducted by Timco and Frederking (1993), where
an accelerometer and pressure transducer mounted on a projectile and dropped on fresh
water ice. The projectile shape (spherical, flat and wedge) and the thickness of the ice

were varied. The maximum force (F,,) was found to be related to the average loading rate
(Fm) by

F, =0.9F," (1-2]



Gagnon (1996) conducted similar drop tests on an iceberg. lmpact velocity (1.8 to 3.9

nm/s) temperature (-0.5 to -13.5 °C) and mass (155 — 510 kg) were varied. Specific
energy, peak force and nominal pressure were analyzed. Gagnon (1996) observed that
there was no correlation between peak pressure and projectile mass or velocity. Specific
energy was observed to decrease with increased impact energy and crater volume. Also
the peak pressures were found to be independent of the impact energy and velocity, which

agrees with the results observed by Timco and Frederking (1993).

Recently, Gagnon (2008) has developed a Im x Im x 0.46 m acrylic block impact panel
for measuring impact loads and pressure distribution. The sensor uses optical-mechanical
technology to measure the pressures and a high speed camera is used to capture the data.
Preliminary drop tests have been completed with the impact panel (Gagnon 2009) to
show the sensor is capable of measuring rapid changing pressures from impact loads.
Plans are currently in place to use the pressure panel in the large pendulum impact

apparatus as part of STePS?.

The pendulum impact experiments presented in this thesis are similar to those of Glen and
Comfort (1983). However, the current work consists of two pendulums which allow both
objects to rebound, similar to the scenario of a ship to iceberg collision. Also the
thickness of the impact plate is varied to change the effective compliance of the structure.
This scenario has not been previously investigated, although other authors have noted the

effects of changing the compliance of the indenter due to the boundary conditions. The



current experiments will expand the knowledge of ice impacts by investigating the

relationship between compliance of the structure / ice and loads.
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2 EXPERIMENTAL DESIGN

The following sections detail the design of the experiment. The goal of the experimental
design was to use a robust statistical approach to determine the ice — structure interaction
as a function of the response parameters. Response Surface Methodology (RSM) has been
implemented for setting up the experimental design. This method is more efficient than
using a one factor at a time approach, where only one factor is varied and the others are
held constant (Czitrom, 2009). The statistical design approach requires less resources,

effects of factors are more precise, and interaction between factors can be estimated.

2.1 Experiment Factors and Levels

lce specimen cone angle and plate thickness of the impact plate have been varied with
three levels for the laboratory ice impact experiments. Altering the cone angle (a) of the
ice specimen changes the effective ice crushing “stiffhess™ and implementing plates of
various different thicknesses will change the structural stiffness. The levels of the
experiments cannot cover too large an area over the entire design space for RSM. The
response surface must be fitted over a relatively small area to provide a reasonable
representation. Table 2-1 presents the factors and levels of the pendulum impact

experiment.






factors. But the CCD also contains 2k axial points and center points that allow the second

order terms to be estimated.

Figure 2-1 below shows the CCD points with two factors.

(0,2)
(-1,41)
(-0,0) (0,0)
(- 1 I 1)
(0)-0’)

(0,0)

Figure 2-1: Two factor (k=2) Central Composite Design (CCD)

The axial points are (0,xa) and (£«,0) ,the center point is (0,0) and the factorial points are
(x1,1) and (1,£1). The £1 values are the minimum and maximum levels of the factors.
The value of alpha («) determines the distance to the axial design points. A common
value for o isV2. This value maintains rotatability, which maintains constant variance

among the predicted response due to the fact all points are equal distance from the center

point.
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3.1.1 Force Sensors

Piezoelectric washer-style ring force sensors were chosen for measuring the forces. These
sensors use quartz crystals as the sensing elements. When placed under a changing
mechanical load they produce electrical charges. These sensors are unique compared
with strain gauge based sensors, because they are very stiff and they only produce a
charge when there is a change in load and this makes them suitable for dynamic

measurements. The advantages of the piezoelectric sensors are:

e Compact compared to strain gauge based sensors
e A high overload capacity which is normally 50 percent
e Practically negligible displacements

e Veryrigid and have a high natural frequency

Three piezoelectric force sensors were located behind the ice holder. The force sensors
were placed at equal radial distance from center of the ice impact and 120 degrees apart.
Figure 3-4 shows the configuration of the force sensors. A 0.5 aluminum plate with three
bolts (left) is bolted on top of 17 steel plate (right). The loads cells are sandwiched and
preloaded between the steel and aluminum plates. Since the force sensors were preloaded
with a bolt, the sensitivity of the sensors differed from the original calibration. This is due
to the influence of the bolt stiffness on the sensitivity of the sensors. The ratio of the
stiffness of the bolt to the stiffness of the force sensor has to be taken into account. To

maintain accuracy, the force sensors were recalibrated after the preloading.
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Figure 3-7: Ice holder and accelerometer

3.1.4 Rotary Encoder

Two digital rotary encoders with built-in analog converters were installed at the centers of
rotation of the ice-pendulum arm and the plate-pendulum arm. The rotary encoders,
shown in Figure 3-8, measure the relative angular position of the arms during the
experiment. The rotary encoder data and linear potentiometer was used-to derive the ice

crushing displacements.



Figure 3-8: Rotary encoder

3.2 Boundary Conditions

Three quarter inch (*47) 44w grade steel plates were attached to the pendulum frame to
impact with the ice specimen. The supports of the plate were rounded to provide a simply
supported plate boundary condition. A slot was cut in the plate to allow free rotation at
the fixed end without interference from the bolt. Figure 3-9 shows the impact plate setup
attached to the pendulum frame and Figure 3-10 presents the dimensions of the impact
plate. A new steel plate was attached to the pendulum after each experimental run if
permanent plate deformations occurred. This was to eliminate potential strain hardening

effects from a previous test.












The High Speed Camera used to film the impacts was a black and white Mega Speed
55K. This camera was limited by both capture rate and resolution. The camera was not
able to operate simultaneously at maximum frame capture rate and at maximum
resolution. A resolution of 592 x 450 pixels with a frame capture rate of 2.25 KHz was

selected.

3.5 Preparation of Ice Specimens

Ice specimens were grown and shaped in the lab using a moditied freezer and a custom
built ice shaping apparatus. This process followed experimental and ice generation
procedures developed by Bruneau et al (2011). The lab ice is a controlled and consistent

polycrystalline ice with high strength levels.

3.5.1 Growing Ice Specimen

Distilled and deionized water was used to remove impurities which can influence the
crystal growth. The water was then routed through a deaeration system, to remove any
dissolved gasses, and chilled to zero degrees. Figure 3-13 below displays the vacuum
pump (left) and the vacuum vessel (right). The vacuum vessel was brought to an absolute
pressure of 1.6 kPa and the impeller at the bottom of the vessel induces cavitation to

remove the gases in the water.


















The arm of the shaping device was initially set to shape ice specimens at angle (o) of 30
degrees. Cone angles of 20 and 40 degrees were also shaped with the apparatus by

adjusting the pitch of the planer blade with applied wedges.

Figure 3-19: Ice cone geometry

After the specimens were shaped to the desired cone angles, they were removed from the
steel ring and frozen into an aluminum ice holder, shown in Figure 3-20. The aluminum
ice holder had a slightly larger diameter than the steel ring the specimen was grown in.
This was to allow room to add water at near freezing temperature between the ice holder
and ice specimen. Also, four #10 bolts with rubber gaskets on the head of the bolts to
prevent leakage were inserted through the 10-24 tapped holes in the ice holder. The bolts
were only long enough to fill the gap between the ice specimen and ice holder, since
penetration may cause unwanted cracks in the ice specimen. The bolts in the ice holder
assisted in securing the ice sample during impact. Once this process was complete, the ice

specimen was frozen in the ice holder for 24 hours at -20 Degrees Celsius in a freezer
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9.

The impact plate was attached to the pendulum frame and the accelerometer and
linear potentiometer are attached to the back of the impact plate.

Before attaching the ice specimen to the pendulum frame, the initial height (x;) of the
cone was measured using a digital caliper and level.

Next, the ice specimen was attached to the pendulum frame. The ice holder was
bolted to the 2 diameter stud that extends from the load cell mounting plate shown in
Figure 3-4. A Y7 steel rod was attached to the 1/4™ tapped hole in the ice holder
shown in Figure 3-4. This allows the ice holder to be securely attached to the
pendulum and reduces the chance of the ice holder becoming loose during impact.
After the ice specimen was attached to the pendulum, the electro-magnets and a safety
mechanism consisting of two chains were attached to the pendulums. The
electromagnets and safety chains are shown in Figure 3-3. The arms of the pendulum
were raised to 30 degrees using the electric winches and an electronic digital
inclinometer used to ensure both sides of the pendulum are at 30 degrees. The surface
temperature of the ice specimen was recorded.

Once the arms were in position, the safety mechanisms were removed. The data
acquisition system was initiated with the computer system to start sampling data at 4.5 ‘
kHz and the high speed camera was started. Then the electromagnets were released.

Second impact was prevented by securing one of the pendulum arms with a strap after |
impact.

After the impact, the ice holder and specimen mass was recorded.

See Table 2-3 in Chapter 2 for test plan showing summary with a matrix.
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4 ANALYSIS OF DATA

This chapter provides the basis for the calculation of forces, displacements of ice

crushing, pressures and energy. Details of Filtering and RSM are also provided.

4.1 Total Force

Three outputs of force were logged in the data acquisition system through the three load
cells. The force from each load cell was added to produce total force. It was desirable to
plot the individual forces from the three load cells to observe if the ice loads were
eccentric. Figure 4-1 presents the non-summed force trace for Run # 7. The summed force

signal for Run #7 can be found in Appendix A3.

16
14
12

10

o)

Force (KN}

0 0.005 0.01 0.015 0.02
Time (s)

Figure 4-1: Example of non-summed force data for Run #7
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And for the Grillage Carriage, the displacement for the center of rotation to the surface of

The impact plate (D) is calculated by:
D, = —500(cos 8,) + (t, + 160.1) + D, [4-2]
Where 0 is angle of the grillage carriage arm

tp is thickness of plate

Dy, is displacement of plate

Figure 4-5 provides the dimension used for calculating the ice crushing displacements.
The two angles 6; and 6, were derived from the rotary encoder outputs. The 20, 30, and
40 degree cone angle contain different initial cone heights (h;). All dimensions in Figure

4-5 are provided in millimeters.

Figure 4-5: Dimensions used to calculate ice crushing displacements (mm)



The Ice Crushing Displacement is calculated from:

X=340- D, - D, [4-3]

A positive value represents a gap between the ice and surface of the impact plate and a

negative value represents ice crushing displacement.

4.4 Pressure-Area Graphs

Pressure-area graphs are a common way of quantifying ice loads on ships and structures.
The process pressure area curves show the relationship between the average pressure and
the contact area, over the course of an ice collision. To calculate the process pressure-area
curve for an ice crushing process, the average crushing pressure of the ice cone must be

calculated.

The pressure (p(x)) is calculated:

-
PO =25 [4-4]

Where: F(x) is the force

A(x) is the nominal contact area

The nominal contact area of the cone is dependent on the ice crushing displacement. The

nominal contact area of the ice cone as a function of displacement A(x) is calculated by:

AX) = n( = )2 [4-5]

tan(a)
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Where: a is the cone angle of the ice specimen (See Figure 3-19)

Daley (2004) provides the following relationship for pressure area distribution:
P=cA* [4-6]

Where: P is the nominal pressure
A is nominal contact area
. 2
C is the average pressure at 1 m

e 1s the pressure exponent ( dimensionless )

The average pressure is a function of force and nominal contact area, based on the ice
crushing displacement. The ice crushing displacement data was calculated from the plate
displacement and pendulum arm rotary displacements from Section 4.3. Forces were
measured with the three piezoelectric load cells. The calculated process pressure-area
curves were plotted and have been fitted with the pressure area distribution equation. The
process area curve was taken over the relatively small contact areas of the collision which
resulted in high pressures for some cases. The first significant change in force from the
load cell data was used as the starting point of the pressure area curve. The pressure area
distribution was somewhat dependent on the selection of the first data point and selecting

one later or earlier could sometimes change the process area distribution.

Data at the end of the collision process was eliminated to reduce the skew and increase

the correlation coefficient in the model (Rz). In general, the data after the first peak force



was eliminated, this data was influenced by the rebound and in some cases the elastic

energy in the plate caused it to rebound and impact the ice a second time. Additionally,

ice displaced after the first peak force was influenced by spalling.

4.5 Energy

This section provides the crushing energy, plate energy, and specific energy calculations

from the ice-structure interaction.

4.5.1 Ice Impact Energy

Ice impact energy can be calculated from the integral of force as a function of

displacement. The equation is expressed as (Daley 1999):

E.= [;™ F(x)d, [4-7]

Where: Xmax 1S the maximum ice crushing displacement
d, is the ice crushing displacement

F(x) is the ice crushing force

The integration in the analyses was completed using the trapezoidal rule, this is an

approximate method for calculating the definite integral.

4.5.2 Energy of the Plate

The energy of the plate was calculated from the work performed on the plate from the

impact event.



46

Ep = f(x)Dp I4‘8]

Where f(x) 1s the measured force

D,, is the deformation at the center of the plate

4.6 Specific Energy Absorbed

The specific energy from the impact experiments is the ratio of input kinetic energy to the
volume of damaged ice. Since all of the initial kinetic energy of the impact was not
absorbed by the ice, specific energy was not a useful index for the pendulum impact
experiments. An alternative index was to relate the volume of crushed ice to the ice
impact energy (Jordaan 1988). This can be defined as the Specific Energy Absorbed (E).
The crushing energy (E.) was calculated from Equation 4 -7 and the mass was determined
from the difference between measured weight of the ice sample before impact and the

weight of the ice sample after the impact.

The Specitic Energy Absorbed is given by

E,
Esm - (m)p l4'9]

Where m is the mass loss during impact

p is the density of ice (900 kg/m’)

4.7 Response Surface Methodology

The response surface analysis was applied to the experimental results using DOE

software, Design Expert-8. This section provides an introduction to the RSM analysis.




RSM applied to peak force, nominal pressure at | m” from the process area curve and

specific energy.

4.7.1 General

RSM was used to develop the response surface model from the experimental results. This
method uses statistical experimental design methods, regression analysis, and
optimization methods to fit experimental data into a response surface model. Normally,
preliminary experiments are completed using Design of Experiments Methodology
(DOE) to screening factors and to assist in determining the range of the factors. Screening
was not necessary for the ice impact experiments, since there were only two factors and
the variables and the possibility of other factors such as impact speed and mass was

limited by the apparatus.

4.7.2 Assumptions

The following assumptions were used in developing the Response Surface (Montgomery,
2009):

e Observations are independently distributed

¢ Normality of data

¢ Independence of variables and error

e (onstant variance

e Sparsity of effects principle



The first four assumptions above are required by analysis of variance (ANOVA). These

are validated with diagnostic plots presented in Appendix B and are discussed in Chapter
5 Results and Discussions. The following must verified with the diagnostic plots:

e The normal plot of residual should fall on a straight line

e Residuals versus predicted should show random scatter

o Residuals versus run should show no trends

The condition that observations are independently distributed requires the experimental
runs to be randomized. This averages out factors that may have effects on the model that

are assumed to be held constant.

The sparsity of effects principle was considered another important assumption in the
analysis. This principle states that most systems are dominated by the low order
interactions and high level interactions can be eliminated from the system (Montgomery,
2009). Thus the following terms interactions are only considered in the response surface
model:

e A,B,AB,A’and B’

4.7.3 Fitting a Second Order Model

Each individual response (y) from the experimentation analysis, including peak force,
nominal pressure and specific energy can expressed as a function of factors (x;) and (x2).

Where the two factors (x|) and (x») are plate thickness and ice specimen angle.
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These responses are represented in terms of the factors by (Montgomery, 2009)
y=flx1, %)+ € [4-10]

Where € is the noise or error observed in the response

The response surface is represented by

n = f(x1,x2) [4-11]
The levels of the experimental factors x, and x, can be plotted for the responses to
produce a response surface graph. These responses can also be visualized in 2-D with

contour plots.

The first approximation of the relationship between the response y and the independent

variables x; and x» is approximated using the first order model (Montgomery, 2009)

Y= Bo+ Bix1+ Baxz + -+ Brxi [4-12]

If curvature is present in the response, the second order model can be used

Where §;; 0,1..k are regression coefficients

4.7.4 Method of Least Squares

The regression coefficients are estimated using the method of least squares with Analysis
of Variance (ANOVA). This method (Montgomery, 2009) can be used to determine the

|
\
Y= Bo+ Il Bixi+ T Bux? + X ici Bijxix; + € 14-13]
coefficients in Equations 4-12 and 4-13 that will minimize the error term € in the model.



4.7.5 ANOVA

ANOVA tables for the peak force, nominal pressure and crushing energy are discussed in
this section. ANOVA uses statistics to determine if the null hypothesis is valid. The null
hypothesis states that the means of two or more factors are equal and the alternative
hypothesis states that the means of the factors are not equal. The first column of the
ANOVA table is the sum of squares (SS). This is the total variance of each term and each
SS has a corresponding degree of freedom (DOF). All terms were initially included in the

AOVA tables, the insignificant terms were eliminated after checking the P-values.

The Sum of Squares of the main effects of factor A and factor B from Myers and

Montgomery 2008 are,

¥:

1
SSA ;Z:;l yi_'z -

abn

2

1 y

2 .

SSp= =Y,y t-2-
B an ,,1}'1“ abn

Where: a and b are the levels of factor A and B
n is the number of replications
yi.and y;. arethe total of all observations under the i" level of factor A and j"
level of factor B

y. is the grand total of all the observations

Subtotal used to calculate the Sum of Squares for interaction effect,

1va b yZ"
SSsubtotat = - Nim1 Lj=a ¥y = == (4-16]

abn




Sum of Squares for the interaction effect,

SSA = SsSubmml - SSA - SSB I4'17]

The DOF for each term is, ;
DOF=n-1 [4-18] |

Where n is the number of levels of the experiment

Dividing the SStfor each term by the DOF provides the mean square (MS),

SSy
MS; = —- [4-19]

The F-value is the “test statistic™ for the null hypothesis for ANOVA. The F-value is

calculated by

Ms, - [4-20]

[URTS

Where MSg is the Mean Square for the Error Term

The F-value is compared with the F-distribution to compute the p-value. The p-value is
the probability that the alternative hypothesis should be accepted. If the p-value is less
than Alpha (a), the null hypothesis should be rejected. Alpha was chosen as 5 percent in

the present analysis.
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5 RESULTS AND DISCUSSIONS

The following Chapter provides the results of the pendulum impact experiments. Force
history, force versus ice crushing displacement, and pressure area curves are presented.
Maximum impact plate thicknesses, plate accelerations, spall weight and ice crushing
energy were also calculated and are shown in this section. These results are analyzed with
design of experiments methodology for the peak forces, nominal pressure term from the

process area curve and the specific energy.

5.1 Forces

The unfiltered force trace plots are presented in Appendix A. This section contains plots

of the filtered force grouped by specimen cone angle.

5.1.1 20 Degree Ice Specimen Results

The force traces from the 20 degree cones impacting with 0.25 plate, 0.5 plate and
0.757 plate are presented in Figure 5-1. Two replications of impact force with each plate
thickness are presented. The highest peak force occurred with the 0.75™ impact plate.
The results showed reasonable repeatability between each replication. Also the collision

duration decreased with plate thickness.
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the plot. The plot indicates that the peak force was higher with an ice specimen cone
angle of 20 degrees compared with the 40 degree cone. The peak force for the 40 degree

ice cone specimen did not peak with the 0.75™ plate.

025 5 065 075

Figure 5-5: Interaction plot of peak force

The diagnostic plots are found in Appendix B1 to verify the model meets the assumptions

of ANOVA. The diagnostic plots validated these assumptions.

Table 5-3 below contains the statistics of the peak force response surface model. The

adjusted R-squared parameter is adjusted according to the number of terms in the model.





































angle was set to 40 degrees. However, when the angle of the ice specimen was 20

degrees, the peak force exhibited a positive effect on the nominal pressure.

100 —

Pressur

025 035 045 055 065 075

Figure 5-17: Interaction plot of nominal pressure

Appendix B contains the diagnostic plots for the nominal pressure model. The plots did
not indicate any major concerns. A square root transform was performed on the response
variable, this improved the model fit and stabilized the variance of the response. The Box
Cox method was implemented by Design Expert-§ to select the appropriate
transformation. Figure 5-18 below presents the Box-Cox plot. The 95 percent confidence
interval in the Box-Cox plot did not include y equal to 1, thus a value of 0.5 was justified.

The power transformation of the response is expressed in terms of lambda()) by,




































5.6.2 Crushing Energy

The crushing energy in the pendulum experiments was limited by the available kinetic
energy. The amount of kinetic energy that was transformed into ice crushing energy
varied in each experiment based on the structural stiffness of the structure and appeared to

be independent of the ice specimen angle.

Figure 5-25 and Table 5-11 presents the crushing energy for each experimental run. These
results were calculated with Equation 4-7. The ice interaction with the stiffer plates
showed higher levels of crushing energy. This suggests that 0.25™ plates absorbed
deformation energy from the impact into deforming the plate compared with the 0.5" and

0.757 plates.

The calculated crushing energy exceeded the pre-impact kinetic energy in the denoted
runs from Table 5-11. These runs were all of the experiments with the 0.75™ plate. No
reason could be clearly identified for this discrepancy. Filtering the force signal will have
some influence on the crushing energy. In general, filtering should reduce the apparent
crushing energy. Therefore, filtering the force data is unlikely to have caused the
overestimate of crushing energy. Also the ice crushing displacements were calculated
using relative displacements in Equation 4-3 and have incorporated both elastic and
plastic components of the plate deformation using Equation 4-2. Results show evidence
that the elastic energy in the plate caused a second impact. This effect is investigated in

Section 5.6.3 and may have implications on the crushing energy calculations.
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Figure 5-26: Main effects plot of erushing energy

Table 5-13 summarizes the statistics for the nominal pressure response surface model.
The adjusted- R-squared value fully agreed with the predicted R-squared value. Also the
adequate precision value was greater than 4, which indicated the model was adequate

within the design space.
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Figure 5-29: Main effect plot for factor A for plate energy
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Figure 5-30: Main effect plot for factor A for plate energy



The diagnostic plots did not raise any concerns and are found in Appendix B. A power

transform was implemented with lambda equal to 1.96 according to the Box-Cox plot

shown in Figure 5-30.

16 00 —

§)

La(Re:

Figure 5-31: Box Cox plot of plate energy

Table 5-16 summarizes the statistics for the plate energy response surface model. The
adjusted- R-squared value is in fully agreement with the predicted R-squared value. Also
the adequate precision value is greater than 4, which indicated the model is adequate

within the design space.
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Figure 5-34: Specific energy main effect plot for factor A

The diagnostic can be found in Appendix B. An inverse transform was implemented with

lambda equal to -1 according to the Box-Cox plot shown in Figure 5-35.



Figure 5-35: Box Cox plot of specific energy

The plots did not indicate any major concerns. Table 5-19 summarizes the statistics for
the specific energy response surface model. The adjusted- R-squared value is in fully
agreement with the predicted R-squared value. Also the adequate precision value is
greater than 4, this indicate the model is adequate within the design space. However the
R-squared values are very low due to scatter. This is present in the predicted versus
actual plot in Appendix B5. However the specific energy trends determined through the

analysis was proved significant by ANOVA.












Table 6-1: Experiment test plan for iceberg specimen tests

Plate
Run # Cone Angle Thickness
(degrees) (inches)
001 30 0.75
002 30 075 |
003 30 075 |
004 30 0758

6.3 Results and Discussion

The forces traces, pressure area curves and energy analysis results are presented in this

section. Figure 6-3 below presents pictures of a laboratory ice specimen Run 4 (left) and

iceberg specimen test 004 (right) after the impact tests. The iceberg specimen displayed 1
more spalling than the laboratory ice specimen. This may have been due to the larger

grain size of the iceberg specimen.

Figure 6-3: Laboratory (left) and iceberg ice specimen (right) after impact tests
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6.3.1 Force Traces

Figure 6-4 below contains the force trace of the 30 degree conical iceberg specimen
impacted with the 0.75™ thick steel impact plate. Tests 001 and 002 displayed a singular

peak, while tests 002 and 004 display two peaks.
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Figure 6-4: Force trace of iceberg specimens

Table 6-2 following table contains of peak forces from the iceberg specimens. The peak

forces range from 20.0 to 31.1 kN.
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7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusion

In the work covered in this thesis, a new approach was used to measure ice impact loads
using a double pendulum apparatus. This apparatus allowed relatively high-energy
collisions to be measured with a relatively small apparatus. The results show that the
approach and developed impact apparatus allows the impact forces to be measured in a
consistent repeatable manner. Also the impact apparatus was shown to produce high
quality reliable data that did not raise significant concerns of the influence of the
apparatus in the measurements. The measurements were not perfect measurements in
regards of measuring the ice-structure loads directly at the contact kface. But the ability to
measure the motion respohse of the structural elements, use of a very stiff and responsive
load cell in close proximity of the impact zone provides a nearly direct reading of the ice-
structure interaction loads. One of the major limitations of the impact apparatus is that the
displacements and forces during the experiment cannot be controlled. However, the
impact energy can be varied with the pendulum apparatus. In this work the input energy
(potential energy) was held constant to focus the study on stiffness. Therefore the impact

velocities and total mass of each pendulum were held constant.

The cone shaped ice samples provide a realistic interaction scenario in the sense that the
load increases progressively as the contact area of the collision increases. The cone

geometry also allowed the ice to spall more naturally compared with a uniform section ice
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sample that may cause the ice sample to shatter at impact. There are some uncertainties in
determining the apparent contact area as it progressively increases during an impact.
However it is more favorable to have a progressive load characteristic which stimulates a

more realistic ice-structure interaction scenario.

The results from this thesis, impact experimentation of a conical ice sample with a
simplified structure consisting of a simply supported steel plate, have demonstrated that
the measured ice load is not an absolute quantity and the apparent load is a function of
both the geometry of the ice and the relative compliance of the structure. The results also
indicate that the ice cone angle is a form of compliance. In general, a taller ice cone

(higher cone angle) is “less stiff” than a shorter the ice cone (lower cone angle).

The data from this study was analyzed using three different methods to quantify the ice
loads. Each method was explored to determine the best for presenting the impact results.
The three primary methods used are:

e Measured peak force

¢ Nominal pressure

e Specific energy

In these three methods, both the measured peak force and apparent pressure were shown
to be dependent on both the compliance of the structure and geometry of the ice sample.

In general. the more “stiff™” collision led to higher peak forces and nominal pressures.
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However, there is evidence that the ice failure mechanism can limit the effects of
reducing stiffness in the collision. The ice strength displayed more dominant load-limit
than the structural compliance. This phenomenon of the ice displaying load-limit
characteristics was evident in the 40 degree cones where the stiffness of the ice appeared

to limit the maximum measured load or pressure.

The nominal pressure data was calculated from the relative displacements and geometry
of the ice cone as the collision progressed, this method was based on nominal areas and
not the actual contact areas of the collision. This means the data is subjected to more
variation and scatter in the pressure-area data. The trends in the nominal pressure data
were more pronounced in terms of the “stiffness™ of the collision and some cases
appeared to be relatively high compared to other reported data, but the results are
consistent with the rest of the data in this study. Also, independent of the stiffness in the
collision, the trends in apparent pressure showed a decrease in pressure as the collision

progressed and contact area increased. This is consistent with most other studies.

Peak force measurements ranged approximately 20 kN to 50 kN while the nominal
apparent pressures (referenced at 1m”) ranged from approximately 0.1 Mpa (0.25™ plate
& 40 degree cone) to 90 Mpa (0.75™ plate & 20 degree cone). This data shows that the
peak force measurements had a relatively narrow range compared to the nominal pressure
measurements. Also the peak forces were less scattered and not as pronounced when

compared with the nominal pressure results.
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The specific energy results were less clear and apparent ice collision energy was higher
than the available kinetic energy for the stiffer tests. Specific energy has been shown to be
problematic in previous studies and for impact tests it is difficult to quantify elastic,
plastic, ice crushing energy and rebound energy in a short period of time. Therefore, in
this study, specific energy appears to be less useful for understanding the underlying ice

mechanisms due to its complexity.

The following sections discuss the conclusions of the results in more detail.

7.1.1 Laboratory Ice Specimens

The measured ice forces from the pendulum impact tests demonstrated that forces of 50
kN can be generated from the impact of two 100 kg objects with closing velocities of
approximately 2.15 m/s. The peak forces were shown to vary based on both the
compliance of the steel plate and the conical angle of the ice specimen. Based on the
statistical analysis, it was concluded that both of these factors were significant. The
interaction effect between the two factors was also present. The 20 degree ice specimen

produced higher loads than the 40 degree specimen.

The average pressures from the pendulum impact were calculated from the ice
displacements and load cell force data from the pendulum impact tests. The nominal
pressure value at 1m” from the process area curve was chosen for analysis. This gave

reasonable values for comparison. The statistical analysis of the nominal pressure showed
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different variations in trends than the peak force analysis. Both cone angle of the ice
specimen, plate compliance and the interaction affect were present in the response surface
model. However, the compliance of the plate was observed with a high positive
interaction effect with the 20 degree ice specimen and no effect on the nominal pressures
from the 40 degree ice specimen. This indicates that the ice “limits™ the impact loads in

cases where the ice is relatively weak or less “stiff™.

Crushing energies have been calculated from the ice specimen geometry and ice crushing
displacements from the pendulum impact experiments. In the analysis, the crushing
energy exceeded the initial potential energy for the 0.75™ plates. The ice crushing energy
may have been over estimated when the plate returned to its original position and crushed
more ice due to elastic energy stored in the plate. Based on the statistical results, it is
concluded that the ice geometry did not have significance in the amount of energy
transferred to crush the ice. Compliance of the impact plate was shown to be significant.
Results from this report show that higher stiffness had a positive linear effect on the
crushing energy. This suggests that more energy is dissipated in crushing the ice for
impacts with the stiffer impact plates and more energy was dissipated in deflecting the
more compliant plate. Allowing compliance in a structure may be an effective method of

mitigating the impact energy.

Energy in the plate was a combination of both plastic and elastic energy. The plate energy

at maximum displacement was analyzed with statistical analysis, both the ice specimen
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conical angle and compliance of the impact plate were found to be significant. The
interaction between the two factors was found to be insignificant. The elastic strain

I
energy in the plate was observed to have significant influence on all the experimental |

runs.

Specific energy absorbed based on the crushing energy and mass loss due to impact was
calculated. The angle of the ice specimen appeared to have a correlation with specific
energy. However, the plate compliance was found to significant in determining the
specific energy within a confidence interval of 5 percent. As compliance decreased, this

was correlated with higher specific energy values.

7.1.2 Iceberg Specimens

Four iceberg specimens collected off North West Coast of Newfoundland were shaped at
30 degrees were impacted with a 0.75" impact plate to compare the ice structure
interaction with the laboratory ice specimens. Significantly lower peak forces and
nominal pressures were observed in the ice berg specimens. Specific energy was also
observed to be higher in the ice berg specimens compared with the laboratory ice
specimens. The laboratory ice was frozen with a more consistently and smaller grain size
than the ice berg specimens. The iceberg specimens spalled into larger fragments, which
was evident from the high speed video and photographs. It can be concluded from this

that natural ice is generally weaker than the laboratory ice grown for this study.



7.2 Recommendations for Future Work

This study explored dynamic ice-structure interactions under simplified conditions and
examined a number of methods of presenting the results from the experiments. The data
was analyzed statistically with Design of Experiments Methodology and showed distinct

trends. However, there are areas that could benefit from future work.

The process pressure-area curves are based on nominal areas. However, the actual area of
contact depends on ice spalling and deformation during the impact event. This is difficult
to quantify and the next stage would be to determine the actual area during the ice impact
and calculate the actual contact pressures. The discrepancies in the calculation of specific
energy could not be resolved in this study. Some of the possible causes are:

e Difficulties identifying energy consumption mechanisms

¢ Difficulties quantifying energy absorbed by the ice

e Slight errors in force or displacement measurements

Additional work of developing methods of measuring the energy balance in impact

scenarios is required before the usefulness of the utility of this method can be assessed.

The ice impact experiments in this thesis are preliminary and the interaction scenario was
simplified. The trends in the data were clear but there was considerable scatter present.

Scatter is a common characteristic of ice strength tests and in general is present in impact



tests. Further experimentation with more complex structural geometry and with other ice

shapes would serve to validate the results observed in this study.

The apparent ice strength was observed to be dependent of both the compliance of the
structural impact face and the effective “stiffness™ of the ice geometry. This provides a
preliminary indication that ice loads maybe predicted more accurately by considering the
“stiffness™ of both contact zones of a the ice-structure interaction. This may have
implications for the strength design of structures and the geometry of interacting
elements. The study of the implications of these results may guide future experiments or

the development of numerical models of ice-structure interactions.
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APPENDIX A:

UNFILTERED FORCE PLOTS
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Appendix Al:

Unfiltered Force Trace for 20 Degree Ice Specimens












Appendix A2:

Unfiltered Force Trace Plots for 30 Degree Ice Specimens
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APPENDIX B:

RESPONSE SURFACE DIAGNOSTIC PLOTS
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Appendix Bl:

Peak Force Model Diagnostic Plots










Appendix B2:

Nominal Pressure Model Diagnostic Plots
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Appendix B3:

Cushing Energy Diagnostic Plots









Appendix B4:

Plate Energy Diagnostic Plots
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Appendix B5:

Specific Energy Diagnostic Plots
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APPENDIX C:

FORCE VS. DISPLACEMENT PLOTS
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Appendix C1:

20 Degree Ice Specimen Force vs. Displacement Plots












164

Appendix C2:

30 Degree Ice Specimen Force vs. Displacement Plots
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Appendix C3:

40 Degree Ice Specimen Force vs. Displacement Plots
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APPENDIX D:

ENERGY PLOTS



Appendix D1:

Energy Plots for 20 Degree Ice Specimens













179

Appendix D2:

Energy Plots for 30 Degree Ice Specimens


















Appendix D3:

Energy Plots for 40 Degree lce Specimens
























