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Abstract

Ships and offshore structurethat encounter ice flogstend to experience loadwith
varyingpressure distributions within the contact patchhe effect of the surrounding ice
adjacent to that which is involved in the contact zone has an influence on the effective
strength. This effechas come to be called confinemem{.methodology for quantifyig

ice sample confinement is developeahd the confinement is defined using two non
dimensional termgsa ratio of geometries and an angle. Together these terms are used to
modify force predictionghat accountfor increased fracturing and spalliref lower
confinement levels Data developed through laboratory experimentatiorsisdiedusing
dimensional anbsis. The characteristics of dimensional analysis allow for easy
comparison between many different load casesprovided the impact scenario is
consigent. In all, a methodology is developed for analyzing ice impact testing considering
confinement effects on force levels, with the potential for extrapolating these tests to full

size collision events.
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1 Introduction

Ice crushingexperiments have been conducted for many years to gaiproved
understanding of the material. Ice is simply solid water but even at a cool temperature of
-20°C (253K) ice is at about 93% of its melting temperature. In compasiseh perhaps

one of thebest known materials in the present day engineering toolbox melts around
1500°C (1773K), at 93% of its melting pqit875°Q, the properties of steel would be
much less predictable. Steel at 1375°C (1648K) would definitely not be described as brittle
as ce is. This brittle material, icas frequently present in northern waters where shipping

and offshore activities have occurreghd will occur in the future.

lce impacts on marine structuresften occur over small localized areas in larger ice
features.In other words typical ice impacts are localized to the structuce interface
which is usually only a small portion of the ice fldée effect of thace surroundingthe

point of impacthas an influence on the effective strengh the ice Thisinfluenceon
effective strength has come to be called confinement. Although conceptually simple,
parameters to define the extent or the effect of ice confinement have not been

postulated.

Thequestionof estimating forces during a collision between ice anéthdenter has been
the motivator of muchice mechanics researcfihe force (or pressure) generated in
collisions between ice and rigid structures is of great practical interest as this is the

primary means by which marine structures or ships are damageebynd thus an
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important design case for arctic ships and structure§he ultimate goal of most
laboratory experimentation is to estimate full scale forces by conducting small scale tests
One of the identified issues in translating lab scale resulfsltscale is quantifying and
determining the appropriate level @onfinement of the ice being tested. Some research
into the effects of confinement has been done in recent yg@esgnon, 1998)Barrette,
Pond, Li, & Jordaan, 2003t very rardy is the study done using dynamic impact testing

and even rarer is a dimensional analysis applied.

The concept ofdimensionalanalysis has beensed to analyze complex problems for
decadesbut appears to have received relatively little application to the field of ice
mechanics. The concepf fundamentalphysical dimensions to explain the universe was
introduced byJ. Fourier in 1822Fourier, 1822)In the early part of the 20 century
several mathematical scientists began work on the use of dimensional analysis. One of
these was Lord RayleigRayleigh, 1915nd another is EdgaBuckingham with his well

known Buckingham Pi theore(Buckingham, 1914)

In this thesis | have applied dimensioaaklysis to a specific ice impact scenaoioe of
a spherical indenter into a flat ice surface. The dimensional analysis is used as a tool to
analyze various parametegsfecting the forces. Aet of novel parametes for defining

confinement by means d& ratio and an angle are presented and analyzed herein.
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1.1 Scope and Objectives

In this work | have taken a number of ice geometry conditi@apresenting different
levels of confinement subjected the sampleso impacts at differing energy levels, and
analyzed them using a set of dimensionless coefficients. This has allowed the data to be
more consistently grouped and has allowed the effects of geometry as a proxy for
confinement to be analyzed:heuse of a dimensional analysis framework alloesults

to be used to estimate ice impact loads on spherical indenters for various impact speeds
and dimensions. Thanalysisproceduresdevelopedin this thesis may also be used to
establish coefficients for other geometriebhis work presents and validates &ams of
guantifying confinement by means of a ratio of geometric parameters and an angle. The
method of dimensional analysis is used allowing comparison between varied input
parameters as well as allowing for prediction of loads on full scale scenatigses&nt

this work only considers one class of geometries and a limited range of the remaining
variables. Further validation would be required to extend the method to different sizes,

masses, velocities, and geometries.

1.2 Literature Review
Elements of thisresearch found in literature include ice sample manufacturing, ice

crushing experiments, effects of confinement, and dimensional analysis.
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1.2.1 Ice Making

The STeP%$roject (Sustainable Technology for Polar Ships and Structures) at Memorial
University developed a technique for ice sample manufacturing. This process produced
samples that maintain aasonablyconsistent material that will produce reliable and
repeateble experiments. From within the STERfBoject, a laboratory manua{STePS2,
2013) was developed that iges detailed process instructions including photographic
references as to how to make ice samples. The process wasualgnarizedn S.Bruneau

et al., 2011(S. E. Bruneau,li2nburg, & Ritter, 2011)

1.2.2 Ice Crushing

Crushing is the initial failure mode in most réife ice-structure interactions and thus the
ice crushing test has become a standard experimental procednrthe field, his is often
done by a hydraulicallgriven machinerysuch as the Borehole jack tegFrederking,
Johnston, & Centre, 2002)he medium scale testreported on in(Sodhi, &keuchi,
Nakazawa, Akagawa, & Saeki, 1998)the tests that were analyzed by Gagnorhis
1998 papelGagnon, 1998)Thereis even mordaboratory experimentation with the use
of hydraulic driven test machines such as describé®iBruneau et al., 2013)esting in
the aforementioned pape(S. Bruneau et al., 2018jilized conical shaped icamples
which creates an ideal method for using load and displacement to produtsrenal
pressure area relationshiplhe testing in this thesis was conducted using the same
apparatus used ina@ne of the testing in thes.Bruneau 2013 papein (Kim, Golding,

Schulson, Lgset, & Renshaw, 20Epported on tests wheramall spherical indenters are
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driveninto freshwater ice with and without the use of lateral confinement. It is difficult

G2 RANBOGfeE O2YLINB GKS 62N] R2yS Ay YAYQa
it is a good reference point for spherical emers using hydraulic test machinery.

Jordaan irhis 2004 papefLi, Jordaan, & Barrette, 200dlso0experimened with spherical
indentersusing ahydraulic test machindn ice crushing experiments thraeasuredorce

is usuallythe primary output. Most authorslso presentheir results for ice crushing
experimentation in terms of a pressure area relationségpt would then be possible to

establish dorcefor other scenario# the contact area is known. One of the things that is
apparent when readinghe literature referenced abovéS. Bruneau et al., 2018) that

rate of indentation plays a role in the loagdspported by the ice.

The earliesaccount ofimpact testing on ice that could be found in available literature is
(Kurdyumov & Kheisin, 1976)n thiswork geel ballswere dropped onto an ice surface.

The balls were 156 kg and 300 kg castings, and dropped from various heights to give
impact speeds between 1 and 6 m/s. The authors observed the layer of crushed ice in way
of the contact surface. Seeiltigis they hypothesized that the thin crushed layer of ice in
front of the indenter flows as a viscoplastic fluid. This would create a smooth pressure
curve from the center of the indenter to the edge of nominal contact. Later as further
testing was conduetd it became apparent that this model failed to explain the regions of
high pressure that were observed such as those presenté@agnon, 1998)Jordaan &
McKenna, 1988)rovidesa good review of testing conducted and reported rom the

MdcnQa 2 Asiwatitthe$t Byynea® paper, this bdocovers bat impacts and
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forced indentations with impact testing commencing in the 1970%he authors use an

energy balance to define the ice crushing processes and produce a comparative list of
results with impact energy and specific energy (energyvodurme of crush iceds the

basis for comparisanDaley, 1999)ntroduces an approach with fundamentals linked

back to(Popov, Faddeev, Kheisin, & Yakovlev, 1% f Se Qa YSGiK2R &I 1S3
based method and expands it tepresentativeship geometries. These geometries
penetrating into the ice produces energy inputs that can be related back to the overall
vesselmotion dzA Ay 3 t 2112 0Q4a YSiK2R®hiS19998apeRdas ¢ 2 NJ|
evolved into a spreadsheet based solver called DOE®RSct DEsign of Polar Ships).

DDePS was tested (@ldford, Sopper, & Daley, 20149ing the tesapparatus described

herein.

In 2012 athesisfrom the MUN STeR%roject, Clarke(Clarke, 2012used a double
pendulumapparatus Clarkecrushedconical ice sampeinto various flat steel gites.
/I fFNypSQa dzaS 2F GKS LISy RdzZ dzy | LI NI Gdza ¢

experimentation.

Other researchers have utilized various indenter geometries in their ice crushing research.
One such reference is a combination of both spherical indentgtsimpact testing(G.
W. Timco & Frederking, 1993)n this paper testare conductedwith three indenters,

spherical 20cm diameter)wedge and flat into either an ice edge or onto a flat surface
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and varying @\xis directionsThis 1993paper is the closet dataséb the present results,

found in the literature review and will be examined furthkter in this thesis.

Timco and Frederkingso published a number of similar papers in the early 1990s. One
paper, (Gold, Timco, & Frederking, 199Hescribesspherical indenters used on level
sheet ice of various thicknesses. The data presented in this paper can be generally
compared with the data obtained in the experiments presented in this thesis but the data

is not directly compared as the necessary details for eachatestot provided.

1.2.3 Confinement

Many articlessuch agClarke, 2012)G. W. Timco & Frederking, 199@®)ragt & Bruneau,
2013)on ice mechanics attribute highaeloads toconfinement of the ice. The basdea

of confinement ighat the iceadjacent tothe ice being crusheth the contact zonects

to restrain the spalledice pieces The spalled ice pieces are held in place by the
surrounding ice and forced to fail by crushing tinusease the supported load duririge
crushing eventUnconfined ice samles tend to spall off large piecaberefore reducing

the contact area and therefore reducing the contact forcethe (S. Bruneau et al., 2013)
paper, ice cones are employed as a method of including natural ice confinement in the
tests.The cone shape producegeowingnominal contact area asdentation occursin

the early 1980s several experiments were conducted to quantify confinement si{éh as
Timco, 1983)where he conducts confined compression testing on sea ice harvested from

the Beaufort Sea. As expected the completely confined samples sustained pressures over
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60% higher than unconfined samplésa2003 PERD repaofBarrette et al., 2003)arious
tests were conducted in comed and unconfined conditions. The confinement conditions

established in this report are similar to the confinemeases studieth this thesis.

1.2.4 Dimensional Analysis

The principal reference used for dimensional analygiSharp, 1981)This is a text book

GAGE SR a1 @& R NihatzEoke®® fuadarfReStatlim&ngidhal analysis techniques
effectively for use in other fields such as in ice mechanics in this thHesidydraulic

Modelling a chapter on Snow and ice models is included (chapter 10) whgdribes

different aspects of application of dimensional analysis to ice loads. The first and perhaps

the most obvious is the application of a dimensional anaipgislationto model testing

ice breakers in an ice model basin. The othéhésapplication toice covered rivers and

bodies of water with an interest as to how the floating solid flowsvda river, through

a spill waypver a damor througha seaway ldc The equations developed later in this

thesiss NE AAYAf I NI G2 { KIFNLIQa Sl dbutiShagpyansiderd NJ NS &

variableshat have no bearing on the results thfe tests conducted herein.

(Arunachalam, @05), examines ice test results reported by others loates so using
RAYSYaAaz2ylft Fylfearad Ly KAiAa O0O2yOfdzaAizya
necessary to express experimental data forilmgduced pressure in dimensionless form

rather than in dimensional form, as a function of dimensionless independent
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1.2.5 Summary of Literature Review

In summary,a lot of research has been conducted on it@, examplethe forces it can
produce on an indenter or structure, and even some research into the relative forces of a
confined sample as compared to an unconfined oA&hough confinement can be
defined in erms of an applied pressure, such as that used inaxial test, it is not clear
what level of pressure would be equivalent in a natural ice sample of a given geometry.
Thus there is nneansto quantify the effects of confinement on effective strengthice

for natural cases where the geometry or extent of the interaction might be known, but
the internal confining pressure cannot be determinddhework proposed in thishesis

will seek to addresshat gap by establishing geometrically basednethodology for
guantifying the confinemenfor a simple geometry in which the indenter and ice sizes are

varied systematically
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2 lce Qrushing Experiments

To define a methodology of quantifying confinemewdriousice sample arrangements
were establishedThese arrangements allow for controlled levels of confinement from a
low level up to ahigh level Testing also had tbe similar enough to practical, realorld
collisions for the dimensional analysis to be applicable. This means that geometries had
to be similar and a testpparatus withspecified mass and velocityr a collision had to

be used.During a real world collision, the ships mass and velocity are basically the
available energySome energy is provided by the propulsion system but the ntgjofi

the impulse energy ifFom mass and velocity. A test apparatus that closely mimics this
available energy for a collision was selectedtfos experimentation. The experiments

are designed t@approximate ship ice collision speeds, betwedrout4 knots (2 m/s) up

to almost 10 knots (5 m/s). The mass is also intended to be controllablddgrae

The indenter geometry representing the ship structure was selected as a spbesese
appendages such agimuthing propulsion units often use sphericalogeetries. A range

was selected from a large sphere with a diameter matching the smallest holder diameter,
and one that was half the diameter for the largehere Some supplemental testing is
done on an even smaller sphere (5cm) but mostly as a mearaidation. More detalil

on holders is given i.1.61ce Holdersand more detail on the spheres is given2ii.9

Indenters
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The testing apparatusthat was selected as the main tool for the experimehtss a
physical limit to the size of sample it can takbe maximum diameter holder that could

fit was selected as the large sample, 35 cm. A significant supply of 25 cm diameter holders
exiged in the MUN laboratories as theyese developedcand usedoy other researchers.

This was selected as the medium diameter holder. In order to keep the experimentation
dimensionally linear the diameter of the smallest holder was selected to be 15oen
largest ice sampl€35 cn) offered the largest radial confinement possible, whereas the

smallest sample gave a very low radius of ice offdomgradialconfinement.

Ice depth was another ice parameter that was varied. The low depth was dictated by the
depth of the ice holder§11 cm) The deep samples were selected to be 30 cm. This was

driven bysize limitations of the pendulum.

Together the ice deptland diameterof the restraining ringre used to define théevel

of confinement.The concept of dimesionally varying level of confinement is graphically
shown inFigure2-1. Deeper samples with more overhanging ice results in a lower level
of confinement. Changing the sample diameter results in a different range of confinement

level.
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Level of Confinement

Diameter

Figure2-1. Level of Confinement

2.1 Test Apparatus

2.1.1 Double Pendulum

This test apparatushown inFigure2-2 & Figure2-3 was the samedouble pendulum
apparatus first described ifClarke, 2012\nd again in(Oldford et al., 2014)The
apparatus is essentially a 1 meter cube aluminum structure tmithopposing carriages

Eachcarriage hangen a series of four parallel arms Wibearings on both ends. This
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parallel arm arrangement ensures the centees of the carriages remain horizontal

throughoutthe swing and ensures there is zero rotational velocity at the point of impact

Parallel Ams

(highlighted by blue lines)

Small Carriagdg

Large Carriage

Figure2-2. Double Pendulum

The smabr carriage is where the load cells and indenter are mounted. The three load
cells are sandwiched between tvgteelplates that are connected by means of three high
strengthbolts. The hemispherical indenteare mounted to the face plate by means of a
HE RALF YSOSN adNSahtlydelvéen theltfeg Barl cells. The other plate

of the load cell sandwich issmlid steel plate that is bolted to the carriage bo&yrther
explanation of load cells and the arrangement is given lat2rirBLoad Cell8Behind the

load cell sandwich plate arrangemeballast plates for the small carriage are contained.

A large bolt runs the length of the carriage in the center of the void behind the load cell
backing plate. Ballast weights are cut from steel plates with a hole in the middle. This

hole goes over the c#ral bolt in the center of the carriag&Vhen there is sufficient room
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between the ballast plates and the back of the carriage a nut is installed to hold the ballast
plates securelyn place When additional ballast is required and there is insufficientn

to install the nut, wooden wedges are driven in between the last ballast plate and the
frame of the carriage. This arrangement proved satisfactory as the Wdidibility kept

the plates secure for multiple tests.

Thelargercarriage carries the écsample No instrumentation was used on this carriage
for these experimentsThe carriage arrangement was significantly modified for the
testing reported in(Oldford et al., 2014and that same arrangement was used for these
tests with some slightadditional modifications. The large carriage consists of an
aluminum¥ NI YSR &G NHzOG dzNB ¢ A G K | faceplate. YT¥6 plater Kk H £
has two 25 mmo wm thiok aluminum blocks on either side. Six large steel bolts are
threaded into thesealuminumblocksp ¢ KS &AE o62f ia | NB dzaSR

steel plate. The steel plate is machined with mounts for the various ice fsolde

The large carriage is capable of being ballasted by using steel plates in the carriage
structure. Each plate has a hole in the middle and through this hole passes a threaded
rod. The rod is threaded into a plate in the carriage then the ballast weajkeheld in

place by tightening a nut on the threaded rod.

Each carriage is raised to a specified angle by means of 12 V electric winches. The winch
cablesrun through a series of puljeswith 110volt electro magnets at the ends. The two

magnets (one for each carriage) are driven by a common power supply. This power supply
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can easily be disengaged using a simple electrical switch. Disengaging both magnets at

the same timeensures a simultaneouselease of both carriages.

Winches

cé {GSSt
5mm Al block

Spherical Indenter Ice Sample

Figure2-3. Rendering obDouble Pendulum

2.1.2 Release Angle and Contact Velocity

All angles mentioned in this thesis are relative to vertasmlshown inFigure2-4. This
convention results in a more intuitive result, the larger the release angle the higher the
speed. For example an angle of 60 degredsyield higher contact speeds than a 30

degree releasangle
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Figure2-4. Pendulum Angle

Both carriages arpulled back to the same angldhereforewhen a release angle of 45

degrees is stated this mearthat both carages were pulletbackuntil the arms on both
carriagesvere at 45 degrees from the vertical. Measurement of this angle was performed

using both a calibrated angle measurement tool in the laboratory as well as with a modern

day mobile phoneand a program (application) called Clinometdeveloped by
tfFAYO2RSu FTNRBY {(SNYAGNX» pZX yvontm {GSLKI Y.
with a screenshot included frigure2-5. The mobile phone and app proved to be just as

good as the dedicated digital angle measurement tool and was used for the majority of

the tests.
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Figure2-5. Clinometer Screenshot
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Impact velocity is controlled by varying release angle. Impact velocities are simply

calculated using a simple energy balance.

(@) a m Equation2-1

0O P ao Equation2-2

Since the carriage is initially at rest, all the initial energy is in the form of gravitational
potential energy Equation2-1. At the bottom of the pendulum swing, all the energy is in

the form of kinetic energyEquation2-2 therefore:

am P C Ao Equation2-3

Mass of the carriage does not change before the point of impact, therefore mass cancels

out. Solving for velocity gives:

o) C"m Equation2-4

Applying simple trigonometry the release height can be linked to the release angle and

the length of the pendulum arm.
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Figure2-6. Pendulum Swing

.. . 1 Q
AlrO -
Qi 1AIPO Equation2-5

InsertingEquation2-5 into Equation2-4 gives:

") ¢Qi i AlTrO Equation2-6

Noting that this is for one carriageg this would only give half of the collision velocity.
Also noting that both carriages are set to the same release angles therefore the collision

velocity can be estimated withquation2-7 assuming frictionless and perfeangles.

® ¢ ¢Qi 1AInO Equation2-7

The actual contact velocities was measured using a high speed camera that will be detailed later
in 2.1.8High Speed Camera

2.1.3 Load Cellsand Associated Mounting

The load cellshown inFigure2-7 used for this experimentation ardescribed ly the
manufacturer as Low Impedance Voltage Mode (LIVM) Piezoeld&itig Typda-orce

Sensors. Specifically thr@&ytran Instruments Inc. model 1203V5 were used. To simply
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explain the basic principle of these load cells they can be imagined as beiagpkage
wrapped in a sleeve. The power supiguipler, (described further belovin 2.1.4Power
Supply /Couplej, fills the crystals with a chargkke water ina sponge. But the sponge

is wrapped in a tighsleeve When the load cells are subject to compression the crystals
are squeezegwhich in turn produces aoltagedirectly proportionalto the amount of
force. Likewise with the wrapped sponge, when squeepeglssure rises proportioniyl

to the squeeze.

Figure2-7. Load Cell

The threeload cells useé for these experiments were all shipped with calibration
certificates stating aon-preloadedsensorsensitivityof 0.51 mV/Ibf.Meaning that the
sensor as it washipped without the bolt will oygtut 0.51 mV for every pound of force

appliedto the sensor. The maximum measurable load for these sensors is 10,000 Ibf (~44
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kN). Preloading reduces the sensitivity of these units at a ratio of the stiffness of the load
cell to the stiffness of the bolt preloadingahd the maximum load possible tise rated

load minus the preloadrhis is illustrated below iRigure2-8.

PRELOAD BOLT F
ODEL 1203V AND IMPACT CAP

FORCE PRELOAD
SENSOR BOLT
1203V

F

Figure2-8. Preload Schematic of Sensor, frDytran Instruments, 2001)

The small carriage of the double pendulum has three load cells sandwiched between two
steel plates. The ples are held together via three bolts passing through the load cells
(one bolt through each load cell). This is graphically demonstrateéigjime2-9. This load

cell sandwich plate system is designed so that it can be assembled, calibrated then

mounted onto the small carriage of the pendulum.
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Figure2-9. Load Cell Sandwich

The bolts used for this expenentation were BlackOxide Alloy Steel Flddead Socket

Cap Screws obtained froMcMaster/ | NNJ ¢ KS 0 24 thréad z8 Ad8-1 pk mc £
M K H € . McMagté&Carr was contacted requesting information on the stiffness of the

bolts but replied stating thathey only know the minimum tensile strength of the bolts is

145,000 psiin the white paper,(Anderson, 2010}the authors give a bolt stiffness

formulation of:
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.. 0 © Equation2-8

2 KSNBY ! I / Neraa aSoOlAz2ylf I NBEA & Fi KK So 20f 2

effective length

A and kare both determined by the bolts chosand the plate arrangemenk is roughly
consistent at 207 GPa for plain carbon and low alloy st@#iliam D. Callister, 1997)
therefore the stiffness can be estimated. The stiffness of the load cells is given by the

YI ydzF I O dzNB NJséelippendixlc | bk >Y

The boltlength is taken as half the height of the head (7 #i2n= 3.5 mm+ the thickness
of the load cell (12.7 mm) + half the thickness of the plate the bolt is threaded into (12.7

mm /2 = 6.35 mm)
Therefore: b=22.55 mm

The bolt diameter is taken gs Kk Mwhi€h is7.9375 mm. This gives a cross section area

of 49.5 x 16 m2.
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The value of 0.443 mV/Ibf was entered into ghewer supply/coupler as a stiémg point
for the calibration processkurther calibration and adjustment of this value will be

describedbelow in the section2.1.5Adjustment and Calibratian

To ensure that all three load cells are equally preloaded, the bolts are set into place in the
load cell sandwich using a torque wrendine torque setting was 35 indhs, then the

bolts were carefully turned 1/12 of a rotation (30 degreéd)is careful preloadingsing

bolt rotation rather than bolt torquealonegives much more accurate control over equal

preload of each sensor as issteibed in(Anderson, 2010)

Load cells were installdd positions shown iTable2-1 and Figure2-10:

Table2-1. Load Cell Placement

Position| Serial Numbel
Left 1634
Middle | 1620
Right 1631
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Middle

Figure2-10. Small Carriage Face Plate

2.1.4 Power Supply / Coupler

The power supply touplerdoes two jobs with the load cell$; charges the crystals as
well as measures the potential output during a loading event on the Geils.coupler

then sends the measured signal out to the data acquisition system.

For the experiments performed in this thesis a Kistler Type 5134B wasnded shown

in Figure2-11 andFigure2-12.

24| Page



Figure2-11. Power Supply/AmplifierFront Figure2-12. Power Supply/Amplifier Back

Channels 1, 2, and 3 were wired to load celght, middle and left The power
supply/coupler is a four channel instrument andrigure2-12 the reader will notice that
channel 4 is connected to a wire. In initial testing this channel was used for an
accelerometer attached behind the ice sample. This accelerometer was notarsaualyf
testing conducted in this thesis with the exception of a few early tests presented in the
ICETEHE&2014 paper. The subject power supply / coupler has several settings for each
channelput only channels 1 through 3 will be discussed here. The vgiues herein are
the settings used in the experimentation after calibration. If repeat testing is to be done

thesesettings (shown iTable2-2) are recommended to based.
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Table2-2. Power Supply/Coupler settings

Description Channel 1 Channel 2 Channel 3
Sensitivity [mV/Ibf] 0.38 0.38 0.38
Range 10V [lIbf] 10,000 10,000 10,000
Gain 2.63 2.63 2.63

Low Pass Filter Bypass Bypass Bypass
Time Constant [s] 10 10 10
Overload Threshold | 100% FSO 100% FSO 100% FSO
Curr/Bias [mA/V] 4/9.3 4/9.2 4/9.2

2.1.5 Adjustment and Calibration

The assembled load cell sandwich plate system was subject to a multitude of calibration
and cross checking. With a sensitivity setting of 0.44 mV/Ibf the load cell plate was
installed in a manually powered hydraulic test platform. The test platform cabst a
rectangularframe a load cell, hydraulic jack, manual pump and data acquisitionrsyste
as shown irFFigure2-13. This test apparatus is commg@nlised to load simply supported
beams such as during model bridge building competitiofise load cell plate was
installed in the apparatus and pressure was applied using the manual pump. The loads
from the test apparatus data acquisition system and thegudum load cell sandwich
plate were compared. During this calibration it was realized how significant the time
constant setting on th@ower supply /coupler isUsing the manual pump arrangement,
accurate loading could not be done rapidk. 0.1 second constantesulted inthe
measured outputforces decayindefore the test apparatus could register loadThis
madeit impossible to comparéhe loads Thetime constant was adjusted to 10 seconds
and found to be much easier to compar@n infamational paper from Dytran Inc.

(Rosenberg, 2007ontains information supporting thiapproach the documentation
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suggests using a longer time constant for gtsatic calibration.During this first phase
of calibration testing it was discovered that the sensitivity of the load cells needed to be
adjusted as the loads were netual By trial and error it was found that a setting 088.

mV/Ibf resulted ina better calibration

Figure2-13. First calibration apparatus

The second series of calibration testing was performed in the MUN cold room in the
SJ/ I NB ¢ 0 dzA f Byhamizdab Withit Shisdo@ room waan electrehydraulic
materials test machine capable of applying load much quicker and more accurately than
the manual machine shown kigure2-13. The testing machine is produced by Materials
Testing Systems (MTS), therefore the machine is known as the MTS madiehead
cellsData Acquisition system was prograred to operate in the range of 0 N up to 44,482

N, corresponding to 0 to 10,000 Ibfdt the load cells are rated fo€onsidering the load
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cells preloading and the 3 X 44 KN capacity, peak loads were carefully restricted to less
than 80 KNIt was quickly discovered that this upper level was giving high vebeseral

tests were conducte on the load cell sandwich plate systgmming the maximum force

value until the systems reported nearly identical forcegch as the comparison plot

shown inFigure2-14. Adjustments at this calibration stage were done within the Data

| OljdzZA AAGA2Y {@adsSyQa O2YLJziSNI O2y (iNRBf f SN
calibration runs and finer adjustment could be made as compared to adjusenggitnsor
sensitivity in the power supply/coupler. Optimal results were obtained by selecting a 10

volt output equal to 39,962 N. This equates to a loss in maximum capacity of 4,520 N. This

loss is attributed to the preloading of the sensors.
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Figure2-14. Calibration run with MTS machir@ime constant = 10 seconds
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As with the manuatest machine, if the time constant was set any lower than 10 seconds
the load cell®output would begin decaying before the Mir#ichine load was established.
This is evidenced iRigure2-15 that was done using exactly the same setting$agire

2-14, only with a time constant to 0.1 seconds.
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Figure2-15. Calibration with MTS machinrélime constant = 0.1 seconds

In addition to the two hydaulic test machine calibrations, Memorial University has an
impulse hammer that is often used to measure loads on utility poles. This hammer was
used to apply impact loads to the load cell sandwich plate system. The loads for these two
instruments were dse but the calibration of the hammer could not be verified and was

therefore only used as an additional level of confidence.
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All final calibrationincluding the impulse hammewas done with a time constasetting
of 10 secondsSince e desiredoutput from the tests wa®only the peak impulse force,

the time constant of 10 seconds wasedfor all testsconducted for this thesis

2.1.6 Ice Holders

Six different ice holder designs are employed in this experimentation, three diameters

and two heights. All holds are basically the same style consisting of a flange ring that is

used to mount the holdeonto the pendulum a cylindrical ring that is in contact with the
circumference of the ice sample, and a series of four screws that are frozen into the ice
sample.The screws act as additional means of securing the ice sample in the hidiger.

short holders are graphically shownkigure2-16and a tall holder is shown Figure3-1.

The largest diametenolder, shown irFigure2-16 on the right, was at the extreme limit

2F GKS LISYyRdzf dzvyQad aAl S OFLI OAGed ¢KS Tl y3
the large carriage if a complete circle was retained. Therefore a section was cut from the

bottom of the flange as is shown in the figure.

Figure2-16. CAD rendering of 5cm tall ice holders
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2.1.7 Data Acquisition System

The data acquisition system is the instrument that takes the output frompbweer
supply /coupler as a voltagéhen produces and records it in a manner that is useful for
analysis. In this case the instrumersigal is a National Instruments NI eDAQ/4 running

an NI 9239 module. The NI 9239 module was wired directly intgotveer supply /
couper outputs. The eDAQ174 is connected to a National Instruments industrial
controller, which is basically a simplified computer, by means of a USB cable. The
controller was running a dated but effective operating system, Windows XP. The software
used tointerface with the eDAQ was LabVIEW SignalExpress. The inputs were voltages
ranging from 0 to 10 Volts. In accordance with the calibration procedure descriRet in
Adjustment and Calibratigra value of 0 N was assigned to 0 V and a force of 39,962 N
was assigned to the 10V output. The program linearly interpolates between these values

as shown irFigure2-17.
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Figure2-17. LabVIEW SignalExpress Voltage to Force ratio

2.1.8 High Speed Camera

A high speed camera and DC powered LEDsligbte used to record the collisions. The
video is the principal means of determining thetualcontact velocity of ice and indenter.
Additionally the videa@an be used to explain any abnormal results. The cannsgdwas

a Mega Speed 55KS2B4, manufaetlipy Canadian Photonic Labs Inc. in Minnedosa, MB.
Optics for the camera is a relatively simple 58mm Nikon Mith,zoom ranging from 70

to 28 mm and f Stop range of 16 to 2.8. The camera required significant light levels to
obtain a clear image, therefe an f Stop of 2.8 was selected to maximize the aperture
opening. To keep the camesafelyaway from flying ice debris the maximum zoom was
selected.To adjust the focus for this set up the camera was aimed at the pendulum and

using the connected compeit, digitally zoomed in by 400%. The marker circle and
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associated scale with numbers were the objects used to maximize the focus so that

reading these during data analysis would be as easy as possible. The camera settings were

set to 1,000 frames persecBi= 9 EL}R2 4dzNB GAYS ' dnn >acz
settings were established early in the testing and found satisfactory, therefore were not

altered through the test program.

Lighting was provided by two large LED construction lights. As purchhedihts were
driven by 110 V through a built in transformectifier but it was quickly established that

the ACpower from the grid showed excessive flashing on the high speed video. The
transformerrectifiers were removed in favor of an external ae®C power source.
Voltage was brought up to about 30 V and the lights produced bright steadyhdtigh

speed video

2.1.9 Indenters

A series of three spherical indentershown in Figure 2-18 are used in this
experimentation. All three are machined from aluminum alloy round stock with
diameters, 5 cm, 7.5 cm, and 15 daach indenter was machined with a 2 inch threaded
hole in the base to screw onto the pendulum carriage. This threaded hole is the reason

for the éshouldersg on the smallest indenter.
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Figure2-18. Spherical Indenters

2.2 Ice Samples

2.2.1 Ice Production

In S. Bruneau et al., 201(8B. E. Bruneau et al., 2018n ice making methodologyas
proposed.The process is covered in great detail in the STeM8nual of Laboratory
ProceduregSTePS2, 2013)he method ofce productionwas used wittone exception.
TheSTeP&8methodology included a further process of shapihg tce into a cone which

was not employed for the purpose of this research.

The method used here was one where the water is purified through distillation, de
ionization, and then deeration. Commerciallyavailable bagged iceubesare crushed

and then siged to below 10nm and above2 mm.
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Ice holders are placed into steel buckétsold)and wrapped with insulationseeFigure
2-19. This assembly is then hung fromuagose built chest freezer lid. This arrangement
has only the bottom of the bucket directly exposed to the low temperature in the freezer,

and insulated elsewhere.

Figure2-19. Ice holder, mold, and insulation

Ice chips or seeds are poured into the ice holder/bucket arrangement then the purified
water is poured into the ice seedand onstantlystirredas the water is poured to release

as many air bubbles as possible.

Samples wn following this procedure produces relatively fine grained ice samples with

no principal crystal orientationresulting in a very strong material close to multiyear ice.

2.2.2 Processing of Samples for Tests:

Following the above production technique prodsceontrolled grain sized samples that
assumed the exact size and shagehe mold in which they were created. This was not

perfect for the intended testindpecause there was always some ice protruding beyond
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the top of the holder. fierefore some preaest processing of the samples wesquired.

This processing followed in a series of steps that slightly varied based on sample size.

1) Remowe sample from mold:

The molds were steel buckets that tightly fit around the holder ring. To release the bucket
from the ice sample, a splashing of cool water was applied to the outer surface of the
steel mold. This would create a slight surface melting and allow the mold to be slid off.
The releasing of the molds was aided by prying on the edge of the mold with tvibay

(one on either side of the holder)

2) Melt back surface flush with holder

The surface of the ice sample in the holder near theunting flange would often
protrude up out of the holderdue to the expansion of the water as it froze. To ensure
that the base of the holder would mount flush with the pendulum carriage, the ice
protruding from the holder was melted away using thick aluminum plates. Sliding the ice

sample over the plate until the holder flanges made contact proved to be sufficient.
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3) Cut sample at depth or flush with holder ring

The upper surface of the sample also required processing as the molds were all slightly
deeper than the holder rings or deeper than was needed for testifige smaller samples

(15 cm and 25 cm diameter) were cutnggia band saw located in thdUN cold room.

The larger samples (35 cm diameter) would not fit in the band saw and were therefore

cut to size using a chain saw.

4) Smooth testing surface

Cutting the samples create rough surface. This surface is the ondéoimpacted with
the spherical indenters therefore they were smoothed using the same aluminum plate
used for thebackof the sample. The surface was made parallel with the bottom by
melting the sample to the top of the holder ring (completely confinedgias) or by using

a limitingspacermetween the melting plate and the holder flange.

5) Weigh sample

After processing was completbe samples were all weighed, for accurate weight inputs
into the pendulum calculationsThis was done using a digital scale as showrigare
2-20. The foam insulation underneath the ice sample iptevent contact with the warm
surfae of the scale which could cause unwanted meltifige scale was zeroed with the

foam on the scale surface.
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Figure2-20. Weighinga 25 cm diameter X 30 cm deep ice sample

6) Store Samples

After processingnd preparationsampleswvere stored in the cold room at10°C Due to
GKS O2f R NR2YQa K drésampldivierevda@pyed Bty n apRasidl S Y &
bagto prevent possiblesublimationin the event that the samples had to be stored for

several dgs.

2.3 Testing Procedure

Theprocedure established for the testing was first and foremost focused on safety. No
injuries were reported during this testing and it is desirable that anyiocoation or
follow up testing be performed without incident. The proceds are recommendetb

ensureexperimentation consistency, efficiency and above all, safety of those involved.
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The testing procedure followed the checklist givei\ppendix 4 The key points were to
Syadz2NS GKIFIG y2 2yS 324 Ay KIFEN¥YQa gleézx GK
functioning prior to installation of ice, and that all systems were engaged before
conducting the testing. Some of the large samples produced projectile debris upon

impactthat couldpotentiallyharm someone if they were struck. For this reason, no one

was permitted within approximately 3 meters of the pendulum during testing.

2.4 Phase 1 Test plan

The initial test plan wasne which covered all the variabldsat will be identified later in
3.5Dimensional AnalysBetup, giving onesample at each variable levél release angle
of 45 degreesvaschosen for this phase of the testing because thésthe highest angle
that the electro magnetgould hold the 35 cm diameter X 30 cm deep samplso 45
degrees i®n anglan the middle othe releaseangles used itwo previous data setsffe

ICETECH 2014, and Segt @&taset$ that were incorporated into this study

For the phase 1 testing, in order to maintain a consistent mass for the langeges steel
platesare used for ballast. Starting with the largest, 35 AnX 30 cm sample, no plates
were loaded. Subsequent test samples became smaller and ligimethusballast plates

were added as needed to maintain the mass equal to the laspsiple.

2.4.1 |ICETECH 2014 Dataset

In the winter of 2013/2014 a series of 16 tests were conducted using the same double

pendulum apparatus described in this thesis. The results of those tests were presented
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in (Oldford et al., 2014)hese results are well in line with the test plan established herein
and are therefore used in conjunction with the phase 1 results establish@dbte2-3,

Round1 results

2.4.2 September 26, 2014 Dataset

As part of the early phning of this research a series of samples were prepared. These
samples were prepared using the same techniques as described in this thesis. The samples
were being stored in a refrigerated container unit when a mechanical failure of the unit
prompted theunit to be cleared out so that it could be repaired. Seven 25cm diameter
samples were prepared for testing but the test plan was not fully established. It was
decided to test these samples in a similar manner as the ICETECH 2014 samples were

tested. Tle results of this testing is also includeddund 1data set.

2.5Round 1 Results

A summary of the data is given belowTiable2-3.¢ K S & D NP dallghtifie€sdurcdzY y

2T G0KS RIOF gAOK Gt KFasS mé AYyRAOFGAY3I GSaid
follow in the next section. Testos 19 and 22 had a failure of the videssthey were the

same release angles as téébs 18 and 21 respectively, the same velocities were used.

Ted No. 41 contained a few preest fractures. The results of this test are included in the

analysis but it is noted that this run does exhibit lower forces for a nearly identical test

run No. 32.
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Table2-3. Roundl results

Test | Group Indenter Ice Holder Ice Release Small Large Contact | Foree [N]
# Diameter | Diameter | Height | Depth Angle Carriage | Carriage Speed
[cm] [em] [cm] [em] [deg] Mass Mass [m/s]
[ka] [kd]
1 ICETECH 15 25 11 11 30 105.647 | 106.215 2.13 32,591
2 ICETECH 15 25 11 11 60 105.647 | 106.215 4.106 51,707
3 ICETECH 15 25 11 11 30 105.647 | 106.215 2.126 34,476
4 ICETECH 15 25 11 11 60 105.647 | 106.215 3.874 51,161
5 ICETECH 15 25 11 11 30 105.647 | 106.215 2.197 43,002
6 ICETECH 15 25 11 11 60 105.647 | 106.215 2.088 33,092
7 ICETECH 15 25 11 11 30 105.647 | 106.215 4.305 45,659
8 ICETECH 15 25 11 11 60 105.647 | 106.215 2.05 29,623
9 ICETECH 15 25 11 11 30 105.647 | 106.215 4.34 51,906
10 ICETECH 15 25 11 11 60 105.647 | 106.215 2.322 32,144
11 ICETECH 15 25 11 11 30 105.647 | 106.215 4.752 37,992
12 ICETECH 15 25 11 11 60 105.647 | 106.215 3.445 40,573
13 ICETECH 15 25 11 11 45 105.647 | 106.215 3.311 39,767
14 ICETECH 5 25 11 11 45 102.148 | 106.215 2.22 15,089
15 ICETECH 5 25 11 11 30 102.148 | 106.215 3.506 21,060
16 Sep. 26 15 25 11 11 60 105.647 | 106.215 4.95 39,321
17 Sep. 26 15 25 5 11 60 105.647 | 104.903 5.083 29,146
18 Sep. 26 15 25 11 11 60 105.647 | 106.215 2.152 21,174
19 Sep. 26 15 25 5 11 60 105.647 | 104.903 2.152 24,294
20 Sep. 26 15 25 11 11 60 105.647 | 106.215 4.605 29,989
21 Sep. 26 15 25 5 11 60 105.647 | 105.229 4.275 31,330
22 Sep. 26 15 25 5 11 60 105.647 | 105.229 4.275 37,482
23 Phase 1 15 35 11 30 45 111.24 127.48 3.334 35,836
24 Phase 1 15 35 11 11 45 111.24 127.43 3.423 49,130
25 Phase 1 15 35 5 11 45 111.24 127.5 3.62 37,259
26 Phase 1 7.5 35 11 30 45 111.48 127.48 3.279 21,108
27 Phase 1 7.5 35 11 11 45 111.48 127.43 3.37 33,259
28 Phase 1 7.5 35 5 11 45 111.48 127.5 3.696 27,949
29 Phase 1 15 25 11 30 45 111.24 127.49 3.508 29,695
30 Phase 1 15 25 11 11 45 111.24 127.5 3.633 35,39%
31 Phase 1 15 25 5 11 45 111.24 127.53 3.655 33,007
32 Phase 1 7.5 25 11 30 45 111.48 127.49 3.54 22,307
33 Phase 1 7.5 25 11 11 45 111.48 127.5 3.673 31,506
34 Phase 1 7.5 25 5 11 45 111.48 127.53 3.705 30,099
35 Phase 1 15 15 11 30 45 111.24 127.44 3.419 7,212
36 Phase 1 15 15 11 11 45 111.24 127.43 3.67 48,618
37 Phase 1 15 15 5 11 45 111.24 127.49 3.656 12,293
38 Phase 1 7.5 15 11 30 45 111.48 127.44 3.52 7,953
39 Phase 1 7.5 15 11 11 45 111.48 127.43 3.563 23,458
40 Phase 1 7.5 15 5 11 45 111.48 127.49 3.588 12,469
41 Phase 1 7.5 25 11 30 45 111.48 127.49 3.411 16,502
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3 Analysis

Following the method set forth i8harp, 1981Sharp, 1981a dimensional analysis can

be conductedThe primary factors are considered to be:

M: Mass: [kg]

V: Velocity: [m/s]

D: Dimension [m]Rs: Radiusof SphereR: Radius of Ice}
si: Ice strength: [Pa]

g: Confinement angle: [deg]Non Dimensional

3.1 Mass

Mass in the case of this analysis is taken as being the effective mass for the collision in
F OO02 NRI yOS IaksiiMassyn@ilh lie oy ddéi of the pendulum carriages and
mass m will be for the other carriage, their respective acceleratane a and a. Also
FLILJX @Ay3a bSgli2yQad GKANR fl g 0GKS F2NOSa

therefore we can write the famdr equation:

O dOOEWL 4 & Equation3-1
O O Equation3-2
Therefore:

v a . Equation3-3
a w a w w d—oo
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Relative acceleration between the two carriages can be given by:

W W W Equation3-4

Combiningequation3-3 and Equation3-4 gives:

Equation3-5

UsingEquation3-4A Yy bSgi2yQa &aSO2yR fl g 3IADBSAY
O a& o) Equation3-6
Which must also equ&lquation3-1. Therefore:
O 4dw a @
. a .,
a d « P g @
c’x @ Pa
a
P g P
a P Equation3-7
Pa Pg
3.2 Velocity

Velocity is measured by estreen pixel counting using high spgatbtography as was

done in(Oldford et al., 2014)This procedure ieffered in moredetail inAppendix 3The
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principle behind the velocitestimatess that using pixels and known distances on screen,

a relative displacement from one frame to another can be established. Knowing the
frame ratefor the video (1,000 fps) a distance over time is established. This process was
repeated multiple times for each carriage and averagegromucean estimated velocity

for each carriage. The two carriage velocities are added to give a speed at impact.

Forexperimental set up, a velocity relative to release anglkestimated usingequation

2-7. For example if a speed of 3 m/s is desired, the angle of release wouslet be

®w ¢ c¢Qi 1AInO

n AT O PO
P ¢Qi ¢

n AT O D ° o@J
P C wihp ™ ¢

3.3 Ice Strength

Ice strength was not meased for each sample, rather it wagtermined for one sample
and assumedconstant for all the test runs. The value used was erefenced with
results obtained from other laboratory experiments conducted at Memorial University
and found to becomparable with respect to ice strength valu€S. Bruneau et al., 2013)

(S. E. Bruneau et al., 2011)

The sample chosen to be the representative for all the test runs needed to offer the most

favorable characteristics. The optimal test woahéximize theice surface and also use
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the largesphere to maximize crushing. The sample would also need to be radially bound
to minimize large spall§.he test chosewasrun 2 in thePhase 1 Test plafTest# 24 of

Table2-3).

For this test run the high speed photography was used to estimate the moment of contact
and the moment of final indentation(end of positive motion) The frames between
contact and final indentation were examined to establish indentation at each frame
through the crushing event. These indentations were then compared to the force data
from the loadcells. The load cells opesatat a rate of 25,000 measurements per second
whereas the high speed camera filmata rate of 1,000 frames per second. This result

in 25 force measurements per frame of vidddve noment of contact in the video was
visuallyestablishedThis is simply done by scrolling frame by frame until signs of impact
can be seenThe moment of impact in the force timkistory was established by
examining the force levels. Tilmoment at which the forces begato rise wasselected.

In the case of this test run the force time history is given belowable3-1, with line 4

(highlighted) selected as the moment of impact.
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Table3-1. Test# 24 Force Time History

Total
Time* Force

19.83124| 74.8
19.83128| 69.4

19.83132| 75.8

19.83136] 704

19.8314 | 147.2
19.83144| 485.9
19.83148| 12294
19.83152| 2,4265
19.83156| 4,373.0
19.8316 | 7,2885

Every 2% row from the highlighted linewas selected to correspond with each
consecutive frame in the video up until the end of indentation. Using the video a
measurement of movement of both carriagess made and combined to develop an
indentation for eaxh frame. Also knowing the indentation and the geometry of the
indenter (spherical) a nominal cresectional areavascalculated. This nominal area and

the highest force recorded in the last 25 lines of dgiges a nominal pressure thaias
assignedtoK S FNI YS Ay (KS @OARS2d ¢ KSwasrhagetd @S NI 3
give an average pressure for the indentation event. This average pressure is taken as the
compressive strength for the ice. A summary of the pressures is given bel@ableB-2,

as well as a complete presentationAppendix2.
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Table3-2. Summary of Pressures

Time Total
* Force
Small Large Radius Nominal Nominal
Carriage Carriage Total for contact contact Peak Nominal
Frame | Movement Movement | Indentation normal area area force Pressure
19.83 75.80 # [mm] [mm] [mm] area [mm?] [mq IN] [Pa]
19.83 70.37 390 0.00 0.00 0.00 0.00 0.00 0.00
19.83 22322.09 391 1.84 1.43 3.27 21.90 1506.55 0.00 | 23934.66 | 15,887,100
19.83 39980.75 392 2.78 3.26 6.05 29.50 2734.49 0.00 | 40170.65| 14,690,370
19.83 46236.47 393 3.90 3.66 7.56 32.81 3382.04 0.00 | 46236.47 | 13671190
19.84 39135.55 394 4.85 4.06 8.91 35.46 3949.62 0.00 | 49130.09| 12439180
19.84 27905.64 395 5.57 4.69 10.26 37.87 4505.34 0.00 | 40674.53 9,028,066
19.84 24025.92 396 5.79 5.68 11.47 39.85 4990.04 0.00 | 30746.91 6,161,652
19.84 22941.59
Average
19.84 22011.81 pressure: 11,979,592

3.4 Confinement

Confinement of the ice is one of the key parameters under investigation in this thesis.

Two aspects of confinement are considerEdst is thax O 2 y T A ly'\5 ¥ @8 §feidepth

of ice before the edges become confiheSecond is thé&t NI RA L f O2y FAYySYSy

radius of ice from point of impact out to the confining riogice edge

3.4.1 Confinement Angle

Confinement anglas one of thetwo proposed measures dte sample confinement

defined in this thesidJpon impact the ice will tend to split and spall with many fractures
propagating from the point of impacThe confinement angle is visualized by imagining a
cone of icewithin the sample. The tip is the point of impact and the base is the upper

edge of theconfiningholder. Below inFigure3-1 a 35 cm diameter ice sartgwith a
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depth of 30 cm is shown to demonstrate the concept of confinement angle using an 11

cm tall holder.

Point of Impact

Confinement angle

Edge of holder

Figure3-1. Confinement Angle

3.4.2 Radial Confinement

In many rules for structural loads, such as the IACS Polar Clasd A@8sPOLAR CLASS
Rules 2011) an ice sheet is assumed to be of infinik@rizontal extent In order to

simulate an infinite sheet some researchers encase the ice in some form of hioider.
some cases the holder manufactured to be extremely strong and assumed to be rigid

in relation to the icdKim et al., 2012)G. Timco, 1983)

In this research three different diameter ice samplese selected, 15 cm, 25 cm, and 35
cm diameter. The ice diameter relative to the indenter diameter is one way of

characterizing the difference in ice sizéssnall radius ice sample with a large diameter
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indenter results in very little ice (radially) to resist the collision, where as a large diameter
ice sample and a small indenter offers a lot more ice (radially) to resist the energy of the
collision.The® provide relative measures of confinement that can give insight into scale

effects or relative size effects.

3.5 Dimensional Analysis Set-up

"O %0 hofoh, — © 'O V0 ® O, Equation3-8

Note thatq s left out of the equation for now due it being n@imensional.

O 0 0 0 Equation3-9
- 00 - 0 T
Y Y v Y
Where:
M = Mass
L = Length
T =Time
K = A Constant
D ©@ Q@ Q p ® Equation3-10
O @ o Q Equation3-11
"Yd ¢ © ¢cQ ® ¢ ¢Q Equation3-12
UsingEquation3-10in Equation3-12 gives:
® ¢ ¢p O AR Equation3-13

UsingEquation3-10 and Equation3-13in Equation3-11 gives:
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P G @ p &
¢ o0 ®
» ) Equation3-14

UsingEquation3-10, Equation3-13, andEquation3-14 into Equation3-8 gives:

O Vb w O

vd w O,

¢tKS SELRYSYGH WFHQ A& 02 YoogyeEdquatiang-162 G KS 3ISy SNI f
O 0w Equation3-15
[0)
50 0

Including the nordimensionalterms for confinement angle and ratio of ice radius to

sphere radiudy compounding gives:

Equation3-16

Where e is some exponerthat will be derived from the dataMultiplying the non

dimensional fraction inside the function from the right hand side tobe-dimensional
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term on theleft hand side oEquation3-16through the pincipal of nondimensional term

compounding generates a third natimensional term.

o 0O, Y % 0w
T s w7 ~ 00 7
00— Ow Y o,
‘00 Y Y
: ~ ~ (6]
L—o Y Equation3-17
Where:
. % 0w Equation3-18
(0] 00 -
O ”

Rewriting Equation3-17 to solve for F gives

o U—B 6 Y
o ———

Equation3-19
0O Y

Using the Dimensioa 5i8 Equation3-19 as the Radius of the Spherg, RanEquation
3-19becomes:

O— 6 Y
Y Y

0

Equation3-20

Which can also be solved fos:C

oY Y O Y
O —B Y Y

: Equation3-21
U —o |
Y
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It is noted that inEquation3-18 D® is a characteristiozolume and applying the sphere
NI} RAdza | yR Ydzt (A L} &xhg Jolude of the sphericay defiter. Y I { S

Therefore we rewrite Equation3-18 as:

0w
0] %o
T “ ‘Y
0 ”
0
0 %o Equation3-22

Wherebs is the volume of the spherical indentdfor simplicity in explanation we take

the term inside the brackets iBquation3-22 2 06S vy adzOK GKI Gy

- — Equation3-23

3.5.1 Examination of Co

Equation3-21is the multiplication of two nordimensional terms. Considering the ratio
2F N}YRAA FANBGT GKA&A NIXdGA2 3IA@GSE +F NIXdAz2 T
ice required to be factured to create a spall. Smaller indenters tengoémetrate more
easilyand form a wedge to create fractures in the ice sample. The other term in the
equation is a ratio of energie¥he kinetic energy for the collision to the eneafysorbed

duringthe collision.
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3.5.2 Examination of ¥

This zeta term is fundamentally a ratio of kinetic energy over ice strength. The numerator
is essentially function ofEquation2-3, kinetic energy. The denominator is the volume of
the indenter multiplied by the ice strength, giving an energy required to crush the ice with
the given indenter. Another way of thinking about this ratidhat it is the resistancef

the iceto the indenS NRa Ay SGAO SYySNEHE®

3.6 Analysis of Data
¢2 0S3AAY (KS | ydiddevaldpad ahd pledeteall Figu®3-2on adagd /

Log scale for thert 41 testslt is noted that for this plot e imitially taken as-1, and

K=1.
First 41 Test Points
1
0.01 0.1 1
a?_
&
<
>
Z [ )
L ° 01
~ @
Jé ° 0‘ o °
S I I o
g . °
®
© ] 0‘. [ ]
e ' 0.01
y=MVZ/Dg

Figure3-2.vY Vs. Coefficierfor first 41 tests
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In order to simpgfy the statistical confidence intervala logarithm of the data is take

and the plot regenerated on a normal scakefollowsn Figure3-3.

First 41 Test Points

0
2.5 -2 -1.5 -1 -0.5 0
-0.5
= [ J )
5 o !
2 . e °
2 ’ °
g P | 15
°
® °
Ogp
[ ] [ J [ J
® -2
-2.5
Log{)

Figure3-3.y +a® / 2 ST T A OARegular SE2eNJ FANRBRG nwm

To do thisEquation3-23is rewritten as:
- |1 -% Equation3-24
and Equation3-21is rewritten as:

. Y
0 || -ﬁ — Equation3-25
—0 Y
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This results in a force prediction formula of:

oY Y
Tt . ~ o
P V— Y
o L—pm Y Equation3-26
°C T~ W

Aline can be fit to these points usingsample linear regressio hisine (shown inFigure

3-4) is found using the buiin trend line function in Microsoft Excel® 2013 and selecting

OKkeatt 2LIA2Y O

-2.5

Log(Coefficient)

First 41 Test Points

0
-2 -1.5 b b |
y =-0.2729x-1.7298
R2=0.2733
-0.5
®
» ) |
o L
. -------------- . . '
‘ ‘-‘. ----------------- ‘ .~
o8 e . .
e e
° ¢ !
S
. -2
-2.5
Logy)

Figure3-4. Linefit to data

55| Page



The value of e can be adjusted to minimize the spread of the. di#siag the Rvalue of
the trend lineas theoptimizingvalue the following is foundThe values are presented in

Table3-3 as well as graphically Figure3-5.

e R 1

-1 0.2733 05

0.1 |0.7673 08

-0.01 | 0.7993 07

-0.001| 0.8022 06

0 0.8025 & 05

0.001 | 0.8028 04

0.01 | 0.8057 03

0.1 0.8323 02

1 0.9238 o1

1; 82;24 O-1.5 -1 -0.5 0 0.5 1 15 2

. . .
1.5 0.9081
Table3-3. Values for e Figure3-5. Values for e

The Rfor e peaks at a valuef 1,therefore we takee = 1.

An upperand lowerboundaryfor the data set ca be established as shown Fiigure3-6.

This is done by 2 standard datrons aboveand belowthe mean line (the line shown in

Figure3-4).

An alternative way of looking at the upper bound is that if the data is spréadtahe

trend line in a normal distribution, 95% of all the data points are below this upper bound.

The method of establishing the standard deviation in this case is the method described in

(Walpole, Myers, & Myers, 1998hd presented irfequation3-27:
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B O ® Equation3-27

v
e P
Where:
n = number of test runs (data points)
& =Data point value
®=Mean
First 41 Test Points
0
2.1 -1.6 1.1 -0.6 0.1
-0.5
-1
o e y =-0.7793x-2.9725
@ .., =
2 o™, e R2=0.9238 e
b=
(O]
@}
@)
> -2
o
-

Logy)

Figure3-6. Bounds of Frst 41 Data Points

3.7 Force Estimation
Values for the variables on theaxis6 Yofithe above plots can be controlled to some

extent. The mass is the easiest to closely control with an explanation of equivalent mass
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given in3.1 Mass Velocity is also explained earlierdr2 Velocity Although velocity can

be controlled it is slightly more difficult tiightly control than mass. The volume of the

sphere is extremelyvell controlled by using machined aluminum spheres, and the ice
strength is controlled as closely as possidang the ice making techniques define®i@
lceSamples! R2dzaliAy3d GKS&S @I ftdzSa (2 RSGSNXYAYS |
line equations given ifigure3-6 yields a value for the coefficientnside the coefficient

all the variables except for force can be controlled in the laboratory which will give an

estimate for force.

For example @nducting tests with an equivalent mass&¥.48 kg(small carriage mass =
111.48 kg, large carriage mass = 127.52 &g¢lease angle of 45 deg (V~3.39m/s), using
the 7.5 cm diameter spher®g=2209x10m3 ' yR 'y A0S &a0NBy3IGK

can be calculated as follows:

R ¢\ R V@ Y o® W
- Tl 1i-¢ ™ Px P

cCagp . p Mxwwp

Then using the equation for the line Figure3-6 the following coefficient value can be

calculated:

W T X WA (BXCU T X WO T® PX UBXCU BPTT

Using the 35 cm diameter ice sample that is cut flush with the holder (radially copfined
the force can be estimated as:

V—BpT Y P pYTMTUB Y o® w pT e TIBIO')(UTV

© Y Y TBt o X U TP X U
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Usinga similar technique the upper bound can @eculated to beé30,865N.

3.8 Confinement Angle Effects on Results

Given that the ide®f confinement angle is a new concept that attempts to quantitatively
capture the effect of ice confinement and the purpose of this work was to test the idea,
the data was analyzed to measure the utility of the angle by looking at the overall data
set, with and without the confinement angle as a variable. By looking at certain data
measures both with and without the inclusion of the confinement angle it is intended to

demonstrate the effectiveness of the concept.

The data fromFigure 3-6 is compared with thesame data presented without the
confinement angle considered he data without confinement angle is plotteédFigure
3-7. The standard deviation for the data with confinement angle consid€reglire3-6)
is 0.1469, whereas without confinement andglEgure 3-7) the standard deviation is
0.1937. This represents approximately a 25% decrease in standard dewetiem

confinement angle is considered
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Figure3-7. Data without Confinement Angle
These two plots appear very similbut the R without confinement angledrops by a
percentage point from 2.38% to 91.19%, meaning the data spread increased with the
loss of confinement anglend thus the inclusion of the confinement angle explains a small
portion of the variability in the datalrhisreducedspread alone is sufficient to judge if the
confinement angle is a valued attribute for making the data coalddgeabetter way of

examining the difference is to examine the predicted loads from the same data set.

Applying the same examples givabove in3.7 Force Estimationthe forceprediction

using theplots inFigure3-7 would give the following:
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Likewise the upper bound gives a force estimaté@B04N. This is a spread of predicted
forces 0f60,604¢ 31,348=29,256N whereasconsidering the confinement angle gives a
load prediction spread d33,807N. This represents about B3.5%increase in predicted

envelope when considering the confinement angle.

The aboveexampleonly considersa fully confined ice sample, i.e. anglel80 deg.An
unconfined samplgvhere the confinement angheill have a greater effect othe results

isconsidered next. The inputs used for this case are givé@alie3-4.

Table3-4. Sample Inputs

LargeCarriage Mass | 127.48 | kg
Small Carriage Mass| 111.24 | kg
Release Angle | 45 deg
Sphere Diameter 7 15 cm
Ice Diameter = 35 cm
Ice Depth = 30 cm
Holder Height 5 11 cm

Yields thevalues inTable3-5.
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Table3-5. Comparison: With or Without Confinement Angle

Effective Mass § 59.4 kg
Estimated Contact Speed| 3.39 m/s
Y T'[ 2 ZOa# 08| -1.49096 nd

Confinement Angle 1 85.29 deg

With Confinement Angle

Without Confinement Angle

Upper Bound Force |

48,417 N

92,329 N

Predicted Force :

28,047 N

47,758 N

In Table3-51t is very cleathat the analysis without the confinement angle yields a huge

difference invalues andspread about54% increase in spread without the confinement

angle consideredlt is aso worth noting that test number 23 was in line with these

parameters and a force of 35,836 N was measufethther example in between the two

given above is presented irable3-6.

Table3-6. Example 2 With or Without Confinement Angle

LargeCarriage Mass 127.52 Kg
Small Carriage Mass 111.48 Kg
Release Angle 45 Deg
Sphere Diameter 3 15 am
IceDiameter = 25 an
Ice Depth = 11 am
Holder Height 5 5 Om
Effective Mass 1 85.7 Kg
Estimated Contact Speed 5.08 m/s
YT [ 2 XDa1# 080 -1.4909 Nd
Confinement Angle 3 128.7 Deg
With Confinement Angle Without Confinement Angle
Upper Bound Force 52,206 N 65,960 N
Predicted Force 3 30,241 N 34,119 N
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This exampleTable3-6) shows that a sample withmediumconfinement angle still has
about a31% tighter range when considering the confinement anglestuly of the
confinement angle vs the predicted spreadisgeg below using the samaput values as

Table3-6 but varying ice diameter, depth and holder height.

In Figure3-9 the difference is defined as:

T a;'nﬁ i QQQiy QS ¢ Qd Q
Pe oW IORE TR 6mE Qu Q

Where:

01 QBRO&HH1 Qoo N QE 6 8001 OII 'Q Q0| skRFigure3-8)
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‘;' } .8

¥ =-0.8692x - 0944
e o RT=0.911
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: .. .'.' .
. /
. .4

Log{Coefficient)

Figure3-8. Prediction Spread
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Figure3-9. Difference

This can also be examined in a slightly different waplbtting the predicted forces as
compared to confinement angl&igure3-10, Figure3-11, & Figure3-12). In theseplotsit
is clear that thedifferenceis reduced at loweconfinement anglegcases where the

sample is more fully confined)
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Figure3-10. Predicted ForcesWith and Without Confinement Angte35 cm Diameter samples
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Figure3-11. Predicted ForcesWith and Without Confinement Angte25 cm Diameter saples
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Figure3-12. Predicted ForcesWith and Without Confinement Anglel5 cm Diameter samples

The significance dfigure3-10, Figure3-11, & Figure3-12 is thatwhen the ice becomes

less confined, i.e. lower angles, predicted force values become loWes. can be
rationalized by considering what the confinement angle represents. At 180 degrees the
indenter isimpacting on a smooth surface with the outer sides bound by a steel ring. An
angle smaller than 180 means some value of the ice edge is unconfined, or protruding out
of the holder. Unconfined ice is free to fail in fracture and reduce loads by spalling,

whereas confined ice is forced to fail primarily by crushing.

3.9 Phase 2 Tests
The PhaseTwo tests consist of verification of the force estimates produced using the
formulations fromRound 1 tests Two tests are conductedith an aim of checkinthe

force predictionin a region where the prediction is expected to be relialfter these
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tests parameters consistent with those of the third cluster of points from the (séte
Figure3-6) was selected [ 2 Betweeaih-0.6 and-0.5). The tests are numbet2 and 43
and are detailed irmable3-7 and shown inFigure3-13. Two tests were conducted near
the furthest right pointin Figure3-6 as only one data potrwas obtained in that area
phase 1these tests are numbers 44 and 4%1ditionally tests were conducted to larma
between the clustersn Figure3-6. These tests are numbers 46 and 47, also with details
in Table3-7 and Figure3-13. Test No. 47&vas deliberately done using a different depth
than any adher test, to get an untested confinement anglérhis sample was grown just
like the 30 cm deep samples but during processing wasortoximatelyin the middle.
This difference wastroducedinto the test to ensure that the confimeent methodology
deweloped herén would work with a sample not perfectly-ime with other samplefrom

the previous phase of testén addition to the varied depth dimension for sample 47, both
samples 46 and 47 were created using a slightly different method. Neitheresé th
samples were seeded, they were simply created by freezing distilledniteed, and de
aerated water inthe molds.Because an alternative ice making process was used the
strength of these samples is determined using the technique descriti#&8loe Strength

and test No. 46ln the case ofdsts 46 and 4the ice strength term is valueat 9.2 MPa
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Table3-7. Phase 2 tests

Test | Group Indenter Ice Holder Ice Release| Small Big Contact | Force [N]
# Diameter | diameter | Height | depth angle Carriage | Carriage Speed
[em] [em] [em] [em] [deg] Mass Mass [kg] [mis]
[ka]
42 Phase 2 7.5 35 11 11 45 111.48 127.52 3.44 31,3%4
43 Phase 2 7.5 35 11 11 45 111.48 127.45 3.362 23115
44 Phase 2 5 35 11 11 45.3 107.36 109.44 3.225 23430
45 Phase 2 5 15 11 11 46.6 107.36 98.89 3.316 15,316
46 Phase 2 7.5 15 11 11 35.0 107.34 98.899 2.309 19,972
47 Phase 2 7.5 15 11 18.7 32.0 107.34 100.207 2.407 12,635

Both Phase 1 and Phase 2 Test Points
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® First 41 Tests ¢ Phase 2 Tests

Figure3-13. Data points including Phase 2 Tests

To obtain an alternative look at the data plottedkigure3-13, a transformation of the
data is conducted to remove the Logarithmic scales. The altered represamisfplotted

in Figure3-14on a linear scalelThe mean line and boumy lines are transformedimply
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taking all points as 10”. For example the mdiae is given as an equationkingure3-13

as:

W T X @O cBX QU
Or more properly:

6 T X ®@0C8X G U
A coupleof example points are transfornaein Table3-8.

Table3-8. Example Transformations

y Co (Mean Line) 10 10%(Mean Line)

-1.945 -0.7793¢1.945)2.9725 =1.457 10%9=0.0114 10'%°"=0.0349
-1.334  -0.7793¢1.334}2.9725 =1.933  1033=0.0463 10%9%=0.0117

Both Phase 1 and Phase 2 Test Points
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Figure3-14. Data points including Phase 2 Testsansformed
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3.10 Comparison to Published Results

In Timco & Frederking, 199@5. W. Timco & Frederking, 1998)series of results for
impact testng using a spherical indenter is presented. The testing conducted in this paper
involvesice sheets of various thicknesséadentedusing a 20cm diameter spherical
indenter and varying the mass of the projectile. The contact speed in the paper is

calculded rather than measured

Data presented in the Timco & Frederking paper has some significant differences from
the experimentation conducted for this thesis. The notable differencegiaen inTable

3-9.

Table3-9. Differences Timebrederking to Oldford

Difference Timco & Frederking Oldford

BackingFoundation Water backing Steel plate backing

Holder No holder Defined diameter holder

Ice Freshwater lake ice naturally Laboratory grown
grown

Looking atTable3-9 the identified differences could result iimceFrederking forces
being lower than those in this research. A rigid steel backing verses a foatetation

would be expected to yield a higher shock load. The ice sheet can move to some extent
on the waterfoundationwhereas the sample in the penduluis supported by a near rigid
backing. The holder diameter is expected to have a small effect on the predicted loads.
The confinement angle and ratio used in this thesis should accommodate that difference

provided an appropriated K2 f RSNJ RAI YSGSNE A& dzprBdRced 2 NJ (i K-
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for thisthesis wasntended to be as strong as possible. Following the processes described

in 2.2 Ice Samplesthe ice is arery pure material with strengths at the high end of what

would be found in nature.

To perform this compason several assumptions for the TimrEcederking data was

required. These assumptions are:
1 The holder height for the TimeBrederking data is O cm.
1 The actual speeddrr the TimceFrederking results is the calculated impact speed.

T a1 2f RS NJ i5 balveerstwi& Miid five times the indenter diameter.

Figure3-15shows a comparison of the data from this thesis and the TiRrederking data.
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Phase 1, Phase 2 and Tirte@derking 1993 Points
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Figure3-15. Comparison to Other Data Points Publishel® cmice diameter

A question likely to be raised is ¢ime selection of 40 cnas the relevant confinement
diameter for the TimceFrederking values. This valvepresents an iceonfinement
diameter that is twice as large as the 20 cm indenter used in éxgeriments This value
provides the best overlap between the-gitu data and the laboratory data and perhaps
gives some insight into the effective equivade between an infinite sheet and ring
confined laboratory dataOn the extreme end (test No. 14 and 15) the ratio was 1/5 in
the experimentation conducted hereitsing this ratio an ice diameter of 200cm (20 cm

indenter X 5) should be used. Applying ea diameter of 100 or higher causes the
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TimcoFrederking points to shift down the-gxis away from the data points from this

experimentation.
Examination of the ~dxis formula gives insight into this. Restatifguation3-25:

6 11 % i Equation3-28

—o Y
Increasingce diameter (R will result in a decreased coefficient which naturally lowers
the data points on the plot. Through experimentation it was found that at #R; Bf
approximately % the TimeBrederking results lined up optimallyith the assumed
coefficients. The key coefficient that makes these data sets difficult to compare ¢ethe i
In their paper Timco and Frederking reported measuring a peassureof 42 MPa This
NBELINSASyGa | LISEF] F2NOS 20SNI I OSNE avltf
average pressure over the entire crushing event. The natural grown ice inirtien
CNBRSNJAY3 LILISNI ftA]1Ste KFa | 2SN GKIYyY
this experimentation.flwe assume the ice strength term is 2 MPa and retain the 100 cm
diameter sample size, the data points shift back into correlation thigresults reported

herein. This is shown Figure3-16.
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Phase 1, Phase 2 and Tirte@derking 1993 Points
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Therefore it may not be possible to compare these two data sets directly due to unknowns
but one conclusion that can be drawn is that the external data set (Finederking
1993) follows the same slope #se data obtained in this experimentation therefore

lending better confidence in the methodology used.

Two key unknowns in the Timderederking data make this comparison difficult. They are
ice strength andhe size (diameterpf ice samplehat may be considered infinite. If the
G§SatAy3 ¢ a NBLSIEGSR éniddid b&detdriinedl thBrSaRe OA RS 2

diameter could be fountb match the data with the data herein. This would givawch
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better estimate of theratio of indenter toice confinementradius representing an infinite

ice sheet.

3.11 Predicting Full Scale Loads

It must be recognized that the tests and analysis performed herein are not all
encompassingand expanding these results out for full scale load prediction may not be
realistic at this stage Nevertheless an example of possible full scale load predids

offered for consideration and to the potential application of this methodology.

Example:

Spherical Indenter: End cap of a Rolls Royce-&03Gzimuthing thrusterdianeter =
2.44m.

Ship: Assume a 9,800 metric ton PC5 vesgek B.0 m, V = 5 knots (2.572 m/s)
Dimensions of ice 5chX 2hice X3hice IACS POLAR CLASS R2044)
Mass of ice = 0.9 mt/AX2m x4 mx 6 m=43.2mt

The ice diameter is selected as being the lowest dimensiontBen the depth is assumed
to be the next lowest, 4n. As there is no dider, holder height is set to 6m. This
assumption is outside the scope of the tests conducted in this experiment and is likely not

realistic.These inputs and the calculated forces are showriable3-10.
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Table3-10. Full Scale Prediction

ShipMass = 9,800,000 kg
IceMass = 43,200 kg
Sphere Diameter 1 244 cm
Ice Diameter 5 200 cm
Ice Depth = 400 cm
Holder Height 0 cm
Effective Mass 1 43,010 kg
Estimated Contact Speed 2.572 m/s
) 11,979,591 Pa
y'=Log[MVK O n K 0@ -2.50%47 nd
Confinement Angle 3 28.07 deg
Upper Bound Force 884,767 N
Predicted Force 7 512,519 N

This analysis can be compared wilrious guidance requirements in the marine industry.

These guidanceequirementsprimarily come from the claggation societies but also can

come from the Finish-Swedish ice class rules. The class society requirements that are

compared here are the ABGuidance Notes on Ice Loads on Azimuthing Propulsion Units,

the DNV Classification Notes No. 51.1 Ice Strengthening of Propulsion Machinery, and BV

Rule Note NR 584 DT R0Q Eropulsors in Ice. With the additional assumptions given in

Table3-11, design loads can be estimated from the class guides.

Table3-11. Additional Assumptions

Propeller diameter 4.2m
Arrangement Single propulsor on centerline
Ice Breaker No

{ KALQa a2RS

Bow first only

Season of operation

Summer/Autumn/Icebreaker assisted/In Open Ice
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When calculated,he forces from the above mentioneskquirements ranged from 2.87
MN up to 5.96 MN for thiscenario This represents a multiplier of between 3.24 to 6.74
above the upper bound force prediction presented abov& able3-11. Recalculating

the above using the formulation frofRigure3-7 (without considering the confinement
angle) givesin upper bound force of 6,323,595 N, which is very close to the majority of
the requirements.This may indicate that the guidance requirements do not consider

confinement in the force levels.

It is understood that the development of these requirements nf@we taken into
account other factors that are not possible to consider herein, such as submerged effects
on spalling, dynamic response in the structure, or even just simple safety factors to

account for unknowns.
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4 Conclusions and Recommendations

4.1 Conclusions
This work presentsvo new concepts, 1) mmethodology for quantifying confinement of

ice samplesand2) dimensional analysis for predicting ice loads.

The methodology for quantifying confinement presented herein correlates to the physics
witnessed during an ice collision. As many researchers have noted, ice tends to spall off,
reducing the actual contact area. This spalling effand the effects circumferential
confinement have on jtare captured by means of a simple angle. The angle ean b
visualized by imagining the steepest cone one could make from the ice sample. The angle
dzZa SR A& GKS aLRAyOGe 2F GKAA AYyOUSNyLrt A0S
is the radius of ice samplelative to the radius of the indenter This reresents the
volume of ice (radially) required to be fractured to create a spall. Together these terms
can be used to accurately define cylindrical ice samples with a large variety of

confinement scenarios.

The use of dimensional analysis is definitely aeotew concept, and it has been used in
relation to ice in the past. This is mostly with items such as ice breaker resistance in an
ice model tow tank or ice floes in a hydraulic system such as a river or spillway. In this
work the concept is used tanalyzelaboratory data obtained through experimentation
Then this method is used to compare other data available in the public domain and even

make an academic approach at estimating loads on a full scale event. The full scale event
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may be overstretching theafe limits of this methodology at this point but the analysis

reveals that current industry practice may be conservative.

4.2 Recommendations

4.2.1 Recommendations for Repeat or Expanded Pendulum Testing

Sufficient details arecontained within this thesisas arethe referencesneeded to
reproduce this testing, or preferably expand upon it. It is often said that the best time to
conduct an experiment is after you have finished the experiments. This is true in the case
of the experimentation done in this rearch. If testing was to be repeated the following

recommendation would be made:

1) Add more dimensional reference points to the object to be studied in the video.
During ®me of the later testingpieces of adhesive measuring tapes were stuck
onto different parts of the pendulum. This made it much easier and quicker to

calibrate the on screen measurements.

2) The high speed camera used in these experiments has a looping memory. In other
words it will continually record but it will record over the beginningilthte user
stops the recording. It is recommended that the high speed camera be the first
instrument tobe stopped after a test in order to reduce the risk of losing the video

of the event.
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3) Conduct testing with test apparatus within a cold space. Manypéasnwere
ruined and had to be discarded after they sat at room temperature for too long.
This often happened when various inevitable difficulties arose, such as computer

freezing or electrical failure.

4) Use and expand upon the checklist attachedppendix 4

4.2.2 Recommendations for Further work

In any dimensional analysis the goal is to collapse the experimental data down to a single
line. This wapnyone can use the formulation to accurately predict outcomes with known
inputs. The scatter in the data presented herein suggest that there are variables that

were not considered in the dimensional analysis. These variables may include

1) The temperature &the ice sample at the time of impact, or the thermal gradient

through the ice sample.

2) The history of the ice samplavhen ice samples have experienced fluctuating
temperatures it is possible that a tempering effeccurs. This seems to cause the

samples tdail in a very brittle fashion, resulting in lower forces than expected.

3) The existence of fractures in the sample prior to test. One sample was nearly
discarded due to preexisting fracturesiipbut upon testinghe results were well
within the norm. This sample was included as test number 41. Nonetheless it is

expected that preexisting fractures will affect the results of the experiment.

80| Page



In addition to expanding the analysis to include more factors, it is recended that
future testing of larger samples be conductedlemorial University has a double
pendulum that is 4 times larger than the one used in these experiments. That apparatus
could be used in the same way as described in this thesis to establishlangehimpact
forces.This will reinforce the prediction which may possibly be expandegttaineload

estimation for things like bulbous bows or azimuthing propulsion units.

In many ice load related regulations, rules and guides used in the marinernpdihst ice
sheet is often considered to be infinite. In this thesis previous work by Tirederking
was examinedThe TimceFrederking testing could be repeated using methods developed
in this thesis to establish the appropriate ratio to define an itdince sheet(See3.10

Comparison to Published Resuitts more details)

LY NBFfAGE (GKS AYyFAYyAGS A0S akKSSi4 Aa GeLAOol
bulbous bow strikes an ice sheéhe ice sheet may be considered infinite as it may cover

the entire bay or river but the thickness is very finite compatiethe bulb.This concept
wasintroducedin the propulsor example given 8111 Predicting Full Scale Loadsit not

fully expanded. The ice diameter concept presented in this thesis may or may not directly

apply to the thickness of an ice block or the edge of an ice sheet. Further expldration

the effects of impact onto an ice sheet edge or a{ogtindrical specimen should be done.
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Appendix 1
Drawings for Dytran 1203V Load Cells
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Appendix 2

Data used for ice strengthTest No.
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Nomina | Nomina
Small Large Radius | | |
Carriage Carriage Total for contact | contact Nominal
Total Frame | Movemen | Movemen | Indentatio norma | area area Pressure
Time Force # t [mm] t [mm] n [mm] | area [mm?] [m?] Peak force [N] [Pa]
19.8313
6 70.37 390 0.00 0.00 0.00 0.00 0.00 0.00
19.8314
0 147.21
19.8314
4 485.93
19.8314
8 1229.39
19.8315
2 2426.48
19.8315
6 4373.00
19.8316
0 7288.56
19.8316
4 11469.07
19.8316
8 14905.01
19.8317
2 16443.66
19.8317
6 17046.09
19.8318
0 18065.83
19.8318
4 18403.36
19.8318
8 17618.65
19.8319
2 18546.27
19.8319
6 20713.09
19.8320
0 21809.93
19.8320
4 22475.40
19.8320
8 22726.94
19.8321
2 21228.91
19.8321
6 20413.97
19.8322
0 22119.64
19.8322
4 23934.66
19.8322
8 23614.08
19.8323
2 22902.04
19.8323 1588709
6 22322.09 391 1.84 1.43 3.27 21.90 | 1506.55 0.00 23935 8
19.8324
0 21625.06
19.8324
4 20917.30
19.8324
8 20798.50
19.8325
2 21126.61
19.8325
6 21604.83
19.8326
0 22605.83
19.8326
4 23701.49
19.8326
8 23666.98
19.8327
2 23836.02
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Nomina | Nomina
Small Large Radius | | |
Carriage Carriage Total for contact | contact Nominal
Total Frame | Movemen | Movemen | Indentatio norma | area area Pressure
Time Force # t [mm] t [mm] n [mm] | area [mm?] [m?] Peak force [N] [Pa]
19.8327
6 25267.22
19.8328
0 26124.32
19.8328
4 27030.66
19.8328
8 27976.11
19.8329
2 28357.09
19.8329
6 29236.80
19.8330
0 31097.15
19.8330
4 32811.84
19.8330
8 34341.95
19.8331
2 37062.21
19.8331
6 39849.97
19.8332
0 40170.65
19.8332
4 39814.76
19.8332
8 39601.59
19.8333
2 39283.98
19.8333 1469037
6 39980.75 392 2.78 3.26 6.05 29.50 | 2734.49 0.00 40171 0
19.8334
0 42078.25
19.8334
4 43365.02
19.8334
8 42526.70
19.8335
2 41921.16
19.8335
6 42100.38
19.8336
0 42346.26
19.8336
4 42145.91
19.8336
8 41745.21
19.8337
2 41871.79
19.8337
6 42192.65
19.8338
0 41897.07
19.8338
4 40881.02
19.8338
8 40650.97
19.8339
2 41396.59
19.8339
6 41439.54
19.8340
0 40633.61
19.8340
4 40418.77
19.8340
8 40669.36
19.8341
2 41506.84
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Nomina | Nomina
Small Large Radius | | |
Carriage Carriage Total for contact | contact Nominal
Total Frame | Movemen | Movemen | Indentatio norma | area area Pressure
Time Force # t [mm] t [mm] n [mm] | area [mm?] [m?] Peak force [N] [Pa]
19.8341
6 42840.02
19.8342
0 43981.31
19.8342
4 43843.65
19.8342
8 43978.31
19.8343
2 45042.58
19.8343 1367118
6 46236.47 393 3.90 3.66 7.56 32.81 | 3382.04 0.00 46236 6
19.8344
0 46399.35
19.8344
4 45708.84
19.8344
8 45444.73
19.8345
2 45954.07
19.8345
6 46189.03
19.8346
0 45812.69
19.8346
4 46352.90
19.8346
8 47638.09
19.8347
2 48785.78
19.8347
6 49130.09
19.8348
0 48647.33
19.8348
4 46777.57
19.8348
8 44788.92
19.8349
2 44701.56
19.8349
6 46101.18
19.8350
0 47635.11
19.8350
4 47539.00
19.8350
8 45273.63
19.8351
2 43082.11
19.8351
6 41677.34
19.8352
0 41010.01
19.8352
4 41063.13
19.8352
8 41183.06
19.8353
2 40381.18
19.8353 1243918
6 39135.55 394 4.85 4.06 8.91 35.46 | 3949.62 0.00 49130 0
19.8354
0 38508.33
19.8354
4 38294.49
19.8354
8 38589.97
19.8355
2 39723.28
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Nomina | Nomina
Small Large Radius | | |
Carriage Carriage Total for contact | contact Nominal
Total Frame | Movemen | Movemen | Indentatio norma | area area Pressure
Time Force # t [mm] t [mm] n [mm] | area [mm?] [m?] Peak force [N] [Pa]
19.8355
6 40663.01
19.8356
0 40674.53
19.8356
4 40056.64
19.8356
8 39894.43
19.8357
2 39686.40
19.8357
6 39499.38
19.8358
0 39839.50
19.8358
4 40208.17
19.8358
8 40091.14
19.8359
2 38971.43
19.8359
6 36788.40
19.8360
0 35104.38
19.8360
4 35037.08
19.8360
8 34925.19
19.8361
2 34252.39
19.8361
6 33007.27
19.8362
0 31414.76
19.8362
4 29537.48
19.8362
8 28379.69
19.8363
2 28044.34
19.8363
6 27905.64 395 5.57 4.69 10.26 37.87 | 4505.34 0.00 40675 | 9028066
19.8364
0 28114.23
19.8364
4 28087.71
19.8364
8 27613.96
19.8365
2 26969.59
19.8365
6 26588.34
19.8366
0 26583.09
19.8366
4 27264.61
19.8366
8 28282.02
19.8367
2 28804.46
19.8367
6 29079.98
19.8368
0 29543.90
19.8368
4 30089.76
19.8368
8 30106.41
19.8369
2 30219.95
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Nomina | Nomina
Small Large Radius | | |
Carriage Carriage Total for contact | contact Nominal
Total Frame | Movemen | Movemen | Indentatio norma | area area Pressure
Time Force # t [mm] t [mm] n [mm] | area [mm?] [m?] Peak force [N] [Pa]
19.8369
6 30630.52
19.8370
0 30746.91
19.8370
4 30472.46
19.8370
8 29992.74
19.8371
2 29159.23
19.8371
6 28160.60
19.8372
0 27568.31
19.8372
4 27108.14
19.8372
8 26343.52
19.8373
2 25168.88
19.8373
6 24025.92 396 5.79 5.68 11.47 39.85 | 4990.04 0.00 30747 | 6161652
19.8374
0 22941.59
4 22011.81 Average pressure] 2
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FigureA2-1. Test No. 24 Frame 389
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FigureA2-2. Test No. 24 Frame 390
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FigureA2-3. Test No. 24 Frame 391
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FigureA2-4. Test No. 24 Frame 392

98| Page



FigureA2-5. Test No. 24 Frame 393
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FigureA2-6. Test No. 24 Frame 394
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FigureA2-7. Test No. 24 Frame 395
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FigureA2-8. Test No. 24 Frame 396
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FigureA2-9. Test No. 24 Frame 397
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FigureA2-10. Test No. 24 Frame 398
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FigureA2-11. Test No. 24 Frame 399
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FigureA2-12. Test No. 24 Frame 400
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Appendix 3
High Speed VidegVelocity estimation
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Processing the video is done in several steps:

1) Identify the point of contact This often occurs between two frames in which case the
last frame with no contact is used as the end frame for velocity calculations. This is
illustrated below inFigureA3-1 andFigureA3-2. Frame 361 shows no signs of contact

whereas 362 clearly shows contact.

FigureA3-1. Test No. 44 Frame 361
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FigureA3-2. Test No. 44 Frame 362

2) A scale is set using scales that are adhered to the pendulum. Then the video is reversed
to several frames before contact. Using the pixels in the video a dispktt is
established.
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