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Abstract  
 

Ships and offshore structures, that encounter ice floes, tend to experience loads with 

varying pressure distributions within the contact patch. The effect of the surrounding ice 

adjacent to that which is involved in the contact zone has an influence on the effective 

strength. This effect has come to be called confinement. A methodology for quantifying 

ice sample confinement is developed, and the confinement is defined using two non-

dimensional terms; a ratio of geometries and an angle. Together these terms are used to 

modify force predictions that account for increased fracturing and spalling at lower 

confinement levels.  Data developed through laboratory experimentation is studied using 

dimensional analysis. The characteristics of  dimensional analysis allow for easy 

comparison between many different load cases; provided the impact scenario is 

consistent. 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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Nomenclature and Abbreviations  
 

A Cross Sectional Area 

a Acceleration [m/s2] 

CO Coefficient ς Ratio of impact force to possiblŜ ƛƳǇŀŎǘ ŜƴŜǊƎȅΦ {Ƙƻǿƴ ŀǎ άȅΩ ƛƴ ǇƭƻǘǎΦ 

D Dimension 

E Youngs Modulus 

e Exponent 

F Force [N] 

g acceleration due to gravity (9.81 m/s2) 

h height [m] 

K Constant 

k Stiffness  

Le Effective Length 

M, m Mass [kg]  

n Number of test runs 

Ri Radius of ice sample [cm] 

RS Radius of indenter [cm] 

r Length of Pendulum Arm 

S  Standard Deviation 

V Velocity [m/s] 

X {ŜŜ ʸ 

ὢ   Data point value 

ὢ  Mean 

y  See CO 

ÐS Volume of Sphere [m3] 

f Angle from vertical ς pendulum arm 

ì Ice strength term [Pa]  

q Confinement Angle [Degrees] 

 y Coefficient ς wŀǘƛƻ ƻŦ ƪƛƴŜǘƛŎ ŜƴŜǊƎȅ ǘƻ ƛŎŜ ǎǘǊŜƴƎǘƘΣ {Ƙƻǿƴ ŀǎ ά·έ ƛƴ Ǉƭƻǘǎ 
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1 Introduction  

Ice crushing experiments have been conducted for many years to gain improved 

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 comparison, steel perhaps 

one of the best known materials in the present day engineering toolbox melts around 

1500°C (1773K), at 93% of its melting point (1375°C), the properties of steel would be 

much less predictable. Steel at 1375°C (1648K) would definitely not be described as brittle 

as ice is.  This brittle material, ice, is frequently present in northern waters where shipping 

and offshore activities have occurred, and will occur in the future. 

Ice impacts on marine structures often occur over small localized areas in larger ice 

features. In other words, typical ice impacts are localized to the structure-ice interface; 

which is usually only a small portion of the ice floe.  The effect of the ice surrounding the 

point of impact has an influence on the effective strength of the ice. This influence on 

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. 

The question of estimating forces during a collision between ice and an indenter has been 

the motivator of much ice mechanics research. The 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 damaged by ice and thus an 
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important design case for arctic ships and structures.  The 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 results to full scale is quantifying and 

determining the appropriate level of confinement of the ice being tested. Some research 

into the effects of confinement has been done in recent years, (Gagnon, 1998), (Barrette, 

Pond, Li, & Jordaan, 2003) but very rarely is the study done using dynamic impact testing 

and even rarer is a dimensional analysis applied. 

The concept of dimensional analysis has been used to analyze complex problems for 

decades but appears to have received relatively little application to the field of ice 

mechanics. The concept of fundamental physical dimensions to explain the universe was 

introduced by J. Fourier in 1822 (Fourier, 1822). In the early part of the 20th century 

several mathematical scientists began work on the use of dimensional analysis. One of 

these was Lord Rayleigh (Rayleigh, 1915) and another is Edgar Buckingham with his well-

known Buckingham Pi theorem (Buckingham, 1914).  

In this thesis I have applied dimensional analysis to a specific ice impact scenario; one of 

a spherical indenter into a flat ice surface.  The dimensional analysis is used as a tool to 

analyze various parameters affecting the forces. A set of novel parameters for defining 

confinement by means of a ratio and an angle are presented and analyzed herein. 
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1.1 Scope and Objectives 

In this work I have taken a number of ice geometry conditions (representing different 

levels of confinement), subjected the samples to 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. The use of a dimensional analysis framework allows results 

to be used to estimate ice impact loads on spherical indenters for various impact speeds 

and dimensions. The analysis procedures developed in this thesis may also be used to 

establish coefficients for other geometries. This work presents and validates a means of 

quantifying 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 scenarios.  At present 

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 this research 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 STePS2 project (Sustainable Technology for Polar Ships and Structures) at Memorial 

University developed a technique for ice sample manufacturing.  This process produced 

samples that maintain a reasonably consistent material that will produce reliable and 

repeatable experiments. From within the STePS2 project, a laboratory manual (STePS2, 

2013) was developed that gives detailed process instructions including photographic 

references as to how to make ice samples. The process was also summarized in S. Bruneau 

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

1.2.2 Ice Crushing  

Crushing is the initial failure mode in most real-life ice-structure interactions and thus the 

ice crushing test has become a standard experimental procedure.  In the field, this is often 

done by a hydraulically driven machinery, such as the Borehole jack tests (Frederking, 

Johnston, & Centre, 2002), the medium scale tests reported on in (Sodhi, Takeuchi, 

Nakazawa, Akagawa, & Saeki, 1998), or the tests that were analyzed by Gagnon in his 

1998 paper (Gagnon, 1998). There is even more laboratory experimentation with the use 

of hydraulic driven test machines such as described in (S. Bruneau et al., 2013). Testing in 

the aforementioned paper (S. Bruneau et al., 2013) utilized conical shaped ice samples 

which creates an ideal method for using load and displacement to produce a nominal 

pressure area relationship. The testing in this thesis was conducted using the same 

apparatus used in some of the testing in the S. Bruneau 2013 paper. In (Kim, Golding, 

Schulson, Løset, & Renshaw, 2012) reported on tests where small spherical indenters are 
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driven into freshwater ice with and without the use of lateral confinement. It is difficult 

ǘƻ ŘƛǊŜŎǘƭȅ ŎƻƳǇŀǊŜ ǘƘŜ ǿƻǊƪ ŘƻƴŜ ƛƴ YƛƳΩǎ ǇŀǇŜǊ ŀƴŘ ǘƘŜ ǿƻǊƪ ŘƻƴŜ ƛƴ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ōǳǘ 

it is a good reference point for spherical indenters using hydraulic test machinery.  

Jordaan in his 2004 paper (Li, Jordaan, & Barrette, 2004) also experimented with spherical 

indenters using a hydraulic test machine. In ice crushing experiments the measured force 

is usually the primary output. Most authors also present their results for ice crushing 

experimentation in terms of a pressure area relationship as it would then be possible to 

establish a force for other scenarios if the contact area is known. One of the things that is 

apparent when reading the literature referenced above (S. Bruneau et al., 2013) is that 

rate of indentation plays a role in the loads supported by the ice.   

The earliest account of impact testing on ice that could be found in available literature is 

(Kurdyumov & Kheisin, 1976).  In this work steel balls were 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. Seeing this 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 conducted it became apparent that this model failed to explain the regions of 

high pressure that were observed such as those presented in (Gagnon, 1998). (Jordaan & 

McKenna, 1988), provides a good review of testing conducted and reported on, from the 

мфслΩǎ ǘƻ ǘƘŜ мфулΩǎ. As with the S. Bruneau paper, this book covers both impacts and 
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forced indentations, with impact testing commencing in the 1970s.  The authors use an 

energy balance to define the ice crushing processes and produce a comparative list of 

results with impact energy and specific energy (energy per volume of crush iced) as the 

basis for comparison. (Daley, 1999) introduces an approach with fundamentals linked 

back to (Popov, Faddeev, Kheisin, & Yakovlev, 1969). 5ŀƭŜȅΩǎ ƳŜǘƘƻŘ ǘŀƪŜǎ ǘƘŜ ŜƴŜǊƎȅ 

based method and expands it to representative ship geometries. These geometries 

penetrating into the ice produces energy inputs that can be related back to the overall 

vessel motion ǳǎƛƴƎ tƻǇƻǾΩǎ ƳŜǘƘƻŘΦ 5ŀƭŜȅΩǎ ǿƻǊƪ ǇǊŜǎŜƴǘŜŘ ƛƴ his 1999 paper was 

evolved into a spreadsheet based solver called DDePS (Direct DEsign of Polar Ships).  

DDePS was tested in (Oldford, Sopper, & Daley, 2014) using the test apparatus described 

herein.  

In 2012 a thesis from the MUN STePS2 project,  Clarke (Clarke, 2012) used a double 

pendulum apparatus. Clarke crushed conical ice samples into various flat steel plates. 

/ƭŀǊƪŜΩǎ ǳǎŜ ƻŦ ǘƘŜ ǇŜƴŘǳƭǳƳ ŀǇǇŀǊŀǘǳǎ ǿŀǎ ǊŜŦŜǊŜƴŎŜŘ ŘǳǊƛƴƎ ǘƘƛǎ ƭŀōƻǊŀǘƻǊȅ 

experimentation. 

Other researchers have utilized various indenter geometries in their ice crushing research.  

One such reference is a combination of both spherical indenters with impact testing, (G. 

W. Timco & Frederking, 1993).  In this paper tests are conducted with three indenters, 

spherical (20cm diameter), wedge, and flat into either an ice edge or onto a flat surface 
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and varying C-Axis directions. This 1993 paper is the closet dataset to the present results, 

found in the literature review and will be examined further, later in this thesis.  

Timco and Frederking also published a number of similar papers in the early 1990s. One 

paper, (Gold, Timco, & Frederking, 1991), describes spherical 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 each test are not provided. 

1.2.3 Confinement  

Many articles, such as (Clarke, 2012), (G. W. Timco & Frederking, 1993), (Dragt & Bruneau, 

2013) on ice mechanics attribute higher ice loads to confinement of the ice. The basic idea 

of confinement is that the ice adjacent to the ice being crushed in the contact zone acts 

to restrain the spalled ice pieces. The spalled ice pieces are held in place by the 

surrounding ice and forced to fail by crushing thus increase the supported load during the 

crushing event. Unconfined ice samples tend to spall off large pieces, therefore reducing 

the contact area and therefore reducing the contact force. In the (S. Bruneau et al., 2013) 

paper, ice cones are employed as a method of including natural ice confinement in the 

tests. The cone shape produces a growing nominal contact area as indentation occurs. In 

the early 1980s several experiments were conducted to quantify confinement such as (G. 

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 samples. In a 2003 PERD report (Barrette et al., 2003) various 

tests were conducted in confined and unconfined conditions. The confinement conditions 

established in this report are similar to the confinement cases studied in this thesis. 

1.2.4 Dimensional Analysis  

The principal reference used for dimensional analysis is (Sharp, 1981). This is a text book 

ǘƛǘƭŜŘ άIȅŘǊŀǳƭƛŎ aƻŘŜƭƭƛƴƎέ that covers fundamental dimensional analysis techniques 

effectively for use in other fields such as in ice mechanics in this thesis. In Hydraulic 

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

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

the most obvious is the application of a dimensional analysis in relation to model testing 

ice breakers in an ice model basin. The other is the application to ice covered rivers and 

bodies of water with an interest as to how the floating solid flows down a river, through 

a spill way, over a dam, or through a seaway lock. The equations developed later in this 

thesis ŀǊŜ ǎƛƳƛƭŀǊ ǘƻ {ƘŀǊǇΩǎ Ŝǉǳŀǘƛƻƴǎ ŦƻǊ ǊŜǎƛǎǘŀƴŎŜ ƻƴ ŀƴ ƛŎŜ ōǊŜŀƪŜǊ but Sharp considers 

variables that have no bearing on the results of the tests conducted herein.  

(Arunachalam, 2005), examines ice test results reported by others but does so using 

ŘƛƳŜƴǎƛƻƴŀƭ ŀƴŀƭȅǎƛǎΦ Lƴ Ƙƛǎ ŎƻƴŎƭǳǎƛƻƴǎ ƘŜ ƳŀƪŜǎ ǘƘŜ ǎǘŀǘŜƳŜƴǘ άΧƛǘ ƛǎ ǳǎŜŦǳƭ ŀƴŘ 

necessary to express experimental data for ice-induced pressure in dimensionless form 

rather than in dimensional form, as a function of dimensionless independent 
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ǇŀǊŀƳŜǘŜǊǎΦέ ¢Ƙƛǎ ŎƻƴŎŜǇǘ ƛǎ ƻƴŜ ǘƘŀǘ ƛǎ ǳǎŜŘ ŀƴŘ ŦƻƭƭƻǿŜŘ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎ ŀƭǘƘƻǳƎƘ 

!ǊǳƴŀŎƘŀƭŀƳΩǎ ŀǇǇǊƻŀŎƘ ƛǎ ǎƻƳŜǿƘŀǘ ŘƛŦŦŜǊŜƴǘ ǘƘŀǘ ǘƘŜ ƻƴŜ ǘŀƪŜƴ here.  

1.2.5 Summary of Literature Review  

In summary, a lot of research has been conducted on ice, for example the 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 one. Although confinement can be 

defined in terms of an applied pressure, such as that used in a tri-axial test, it is not clear 

what level of pressure would be equivalent in a natural ice sample of a given geometry. 

Thus there is no means to quantify the effects of confinement on effective strength of ice 

for natural cases where the geometry or extent of the interaction might be known, but 

the internal confining pressure cannot be determined. The work proposed in this thesis 

will seek to address that gap by establishing a geometrically based methodology for 

quantifying the confinement for a simple geometry in which the indenter and ice sizes are 

varied systematically.   
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2 Ice Crushing Experiments  

To define a methodology of quantifying confinement, various ice sample arrangements 

were established. These arrangements allow for controlled levels of confinement from a 

low level up to a high level. Testing also had to be similar enough to practical, real-world 

collisions for the dimensional analysis to be applicable. This means that geometries had 

to be similar and  a test apparatus with specified mass and velocity for a collision had to 

be used. During a real world collision, the ships mass and velocity are basically the 

available energy. Some energy is provided by the propulsion system but the majority of 

the impulse energy is from mass and velocity. A test apparatus that closely mimics this 

available energy for a collision was selected for this experimentation. The experiments 

are designed to approximate ship ice collision speeds, between about 4 knots (2 m/s) up 

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

The indenter geometry representing the ship structure was selected as a sphere because 

appendages such as azimuthing propulsion units often use spherical geometries. 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 large sphere.  Some supplemental testing is 

done on an even smaller sphere (5cm) but mostly as a means of validation. More detail 

on holders is given in 2.1.6 Ice Holders and more detail on the spheres is given in 2.1.9 

Indenters. 
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The testing apparatus that was selected as the main tool for the experiments has a 

physical limit to the size of sample it can take. The maximum diameter holder that could 

fit was selected as the large sample, 35 cm. A significant supply of 25 cm diameter holders 

existed in the MUN laboratories as they were developed and used by 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 15 cm. The 

largest ice sample (35 cm) offered the largest radial confinement possible, whereas the 

smallest sample gave a very low radius of ice offering low radial confinement.  

Ice depth was another ice parameter that was varied. The low depth was dictated by the 

depth of the ice holders (11 cm). The deep samples were selected to be 30 cm. This was 

driven by size limitations of the pendulum.  

Together the ice depth and diameter of the restraining ring are used to define the level 

of confinement. The concept of dimensionally varying level of confinement is graphically 

shown in Figure 2-1. 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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Figure 2-1. Level of Confinement 

2.1 Test Apparatus  

2.1.1 Double Pendulum  

This test apparatus shown in Figure 2-2 & Figure 2-3 was the same double pendulum 

apparatus first described in (Clarke, 2012) and again in (Oldford et al., 2014). The 

apparatus is essentially a 1 meter cube aluminum structure with two opposing carriages. 

Each carriage hangs on a series of four parallel arms with bearings on both ends.  This 
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parallel arm arrangement ensures the centerlines of the carriages remain horizontal 

throughout the swing, and ensures there is zero rotational velocity at the point of impact.  

 

Figure 2-2. Double Pendulum 

The smaller carriage is where the load cells and indenter are mounted. The three load 

cells are sandwiched between two steel plates that are connected by means of three high 

strength bolts. The hemispherical indenters are mounted to the face plate by means of a 

нέ ŘƛŀƳŜǘŜǊ ǎŎǊŜǿ ǇƻǎƛǘƛƻƴŜŘ equidistantly between the three load cells. The other plate 

of the load cell sandwich is a solid steel plate that is bolted to the carriage body. Further 

explanation of load cells and the arrangement is given later in 2.1.3 Load Cells. Behind the 

load cell sandwich plate arrangement, ballast 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 central bolt in the center of the carriage.  When there is sufficient room 

Small Carriage 

Large Carriage 

Parallel Arms 
(highlighted by blue lines) 
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between the ballast plates and the back of the carriage a nut is installed to hold the ballast 

plates securely in place.  When additional ballast is required and there is insufficient room 

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 woodΩǎ flexibility kept 

the plates secure for multiple tests. 

The larger carriage carries the ice sample. No instrumentation was used on this carriage 

for these experiments. The carriage arrangement was significantly modified for the 

testing reported in (Oldford et al., 2014) and that same arrangement was used for these 

tests with some slight additional modifications. The large carriage consists of an 

aluminum ŦǊŀƳŜŘ ǎǘǊǳŎǘǳǊŜ ǿƛǘƘ ŀ мн ƳƳ όмκнέύ ǘƘƛŎƪ ŀƭǳƳƛƴǳƳ face plate.  This plate 

has two 25 mm όмέύ thick aluminum blocks on either side. Six large steel bolts are 

threaded into these aluminum blocksΦ ¢ƘŜ ǎƛȄ ōƻƭǘǎ ŀǊŜ ǳǎŜŘ ǘƻ ǎŜŎǳǊŜ ŀ мф ƳƳ όоκпέύ 

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

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 weights are held 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 

cables run through a series of pulleys with 110 volt 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 time ensures a simultaneous release of both carriages. 

Winches

Magnet

Magnet

Ice Sample

ҁέ {ǘŜŜƭ tƭŀǘŜ

25mm Al block

Spherical Indenter

 

Figure 2-3. Rendering of Double Pendulum 

2.1.2 Release Angle and Contact Velocity 

All angles mentioned in this thesis are relative to vertical as shown in Figure 2-4. This 

convention results in a more intuitive result, the larger the release angle the higher the 

speed. For example an angle of 60 degrees will yield higher contact speeds than a 30 

degree release angle. 
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Figure 2-4. Pendulum Angle 

Both carriages are pulled back to the same angle. Therefore when a release angle of 45 

degrees is stated this means that both carriages were pulled back until the arms on both 

carriages were 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 phone and a program (application) called Clinometer developed by 

tƭŀƛƴŎƻŘŜϰ ŦǊƻƳ {ǘŜǊƴǎǘǊΦ рΣ уолтм {ǘŜǇƘŀƴǎƪƛǊŎƘŜƴΣ DŜǊƳŀƴȅΦ ¢ƘŜ ǾŜǊǎƛƻƴ ǳǎŜŘ ǿŀǎ нΦн 

with a screenshot included in Figure 2-5. 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.  

 

Figure 2-5. Clinometer Screenshot 
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Impact velocity is controlled by varying release angle. Impact velocities are simply 

calculated using a simple energy balance. 

Ὁ άὫὬ Equation 2-1 

 

Ὁ ρ
ςάὠ  Equation 2-2 

 

Since the carriage is initially at rest, all the initial energy is in the form of gravitational 

potential energy, Equation 2-1. At the bottom of the pendulum swing, all the energy is in 

the form of kinetic energy, Equation 2-2 therefore: 

άὫὬ ρ
ςάὠ  Equation 2-3 

 

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

out. Solving for velocity gives: 

ὠ ςὫὬ Equation 2-4 

 

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

the length of the pendulum arm. 
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Figure 2-6. Pendulum Swing 

 

ÃÏÓɲ
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Ὤ ὶ ὶÃÏÓɲ 

 
 
 

 
Equation 2-5 

Inserting Equation 2-5 into Equation 2-4 gives: 

ὠ ςὫὶ ὶÃÏÓɲ Equation 2-6 

 

Noting that this is for one carriage, so 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 with Equation 2-7 assuming frictionless and perfect angles. 

ὠ ςςὫὶ ὶÃÏÓɲ Equation 2-7 

The actual contact velocities was measured using a high speed camera that will be detailed later 

in 2.1.8 High Speed Camera. 

2.1.3 Load Cells and Associated Mounting  

The load cells shown in Figure 2-7 used for this experimentation are described by the 

manufacturer as Low Impedance Voltage Mode (LIVM) Piezoelectric Ring Type Force 

Sensors.  Specifically three Dytran 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 being like a sponge 

wrapped in a sleeve. The power supply/coupler, (described further below in 2.1.4 Power 

Supply / Coupler), fills the crystals with a charge; like water in a sponge. But the sponge 

is wrapped in a tight sleeve. When the load cells are subject to compression the crystals 

are squeezed, which in turn produces a voltage directly proportional to the amount of 

force. Likewise with the wrapped sponge, when squeezed, pressure rises proportionally 

to the squeeze.  

 

Figure 2-7. Load Cell 

The three load cells used for these experiments were all shipped with calibration 

certificates stating a non-preloaded sensor sensitivity of 0.51 mV/lbf. Meaning that the 

sensor as it was shipped without the bolt will output 0.51 mV for every pound of force 

applied to the sensor. The maximum measurable load for these sensors is 10,000 lbf (~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 preloading it and the maximum load possible is the rated 

load minus the preload. This is illustrated below in Figure 2-8. 

 

Figure 2-8. Preload Schematic of Sensor, from (Dytran Instruments, 2001) 

The small carriage of the double pendulum has three load cells sandwiched between two 

steel plates.  The plates are held together via three bolts passing through the load cells 

(one bolt through each load cell).  This is graphically demonstrated in Figure 2-9. 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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Figure 2-9. Load Cell Sandwich 

 

The bolts used for this experimentation were Black-Oxide Alloy Steel Flat-Head Socket 

Cap Screws obtained from McMaster-/ŀǊǊΦ ¢ƘŜ ōƻƭǘǎ ǿŜǊŜ рκмсέ-24 thread size and 1-

мκнέ ƭƻƴƎ. McMaster-Carr was contacted requesting information on the stiffness of the 

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

145,000 psi. In the white paper, (Anderson, 2010) the authors give a bolt stiffness 

formulation of: 
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ὃ Ὁ

ὒ
 

Equation 2-8 

 

²ƘŜǊŜΥ ! Ґ /Ǌƻǎǎ ǎŜŎǘƛƻƴŀƭ ŀǊŜŀ ƻŦ ǘƘŜ ōƻƭǘΣ 9 ƛǎ ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎΣ ŀƴŘ [e ƛǎ ǘƘŜ ōƻƭǘΩǎ 

effective length. 

A and Le are both determined by the bolts chosen and the plate arrangement. E is roughly 

consistent at 207 GPa for plain carbon and low alloy steels (William D. Callister, 1997), 

therefore the stiffness can be estimated. The stiffness of the load cells is given by the 

ƳŀƴǳŦŀŎǘǳǊŜǊ ŀǎ оΦпс ƪbκ˃Ƴ, see Appendix 1. 

The bolt length is taken as half the height of the head (7 mm / 2 = 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: Le = 22.55 mm 

The bolt diameter is taken as рκмсέ which is 7.9375 mm.  This gives a cross section area 

of 49.5 x 10-6 m2. 

¢ƘŜǊŜŦƻǊŜ ǘƘŜ ōƻƭǘΩǎ ŎŀƭŎǳƭŀǘŜŘ ǎǘƛŦŦƴŜǎǎ ƛǎ п54 x 106 N/m or лΦпрп ƪbκ˃ƳΦ 

¢ƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ ƭƻŀŘ ŎŜƭƭ ƛǎ ǊŜŘǳŎŜŘ ōȅ ǘƘŜ Ǌŀǘƛƻ ƻŦ ǘƘŜ ǎǘƛŦŦƴŜǎǎΩǎ ŀŎŎƻǊŘƛƴƎ ǘƻΥ 

ὛώίὸὩά ὛὩὲίὭὸὭὺὭὸώὛὩὲίέὶ ὛὩὲίὭὸὭὺὭὸώρ
ὄέὰὸ ὛὸὭὪὪὲὩίί

ὛὩὲίέὶ ὛὸὭὪὪὲὩίί
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ὛώίὸὩά ὛὩὲίὭὸὭὺὭὸώπȢυρ ρ
πȢτυτ

σȢτφ
πȢττσ Í6ȾÌÂÆ 

The value of 0.443 mV/lbf was entered into the power supply/coupler as a starting point 

for the calibration process. Further calibration and adjustment of this value will be 

described below in the section, 2.1.5 Adjustment and Calibration. 

To ensure that all three load cells are equally preloaded, the bolts are set into place in the 

load cell sandwich using a torque wrench. The torque setting was 35 inch-lbs, then the 

bolts were carefully turned 1/12 of a rotation (30 degrees). This careful preloading using 

bolt rotation rather than bolt torque alone gives much more accurate control over equal 

preload of each sensor as is described in (Anderson, 2010). 

Load cells were installed in positions shown in Table 2-1 and Figure 2-10: 

Table 2-1. Load Cell Placement 

Position Serial Number 

Left 1634 

Middle 1620 

Right 1631 
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Figure 2-10. Small Carriage Face Plate 

2.1.4 Power Supply / Coupler  

The power supply / coupler does two jobs with the load cells; it charges the crystals as 

well as measures the potential output during a loading event on the cells. The coupler 

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

For the experiments performed in this thesis a Kistler Type 5134B was used and is shown 

in Figure 2-11 and Figure 2-12. 

Left Right 

Middle 
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Figure 2-11. Power Supply/Amplifier - Front 

 

Figure 2-12. Power Supply/Amplifier ς Back 

 

Channels 1, 2, and 3 were wired to load cells right, middle and left. The power 

supply/coupler is a four channel instrument and in Figure 2-12 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 not used for any 

testing conducted in this thesis with the exception of a few early tests presented in the 

ICETECH 2014 paper. The subject power supply / coupler has several settings for each 

channel, but only channels 1 through 3 will be discussed here. The values given herein are 

the settings used in the experimentation after calibration. If repeat testing is to be done 

these settings (shown in Table 2-2) are recommended to be used. 
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Table 2-2. Power Supply/Coupler settings 

Description Channel 1 Channel 2 Channel 3 

Sensitivity [mV/lbf] 0.38 0.38 0.38 

Range 10V [lbf] 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/lbf the load cell plate was 

installed in a manually powered hydraulic test platform. The test platform consisted of a 

rectangular frame a load cell, hydraulic jack, manual pump and data acquisition system 

as shown in Figure 2-13. This test apparatus is commonly used to load simply supported 

beams such as during model bridge building competitions. The 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 the pendulum load cell sandwich 

plate were compared.  During this calibration it was realized how significant the time 

constant setting on the power supply / coupler is. Using the manual pump arrangement, 

accurate loading could not be done rapidly. A 0.1 second constant resulted in the 

measured output forces decaying before the test apparatus could register load.  This 

made it impossible to compare the loads. The time constant was adjusted to 10 seconds 

and found to be much easier to compare. An informational paper from Dytran Inc. 

(Rosenberg, 2007) contains information supporting this approach; the documentation 
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suggests using a longer time constant for quasi-static 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 not equal. By trial and error it was found that a setting of 0.38 

mV/lbf resulted in a better calibration. 

 

Figure 2-13. First calibration apparatus 

The second series of calibration testing was performed in the MUN cold room in the 

S.J. /ŀǊŜǿ ōǳƛƭŘƛƴƎΩǎ ¢ƘŜǊƳƻdynamics Lab. Within this cold room was an electro-hydraulic 

materials test machine capable of applying load much quicker and more accurately than 

the manual machine shown in Figure 2-13. The testing machine is produced by Materials 

Testing Systems (MTS), therefore the machine is known as the MTS machine. The load 

cells Data Acquisition system was programmed to operate in the range of 0 N up to 44,482 

N, corresponding to 0 to 10,000 lbf that the load cells are rated for. Considering the load 
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cells preloading and the 3 X 44 KN capacity, peak loads were carefully restricted to less 

than 80 KN. It was quickly discovered that this upper level was giving high values. Several 

tests were conducted on the load cell sandwich plate system, tuning the maximum force 

value until the systems reported nearly identical forces such as the comparison plot 

shown in Figure 2-14. Adjustments at this calibration stage were done within the Data 

!Ŏǉǳƛǎƛǘƛƻƴ {ȅǎǘŜƳΩǎ ŎƻƳǇǳǘŜǊ ŎƻƴǘǊƻƭƭŜǊΦ  ¢Ƙƛǎ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ŜŀǎƛŜǊ ǘƻ ŀŘƧǳǎǘ ōŜǘǿŜŜƴ 

calibration runs and finer adjustment could be made as compared to adjusting the sensor 

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. 

 

Figure 2-14. Calibration run with MTS machine - Time constant = 10 seconds 
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As with the manual test machine, if the time constant was set any lower than 10 seconds 

the load cells output would begin decaying before the MTS machine load was established.  

This is evidenced in Figure 2-15 that was done using exactly the same settings as Figure 

2-14, only with a time constant to 0.1 seconds. 

 

Figure 2-15. Calibration with MTS machine - Time constant = 0.1 seconds 

In addition to the two hydraulic 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 close 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 calibration, including the impulse hammer, was done with a time constant setting 

of 10 seconds. Since the desired output from the tests was only the peak impulse force, 

the time constant of 10 seconds was used for all tests conducted for this thesis. 

2.1.6 Ice Holders 

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

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

used to mount the holder onto 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 holder. The 

short holders are graphically shown in Figure 2-16 and a tall holder is shown in Figure 3-1. 

The largest diameter holder, shown in Figure 2-16 on the right, was at the extreme limit 

ƻŦ ǘƘŜ ǇŜƴŘǳƭǳƳΩǎ ǎƛȊŜ ŎŀǇŀŎƛǘȅΦ ¢ƘŜ ŦƭŀƴƎŜ ǿƻǳƭŘ ƘŀǾŜ ǇǊƻǘǊǳŘŜŘ ōŜƭƻǿ ǘƘŜ ōƻǘǘƻƳ ƻŦ 

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. 

 

Figure 2-16. 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 from the power 

supply / coupler as a voltage then produces and records it in a manner that is useful for 

analysis. In this case the instrument used is a National Instruments NI eDAQ-9174 running 

an NI 9239 module.  The NI 9239 module was wired directly into the power supply / 

coupler outputs. The eDAQ-9174 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 to interface with the eDAQ was LabVIEW SignalExpress. The inputs were voltages 

ranging from 0 to 10 Volts. In accordance with the calibration procedure described in 2.1.5 

Adjustment and Calibration, a 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 in Figure 2-17. 
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Figure 2-17. LabVIEW SignalExpress Voltage to Force ratio 

2.1.8 High Speed Camera 

A high speed camera and DC powered LED lights were used to record the collisions.  The 

video is the principal means of determining the actual contact velocity of ice and indenter. 

Additionally the video can be used to explain any abnormal results. The camera used was 

a Mega Speed 55KS2B4, manufactured by Canadian Photonic Labs Inc. in Minnedosa, MB. 

Optics for the camera is a relatively simple 58mm Nikon lens, with 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, therefore an f Stop of 2.8 was selected to maximize the aperture 

opening. To keep the camera safely away 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 computer, 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 per seconŘΣ 9ȄǇƻǎǳǊŜ ǘƛƳŜ Ґ флл ˃ǎΣ Dŀƛƴ Ґ фллΣ hŦŦǎŜǘ Ґ уΦ  ¢ƘŜǎŜ 

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 purchased, the lights were 

driven by 110 V through a built in transformer/rectifier but it was quickly established that 

the AC power from the grid showed excessive flashing on the high speed video.  The 

transformer/rectifiers were removed in favor of an external clean DC power source. 

Voltage was brought up to about 30 V and the lights produced bright steady light on high 

speed video. 

2.1.9 Indenters  

A series of three spherical indenters shown 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 cm. Each 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 άshouldersέ on the smallest indenter. 



34 | P a g e 
 

 

Figure 2-18. Spherical Indenters 

2.2 Ice Samples 

2.2.1 Ice Production  

In S. Bruneau et al., 2011 (S. E. Bruneau et al., 2011), an ice making methodology was 

proposed. The process is covered in great detail in the STePS2: Manual of Laboratory 

Procedures (STePS2, 2013). The method of ice production was used with one exception. 

The STePS2 methodology included a further process of shaping the ice 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 de-aeration. Commercially available bagged ice cubes are crushed 

and then sieved to below 10 mm and above 2 mm.  
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Ice holders are placed into steel buckets (mold) and wrapped with insulation, see Figure 

2-19.  This assembly is then hung from a purpose 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. 

 

Figure 2-19. 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 seeds, and constantly stirred as the water is poured to release 

as many air bubbles as possible. 

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

no principal crystal orientation, resulting in a very strong material close to multiyear ice.  

2.2.2 Processing of Samples for Tests: 

Following the above production technique produces controlled grain sized samples that 

assumed the exact size and shape of the mold in which they were created.  This was not 

perfect for the intended testing because there was always some ice protruding beyond 
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the top of the holder. Therefore some pre-test processing of the samples was required.  

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

1) Remove 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 two pry bars 

(one on either side of the holder) 

2) Melt back surface flush with holder: 

The surface of the ice sample in the holder near the mounting flange would often 

protrude up out of the holder due 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 testing.  The smaller samples 

(15 cm and 25 cm diameter) were cut using a band saw located in the MUN 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 creates a rough surface. This surface is the one to be impacted with 

the spherical indenters therefore they were smoothed using the same aluminum plate 

used for the back of the sample.  The surface was made parallel with the bottom by 

melting the sample to the top of the holder ring (completely confined samples) or by using 

a limiting spacer between the melting plate and the holder flange. 

5) Weigh sample: 

After processing was complete the samples were all weighed, for accurate weight inputs 

into the pendulum calculations. This was done using a digital scale as shown in Figure 

2-20. The foam insulation underneath the ice sample is to prevent contact with the warm 

surface of the scale which could cause unwanted melting. The scale was zeroed with the 

foam on the scale surface. 
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Figure 2-20. Weighing a 25 cm diameter X 30 cm deep ice sample 

6) Store Samples: 

After processing and preparation, samples were stored in the cold room at -10°C. Due to 

ǘƘŜ ŎƻƭŘ ǊƻƻƳΩǎ ƘǳƳƛŘƛǘȅ ŎƻƴǘǊƻƭ ǎȅǎǘŜƳǎ, ice samples were wrapped tightly in a plastic 

bag to prevent possible sublimation in the event that the samples had to be stored for 

several days. 

2.3 Testing Procedure  

The procedure established for the testing was first and foremost focused on safety. No 

injuries were reported during this testing and it is desirable that any confirmation or 

follow up testing be performed without incident. The procedures are recommended to 

ensure experimentation consistency, efficiency and above all, safety of those involved. 
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The testing procedure followed the checklist given in Appendix 4. The key points were to 

ŜƴǎǳǊŜ ǘƘŀǘ ƴƻ ƻƴŜ Ǝƻǘ ƛƴ ƘŀǊƳΩǎ ǿŀȅΣ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘŀǘƛƻƴ ǿŀǎ ŀƭƭ ŎŀƭƛōǊŀǘŜŘ ŀƴŘ 

functioning prior to installation of ice, and that all systems were engaged before 

conducting the testing. Some of the large ice samples produced projectile debris upon 

impact that could potentially harm 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 was one which covered all the variables that will be identified later in 

3.5 Dimensional Analysis Set-up, giving one sample at each variable level.  A release angle 

of 45 degrees was chosen for this phase of the testing because this was the highest angle 

that the electro magnets could hold the 35 cm diameter X 30 cm deep sample. Also 45 

degrees is an angle in the middle of the release angles used in two previous data sets (the 

ICETECH 2014, and Sept 25th datasets) that were incorporated into this study.  

For the phase 1 testing, in order to maintain a consistent mass for the large carriage, steel 

plates are used for ballast.  Starting with the largest, 35 cm Å X 30 cm sample, no plates 

were loaded. Subsequent test samples became smaller and lighter, and thus ballast plates 

were added as needed to maintain the mass equal to the largest sample. 

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). These results are well in line with the test plan established herein 

and are therefore used in conjunction with the phase 1 results established in Table 2-3, 

Round 1 results. 

2.4.2 September 26, 2014 Dataset  

As part of the early planning 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 the unit 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.  The results of this testing is also included in round 1 data set. 

2.5 Round 1 Results  

A summary of the data is given below in Table 2-3. ¢ƘŜ άDǊƻǳǇέ ŎƻƭǳƳƴ identifies source 

ƻŦ ǘƘŜ Řŀǘŀ ǿƛǘƘ άtƘŀǎŜ мέ ƛƴŘƛŎŀǘƛƴƎ ǘŜǎǘƛƴƎ ǘƘŀǘ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ƘŜǊŜΦ  !ƴ ŀƴŀƭȅǎƛǎ ǿƛƭƭ 

follow in the next section. Test Nos. 19 and 22 had a failure of the video. As they were the 

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

Test No. 41 contained a few pre-test 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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Table 2-3. Round 1 results 

Test 
# 

Group Indenter 
Diameter 

[cm] 

Ice 
Diameter 

[cm] 

Holder 
Height 
[cm] 

Ice 
Depth 
[cm] 

Release 
Angle 
[deg] 

Small 
Carriage 

Mass 
[kg] 

Large 
Carriage 

Mass 
[kg] 

Contact 
Speed 
[m/s]  

Force [N] 

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 35,395 

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 in Sharp, 1981 (Sharp, 1981) a dimensional analysis can 

be conducted. The primary factors are considered to be: 

M: Mass: [kg] 

V: Velocity: [m/s] 

D: Dimension [m] {Rs: Radius of Sphere, Ri: Radius of Ice} 

si: Ice strength: [Pa] 

q: Confinement angle: [deg] ς Non Dimensional 

3.1 Mass 

Mass in the case of this analysis is taken as being the effective mass for the collision in 

ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ƴŜǿǘƻƴΩǎ laws. Mass m1 will be for one of the pendulum carriages and 

mass m2 will be for the other carriage, their respective accelerations are a1 and a2.  Also 

ŀǇǇƭȅƛƴƎ bŜǿǘƻƴΩǎ ǘƘƛǊŘ ƭŀǿ ǘƘŜ ŦƻǊŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ ŎŀǊǊƛŀƎŜǎ ŀǊŜ Ŝǉǳŀƭ ŀƴŘ ƻǇǇƻǎƛǘŜΣ 

therefore we can write the familiar equation: 

Ὂ άὥ ὥὲὨ Ὂ άὥ Equation 3-1 

Ὂ Ὂ  Equation 3-2 

 

Therefore: 

άὥ άὥ ὥ
ά

ά
ὥ 

Equation 3-3 
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Relative acceleration between the two carriages can be given by: 

ὥ ὥ ὥ Equation 3-4 

 

Combining Equation 3-3 and Equation 3-4 gives: 

ὥ ὥ
ά

ά
ὥ ρ

ά

ά
ὥ 

Equation 3-5 

 

Using Equation 3-4 ƛƴ bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ƎƛǾŜǎΥ 

Ὂ ά ὥ  Equation 3-6 

 

Which must also equal Equation 3-1. Therefore: 

Ὂ άὥ ά ὥ  
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Equation 3-7 

 

3.2 Velocity  

Velocity is measured by on-screen pixel counting using high speed photography; as was 

done in (Oldford et al., 2014). This procedure is offered in more detail in Appendix 3. The 
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principle behind the velocity estimates is that using pixels and known distances on screen, 

a relative displacement from one frame to another can be established.  Knowing the 

frame rate for the video (1,000 fps) a distance over time is established.  This process was 

repeated multiple times for each carriage and averaged to produce an estimated velocity 

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

For experimental set up, a velocity relative to release angle is estimated using Equation 

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

ὠ ςςὫὶ ὶÃÏÓɲ 

ᶮ ÃÏÓρ
ρ

ςὫὶ

ὠ

ς
 

ᶮ ÃÏÓρ
ρ

ς ωȢψρπȢυ

σ

ς
σωȢφЈ 

 

3.3 Ice Strength  

Ice strength was not measured for each sample, rather it was determined for one sample 

and assumed constant for all the test runs.  The value used was cross-referenced with 

results obtained from other laboratory experiments conducted at Memorial University 

and found to be comparable with respect to ice strength values. (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 would maximize the ice surface and also use 
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the large sphere to maximize crushing. The sample would also need to be radially bound 

to minimize large spalls. The test chosen was run 2 in the Phase 1 Test plan (Test# 24 of 

Table 2-3). 

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 load cells. The load cells operated at a rate of 25,000 measurements per second 

whereas the high speed camera filmed at a rate of 1,000 frames per second. This resulted 

in 25 force measurements per frame of video. The moment of contact in the video was 

visually established. This is simply done by scrolling frame by frame until signs of impact 

can be seen. The moment of impact in the force time history was established by 

examining the force levels. The moment at which the forces began to rise was selected. 

In the case of this test run the force time history is given below in Table 3-1, with line 4 

(highlighted) selected as the moment of impact. 
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Table 3-1. Test# 24 - Force Time History 

Time* 
Total 
Force 

19.83124 74.8 

19.83128 69.4 

19.83132 75.8 

19.83136 70.4 

19.8314 147.2 

19.83144 485.9 

19.83148 1229.4 

19.83152 2,426.5 

19.83156 4,373.0 

19.8316 7,288.5 

 

Every 25th row from the highlighted line was 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 carriages was made and combined to develop an 

indentation for each frame. Also knowing the indentation and the geometry of the 

indenter (spherical) a nominal cross-sectional area was calculated. This nominal area and 

the highest force recorded in the last 25 lines of data gives a nominal pressure that was 

assigned to tƘŜ ŦǊŀƳŜ ƛƴ ǘƘŜ ǾƛŘŜƻΦ ¢ƘŜƴ ŀƴ ŀǾŜǊŀƎŜ ƻŦ ŀƭƭ άŦǊŀƳŜέ ǇǊŜǎǎǳǊŜǎ was made to 

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 below in Table 3-2, 

as well as a complete presentation in Appendix 2. 
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Table 3-2. Summary of Pressures 

Time
* 

Total 
Force          

19.83 75.80 
Frame 

# 

Small 
Carriage 

Movement 
[mm] 

Large 
Carriage 

Movement 
[mm] 

Total 
Indentation 

[mm] 

Radius 
for 

normal 
area 

Nominal 
contact 

area 
[mm2] 

Nominal 
contact 

area 
[m2] 

Peak 
force  
[N] 

Nominal 
Pressure 

[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 13,671,190 

19.84 39135.55 394 4.85 4.06 8.91 35.46 3949.62 0.00 49130.09 12,439,180 

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          

19.84 22011.81        

Average 
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 considered: First is the άŎƻƴŦƛƴŜƳŜƴǘ ŀƴƎƭŜέ or the depth 

of ice before the edges become confined. Second is the άǊŀŘƛŀƭ ŎƻƴŦƛƴŜƳŜƴǘέΣ ƻǊ ǘƘŜ 

radius of ice from point of impact out to the confining ring or ice edge. 

3.4.1 Confinement Angle  

Confinement angle is one of the two proposed measures of ice sample confinement 

defined in this thesis. Upon impact the ice will tend to split and spall with many fractures 

propagating from the point of impact. The confinement angle is visualized by imagining a 

cone of ice within the sample. The tip is the point of impact and the base is the upper 

edge of the confining holder. Below in Figure 3-1 a 35 cm diameter ice sample with a 



48 | P a g e 
 

depth of 30 cm is shown to demonstrate the concept of confinement angle using an 11 

cm tall holder. 

 

Figure 3-1. Confinement Angle 

3.4.2 Radial Confinement  

In many rules for structural loads, such as the IACS Polar Class rules (IACS POLAR CLASS 

Rules, 2011), an ice sheet is assumed to be of infinite horizontal extent. In order to 

simulate an infinite sheet some researchers encase the ice in some form of holder. In 

some cases the holder is manufactured to be extremely strong and assumed to be rigid 

in relation to the ice (Kim et al., 2012), (G. Timco, 1983).  

In this research three different diameter ice samples were 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 sizes. A small radius ice sample with a large diameter 

Edge of holder 

Confinement angle Ice 

Holder 

Point of Impact 

30 cm 

11 cm 

35 cm 
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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. These provide relative measures of confinement that can give insight into scale 

effects or relative size effects. 

3.5 Dimensional Analysis  Set-up 

Ὂ ‰ὓȟὠȟὈȟ„ȟ— O  Ὂ ὑὓ ὠὈ„  Equation 3-8 

 

Note that q is left out of the equation for now due it being non-dimensional. 

ὓ ὒ

Ὕ
ὑὓ

ὒ

Ὕ
ὒ

ὓ

ὒὝ
 

Equation 3-9 

Where: 

M = Mass 
L = Length 
T = Time 
K = A Constant 

 

ὓȡρ ὥ Ὠ Ὠ ρ ὥ Equation 3-10 

 

ὒȡρ ὦ ὧ Ὠ Equation 3-11 

 

Ὕȡς ὦ ςὨ ὦ ς ςὨ Equation 3-12 

 

Using Equation 3-10 in Equation 3-12 gives: 

ὦ ς ςρ ὥ ὦ ςὥ Equation 3-13 

 

Using Equation 3-10 and Equation 3-13 in Equation 3-11 gives: 
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ρ ςὥ ὧ ρ ὥ 
ς σὥ ὧ 
ὧ ς σὥ 

 
 

Equation 3-14 

 

Using Equation 3-10, Equation 3-13, and Equation 3-14 into Equation 3-8 gives: 

Ὂ ὑὓ ὠ Ὀ „  
 

Ὂ
ὑὓ ὠ Ὀ„

Ὀ „
 

 

Ὂ ὑ„Ὀ
ὓὠ

Ὀ„
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

¢ƘŜ ŜȄǇƻƴŜƴǘ ΨŀΩ ƛǎ ŎƻƳōƛƴŜŘ ƛƴǘƻ ǘƘŜ ƎŜƴŜǊŀƭ ŦǳƴŎǘƛƻƴ f to give Equation 3-15.  

Ὂ

ὑ„Ὀ
‰
ὓὠ

Ὀ„
 

Equation 3-15 

 

Including the non-dimensional terms for confinement angle and ratio of ice radius to 

sphere radius by compounding gives: 

Ὂ

ὑ—„Ὀ

Ὑ

Ὑ
‰
ὓὠ

Ὀ„
 

 
Equation 3-16 

Where e is some exponent that will be derived from the data. Multiplying the non-

dimensional fraction inside the function from the right hand side to the non-dimensional 
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term on the left hand side of Equation 3-16 through the principal of non-dimensional term 

compounding generates a third non-dimensional term.  

Ὂ

ὑ—„Ὀ

Ὀ„

ὓὠ

Ὑ

Ὑ
‰
ὓὠ

Ὀ„
 

ὊὈ

ὑ—ὓὠ

Ὑ

Ὑ
ὅ  

 
 
 

 
 
 

Equation 3-17 

Where: 

ὅ ‰
ὓὠ

Ὀ„
 

Equation 3-18 

Re-writing Equation 3-17 to solve for F gives: 

Ὂ
ὑ—ὓὠὅ

Ὀ

Ὑ

Ὑ
 

Equation 3-19 

Using the Dimension ά5έ in Equation 3-19 as the Radius of the Sphere, Rs, than Equation 

3-19 becomes: 

Ὂ
ὑ—ὓὠὅ

Ὑ

Ὑ

Ὑ
 

 

 
Equation 3-20 

 

Which can also be solved for CO: 

ὅ
ὊὙ

ὑ—ὓὠ

Ὑ

Ὑ

Ὂ

ὑ—ὓὠ
Ὑ

Ὑ

Ὑ
 

 
Equation 3-21 
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It is noted that in Equation 3-18 D3 is a characteristic volume and applying the sphere 

ǊŀŘƛǳǎ ŀƴŘ ƳǳƭǘƛǇƭȅƛƴƎ ōȅ пκоˉ ǿƛƭƭ ƳŀƪŜ 53 the volume of the spherical indenter. 

Therefore we re-write Equation 3-18 as: 

ὅ ‰
ὓὠ

τ
σ“Ὑ„

 

ὅ ‰
ὓὠ

ᶯ„
 

 

 
 
 
 

Equation 3-22 

 

Where Ðs is the volume of the spherical indenter. For simplicity in explanation we take 

the term inside the brackets in Equation 3-22 ǘƻ ōŜ ʸ ǎǳŎƘ ǘƘŀǘΥ 

‒
ὓὠ

ᶯ„
 

 
Equation 3-23 

 

3.5.1 Examination of C O 

Equation 3-21 is the multiplication of two non-dimensional terms. Considering the ratio 

ƻŦ ǊŀŘƛƛ ŦƛǊǎǘΤ ǘƘƛǎ Ǌŀǘƛƻ ƎƛǾŜǎ ŀ Ǌŀǘƛƻ ŦƻǊ ǘƘŜ ΨǎƘŀǊǇƴŜǎǎΩ ƻŦ ǘƘŜ ƛƴŘŜƴǘŜǊ ƻǾŜǊ ǘƘŜ ŀƳƻǳƴǘ ƻŦ 

ice required to be fractured to create a spall. Smaller indenters tend to penetrate more 

easily and form a wedge to create fractures in the ice sample.  The other term in the 

equation is a ratio of energies. The kinetic energy for the collision to the energy absorbed 

during the collision. 
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3.5.2 Examination of  y

This zeta term is fundamentally a ratio of kinetic energy over ice strength. The numerator 

is essentially a function of Equation 2-3, 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 ratio is that it is the resistance of 

the ice to the indentŜǊΩǎ ƪƛƴŜǘƛŎ ŜƴŜǊƎȅΦ 

 

3.6 Analysis of Data  

¢ƻ ōŜƎƛƴ ǘƘŜ ŀƴŀƭȅǎƛǎ ŀ Ǉƭƻǘ ƻŦ ʸ ǾǎΦ /O is developed and presented in Figure 3-2 on a Log-

Log scale for the first 41 tests. It is noted that for this plot e is initially taken as -1, and 

K = 1. 

 

Figure 3-2. y  Vs. Coefficient for first 41 tests 
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In order to simplify the statistical confidence intervals, a logarithm of the data is taken 

and the plot regenerated on a normal scale as follows in Figure 3-3.  

 

Figure 3-3. y  ±ǎΦ /ƻŜŦŦƛŎƛŜƴǘ ŦƻǊ ŦƛǊǎǘ пм ǘŜǎǘǎ - Regular Scale 

To do this Equation 3-23 is re-written as: 

‒ᴂ ÌÏÇ
ὓὠ

ᶯ„
 

 
Equation 3-24 

 

and Equation 3-21 is re-written as: 

ὅᴂ ÌÏÇ
ὊὙ

ὑ—ὓὠ

Ὑ

Ὑ
 

 
Equation 3-25 
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This results in a force prediction formula of: 

ρπ
ὊὙ

ὑ—ὓὠ

Ὑ

Ὑ
 

 

Ὂ
ὑ—ὓὠρπ

Ὑ

Ὑ

Ὑ
 

  
 
 
 

Equation 3-26 

 

A line can be fit to these points using a simple linear regression. This line (shown in Figure 

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

ǘƘŜ άlinearέ ƻǇǘƛƻƴΦ 

 

Figure 3-4. Line fit to data 
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The value of e can be adjusted to minimize the spread of the data. Using the R2 value of 

the trend line as the optimizing value the following is found. The values are presented in 

Table 3-3 as well as graphically in Figure 3-5. 

e R2 
-1 0.2733 

-0.1 0.7673 

-0.01 0.7993 

-0.001 0.8022 

0 0.8025 

0.001 0.8028 

0.01 0.8057 

0.1 0.8323 

1 0.9238 

1.1 0.9224 

1.2 0.92 

1.5 0.9081 
Table 3-3. Values for e 

 

The R2 for e peaks at a value of 1, therefore we take e = 1. 

An upper and lower boundary for the data set can be established as shown in Figure 3-6.  

This is done by 2 standard deviations above and below the mean line (the line shown in  

Figure 3-4).  

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

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, 1998) and presented in Equation 3-27: 

Figure 3-5. Values for e 
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Ὓ
В ὢ ὢ

ὲ ρ
 

 
Equation 3-27 

Where: 

n = number of test runs (data points) 

ὢ = Data point value 

ὢ = Mean 

 

 

Figure 3-6. Bounds of First 41 Data Points 
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given in 3.1 Mass. Velocity is also explained earlier in 3.2 Velocity. Although velocity can 

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

sphere is extremely well controlled by using machined aluminum spheres, and the ice 

strength is controlled as closely as possible using the ice making techniques defined in 2.2 

Ice Samples. !ŘƧǳǎǘƛƴƎ ǘƘŜǎŜ ǾŀƭǳŜǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ŀ ǾŀƭǳŜ ŦƻǊ ʸΣ ŀƴŘ ŜƴǘŜǊƛƴƎ ǘƘŀǘ ƛƴǘƻ ǘƘŜ 

line equations given in Figure 3-6 yields a value for the coefficient. Inside the coefficient, 

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

estimate for force. 

For example conducting tests with an equivalent mass of 59.48 kg (small carriage mass = 

111.48 kg, large carriage mass = 127.52 kg), a release angle of 45 deg (V~3.39m/s), using 

the 7.5 cm diameter sphere (ÐS = 220.9 x 10-6 m3ύ ŀƴŘ ŀƴ ƛŎŜ ǎǘǊŜƴƎǘƘ ƻŦ ммΣфтфΣрфм tŀΣ ʸ 

can be calculated as follows: 

‒ ÌÏÇ
ὓὠ

ᶯ„
ÌÏÇ

υωȢτψσȢσω

ςςπȢω Ø ρπ ρρȟωχωȟυωρ
πȢυψχψ 

Then using the equation for the line in Figure 3-6 the following coefficient value can be 

calculated: 

ώ πȢχχωσὢ ςȢωχςυπȢχχωσπȢυψχψςȢωχςυςȢυρττ 

Using the 35 cm diameter ice sample that is cut flush with the holder (radially confined) 

the force can be estimated as: 

Ὂ
ὑ—ὓὠρπ

Ὑ

Ὑ

Ὑ

ρ ρψπυωȢτψσȢσω ρπȢ  

πȢπσχυ

πȢπσχυ

πȢρχυ
τφȟψτσ ὔ 
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Using a similar technique the upper bound can be calculated to be 80,865 N. 

3.8 Confinement Angle Effects on Results  

Given that the idea of 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 from Figure 3-6 is compared with the same data presented without the 

confinement angle considered. The data without confinement angle is plotted in Figure 

3-7.  The standard deviation for the data with confinement angle considered (Figure 3-6) 

is 0.1469, whereas without confinement angle (Figure 3-7) the standard deviation is 

0.1937. This represents approximately a 25% decrease in standard deviation when 

confinement angle is considered. 
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Figure 3-7. Data without Confinement Angle 

These two plots appear very similar but the R2 without confinement angle drops by a 
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‒ ÌÏÇ
ὓὠ

ᶯ„
ÌÏÇ

υωȢτψσȢσω

ςςπȢω Ø ρπ ρρȟωχωȟυωρ
πȢυψχψ 

ώ πȢψφωςὢ πȢωττυπȢψφωςπȢυψχψπȢωττυπȢτσσυψ 

Ὂ
ὑὓὠρπ

Ὑ

Ὑ

Ὑ

ρ υωȢτψσȢσω ρπȢ

πȢπσχυ

πȢπσχυ

πȢρχυ
σρȟστψ ὔ 

Likewise the upper bound gives a force estimate of 60,604 N.  This is a spread of predicted 

forces of 60,604 ς 31,348 = 29,256 N whereas considering the confinement angle gives a 

load prediction spread of 33,807 N. This represents about a 13.5 % increase in predicted 

envelope when considering the confinement angle. 

The above example only considers a fully confined ice sample, i.e. angle = 180 deg. An 

unconfined sample, where the confinement angle will have a greater effect on the results, 

is considered next. The inputs used for this case are given in Table 3-4. 

Table 3-4. Sample Inputs 

Large Carriage Mass = 127.48 kg 

Small Carriage Mass = 111.24 kg 

Release Angle = 45 deg 

Sphere Diameter = 15 cm 

Ice Diameter = 35 cm 

Ice Depth = 30 cm 

Holder Height = 11 cm 

 

Yields the values in Table 3-5.  
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Table 3-5. Comparison: With or Without Confinement Angle 

Effective Mass = 59.4 kg 

Estimated Contact Speed = 3.39 m/s 

ʸҐ[ƻƎώa±2κόпκоύˉǊ3ˋϐ = -1.49096 nd 

Confinement Angle = 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 Table 3-5 it is very clear that the analysis without the confinement angle yields a huge 

difference in values and spread, about 54% increase in spread without the confinement 

angle considered. It is also worth noting that test number 23 was in line with these 

parameters and a force of 35,836 N was measured. Another example in between the two 

given above is presented in Table 3-6. 

Table 3-6. Example 2 With or Without Confinement Angle 

Large Carriage Mass = 127.52 Kg 

Small Carriage Mass = 111.48 Kg 

Release Angle = 45 Deg 

Sphere Diameter = 15 Cm 

Ice Diameter = 25 Cm 

Ice Depth = 11 Cm 

Holder Height = 5 Cm 

Effective Mass = 85.7 Kg 

Estimated Contact Speed = 5.08 m/s 

ʸҐ[ƻƎώa±2κόпκоύˉǊ3ˋϐ Ґ -1.4909 Nd 

Confinement Angle = 128.7 Deg 

 With Confinement Angle Without Confinement Angle 

Upper Bound Force = 52,206 N 65,960 N 

Predicted Force = 30,241 N 34,119 N 
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This example (Table 3-6) shows that a sample with a medium confinement angle still has 

about a 31% tighter range when considering the confinement angle.  A study of the 

confinement angle vs the predicted spread is given below using the same input values as 

Table 3-6 but varying ice diameter, depth and holder height. 

In Figure 3-9 the difference is defined as: 

ὈὭὪὪὩὶὩὲὧὩρ
ὖὶὩὨὭὧὸὭέὲ ὛὴὶὩὥὨ ὡὭὸὬ ὃὲὫὰὩ

ὖὶὩὨὭὧὸὭέὲ ὛὴὶὩὥὨ  ὡὭὸὬέόὸ ὃὲὫὰὩ
 

Where: 

 ὖὶὩὨὭὧὸὭέὲ ὛὴὶὩὥὨ ὟὴὴὩὶ ὄέόὲὨ ὊέὶὧὩὖὶὩὨὭὧὸὩὨ ὊέὶὧὩ (See Figure 3-8) 

 

Figure 3-8. Prediction Spread 

 

Prediction Spread 
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Figure 3-9. Difference 

This can also be examined in a slightly different way by plotting the predicted forces as 

compared to confinement angle (Figure 3-10, Figure 3-11, & Figure 3-12). In these plots it 

is clear that the difference is reduced at lower confinement angles (cases where the 

sample is more fully confined). 
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Figure 3-10. Predicted Forces - With and Without Confinement Angle ς 35 cm Diameter samples 

 

 

Figure 3-11. Predicted Forces - With and Without Confinement Angle ς 25 cm Diameter samples 
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Figure 3-12. Predicted Forces - With and Without Confinement Angle ς 15 cm Diameter samples 

The significance of Figure 3-10, Figure 3-11, & Figure 3-12 is that when the ice becomes 
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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. 
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tests, parameters consistent with those of the third cluster of points from the left (see 

Figure 3-6) was selected ό[ƻƎόʸύ between -0.6 and -0.5). The tests are number 42 and 43 

and are detailed in Table 3-7 and shown in Figure 3-13. Two tests were conducted near 

the furthest right point in Figure 3-6 as only one data point was obtained in that area in 

phase 1, these tests are numbers 44 and 45. Additionally tests were conducted to land in 

between the clusters in Figure 3-6. These tests are numbers 46 and 47, also with details 

in Table 3-7 and Figure 3-13. Test No. 47 was deliberately done using a different depth 

than any other test, to get an untested confinement angle.  This sample was grown just 

like the 30 cm deep samples but during processing was cut approximately in the middle.  

This difference was introduced into the test to ensure that the confinement methodology 

developed herein would work with a sample not perfectly in-line with other samples from 

the previous phase of tests. In addition to the varied depth dimension for sample 47, both 

samples 46 and 47 were created using a slightly different method.  Neither of these 

samples were seeded, they were simply created by freezing distilled, de-ionized, and de-

aerated water in the molds. Because an alternative ice making process was used the 

strength of these samples is determined using the technique described in 3.3 Ice Strength 

and test No. 46. In the case of tests 46 and 47 the ice strength term is valued at 9.2 MPa. 
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Table 3-7. Phase 2 tests 

Test 
# 

Group Indenter 
Diameter 

[cm] 

Ice 
diameter 

[cm] 

Holder 
Height 
[cm] 

Ice 
depth 
[cm] 

Release 
angle 
[deg] 

Small 
Carriage 

Mass 
[kg] 

Big 
Carriage 
Mass [kg] 

Contact 
Speed 
[m/s]  

Force [N] 

42 Phase 2 7.5 35 11 11 45 111.48 127.52 3.44 31,354 

43 Phase 2 7.5 35 11 11 45 111.48 127.45 3.362 23,115 

44 Phase 2 5 35 11 11 45.3 107.36 109.44 3.225 23,430 

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 

 

 

Figure 3-13. Data points including Phase 2 Tests 

To obtain an alternative look at the data plotted in Figure 3-13, a transformation of the 

data is conducted to remove the Logarithmic scales. The altered representation is plotted 
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taking all points as 10^.  For example the mean line is given as an equation in Figure 3-13 

as: 

ώ πȢχχωσὢ ςȢωχςυ 

Or more properly: 

ὅ πȢχχωσ‒ ςȢωχςυ 

A couple of example points are transformed in Table 3-8. 

Table 3-8. Example Transformations 

 y CO (Mean Line) 10ʸ 10CO(Mean Line) 

-1.945 -0.7793(-1.945)-2.9725 = -1.457 10-1.945= 0.0114 10-1.457 = 0.0349 

-1.334 -0.7793(-1.334)-2.9725 = -1.933 10-1.334= 0.0463 10-1.933 = 0.0117 

 

Figure 3-14. Data points including Phase 2 Tests - Transformed 
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3.10 Comparison to Published Results  

In Timco & Frederking, 1993 (G. W. Timco & Frederking, 1993) a series of results for 

impact testing using a spherical indenter is presented.  The testing conducted in this paper 

involves ice sheets of various thicknesses, indented using a 20cm diameter spherical 

indenter and varying the mass of the projectile. The contact speed in the paper is 

calculated rather than measured.  

Data presented in the Timco & Frederking paper has some significant differences from 

the experimentation conducted for this thesis.  The notable differences are given in Table 

3-9. 

Table 3-9. Differences Timco-Frederking to Oldford 

Difference Timco & Frederking Oldford 

Backing/Foundation Water backing Steel plate backing 

Holder No holder Defined diameter holder 

Ice Freshwater lake ice ς naturally 
grown 

Laboratory grown 

 

Looking at Table 3-9 the identified differences could result in Timco-Frederking forces 

being lower than those in this research. A rigid steel backing verses a water foundation 

would be expected to yield a higher shock load. The ice sheet can move to some extent 

on the water foundation whereas the sample in the pendulum is 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 appropriate άƘƻƭŘŜǊ ŘƛŀƳŜǘŜǊέ ƛǎ ǳǎŜŘ ŦƻǊ ǘƘŜ ƭŀƪŜ ƛŎŜ ǘŜǎǘǎΦ ¢ƘŜ ƛŎŜ produced 
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for this thesis was intended to be as strong as possible. Following the processes described 

in 2.2 Ice Samples, the ice is a very pure material with strengths at the high end of what 

would be found in nature. 

To perform this comparison several assumptions for the Timco-Frederking data was 

required.  These assumptions are: 

¶ The holder height for the Timco-Frederking data is 0 cm. 

¶ The actual speed for the Timco-Frederking results is the calculated impact speed. 

¶ άIƻƭŘŜǊ 5ƛŀƳŜǘŜǊέ is between twice and five times the indenter diameter. 

Figure 3-15 shows a comparison of the data from this thesis and the Timco-Frederking data. 



72 | P a g e 
 

  

Figure 3-15. Comparison to Other Data Points Published ς 40 cm ice diameter 
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Timco-Frederking points to shift down the y-axis away from the data points from this 

experimentation. 

Examination of the Y-axis formula gives insight into this. Restating Equation 3-25: 

ὅ ÌÏÇ
ὊὙ

ὑ—ὓὠ

Ὑ

Ὑ
 

 
Equation 3-28 

 
Increasing ice diameter (Ri) will result in a decreased coefficient which naturally lowers 

the data points on the plot. Through experimentation it was found that at an Rs/Ri of 

approximately ½ the Timco-Frederking results lined up optimally with the assumed 

coefficients.  The key coefficient that makes these data sets difficult to compare is the ice. 

In their paper Timco and Frederking reported measuring a peak pressure of 42 MPa. This 

ǊŜǇǊŜǎŜƴǘǎ ŀ ǇŜŀƪ ŦƻǊŎŜ ƻǾŜǊ ŀ ǾŜǊȅ ǎƳŀƭƭ ǎŜƴǎƻǊΦ ¢ƘŜ ˋ ǘŜǊƳ ǳǎŜŘ ƛƴ ǘƘƛǎ ǿƻǊƪ ƛǎ ŀƴ 

average pressure over the entire crushing event.  The natural grown ice in the Timco-

CǊŜŘŜǊƪƛƴƎ ǇŀǇŜǊ ƭƛƪŜƭȅ Ƙŀǎ ŀ ƭƻǿŜǊ ˋ ǘƘŀƴ ǘƘŜ ŦƛƴŜƭȅ ŎƻƴǘǊƻƭƭŜŘ ƭŀōƻǊŀǘƻǊȅ ƎǊƻǿƴ ƛŎŜ ŦǊƻƳ 

this experimentation. If we assume the ice strength term is 2 MPa and retain the 100 cm 

diameter sample size, the data points shift back into correlation with the results reported 

herein.  This is shown in Figure 3-16.  
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Figure 3-16. Comparison to Other Data Points Published ς 100 cm ice diameterΣ ˋ Ґ н atŀ 

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 (Timco-Frederking 

1993) follows the same slope as the data obtained in this experimentation therefore 
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better estimate of the ratio of indenter to ice confinement radius 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 

encompassing, and expanding these results out for full scale load prediction may not be 

realistic at this stage. Nevertheless an example of possible full scale load prediction is 

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

Example: 

Spherical Indenter: End cap of a Rolls Royce UUC-505 azimuthing thruster, diameter = 

2.44 m. 

Ship: Assume a 9,800 metric ton PC5 vessel, hice = 2.0 m, V = 5 knots (2.572 m/s) 

Dimensions of ice = hice X 2hice X 3hice (IACS POLAR CLASS Rules, 2011) 

Mass of ice = 0.9 mt/m3 X 2 m x 4 m x 6 m = 43.2 mt 

The ice diameter is selected as being the lowest dimension 2 m, then the depth is assumed 

to be the next lowest, 4 m. As there is no holder, holder height is set to 0 cm.  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 shown in Table 3-10.  
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Table 3-10. Full Scale Prediction 

Ship Mass = 9,800,000 kg 

Ice Mass = 43,200 kg 

Sphere Diameter = 244 cm 

Ice Diameter = 200 cm 

Ice Depth = 400 cm 

Holder Height = 0 cm 

Effective Mass = 43,010 kg 

Estimated Contact Speed = 2.572 m/s 

ˋ Ґ 11,979,591 Pa 

'y=Log[MV2κόпκоύˉǊ3ˋϐ Ґ -2.50547 nd 

Confinement Angle = 28.07 deg 

Upper Bound Force = 884,767 N 

Predicted Force = 512,519 N 

 

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

These guidance requirements primarily come from the classification societies but also can 

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

compared here are the ABS Guidance 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 R00 E ς Propulsors in Ice. With the additional assumptions given in 

Table 3-11, design loads can be estimated from the class guides. 

Table 3-11. Additional Assumptions 

Propeller diameter 4.2 m 

Arrangement Single propulsor on centerline 

Ice Breaker No 

{ƘƛǇΩǎ aƻŘŜ ƻŦ hǇŜǊŀǘƛƻƴ Bow first only 

Season of operation Summer/Autumn/Icebreaker assisted/In Open Ice 
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When calculated, the forces from the above mentioned requirements ranged from 2.87 

MN up to 5.96 MN for this scenario. This represents a multiplier of between 3.24 to 6.74 

above the upper bound force prediction presented above in Table 3-11.  Re-calculating 

the above using the formulation from Figure 3-7 (without considering the confinement 

angle) gives an 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 may have 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 presents two new concepts, 1) a methodology for quantifying confinement of 

ice samples, and 2) 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 effect, and the effects circumferential 

confinement have on it, are captured by means of a simple angle.  The angle can be 

visualized by imagining the steepest cone one could make from the ice sample. The angle 

ǳǎŜŘ ƛǎ ǘƘŜ άǇƻƛƴǘέ ƻŦ ǘƘƛǎ ƛƴǘŜǊƴŀƭ ƛŎŜ ŎƻƴŜΦ !ƴƻǘƘŜǊ ŎƻƴŦƛƴŜƳŜƴǘ ǘŜǊƳ ŎƻƴǎƛŘŜǊŜŘ ƘŜǊŜƛƴ 

is the radius of ice sample relative to the radius of the indenter.  This represents 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 not a new 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 to analyze laboratory 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 the safe 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 are contained within this thesis, as are the references needed 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 research. 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 some of the later testing, pieces 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 beginning until the user 

stops the recording. It is recommended that the high speed camera be the first 

instrument to be 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. Many samples were 

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 attached in Appendix 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 way anyone 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 of the ice sample at the time of impact, or the thermal gradient 

through the ice sample.  

2) The history of the ice sample: when ice samples have experienced fluctuating 

temperatures it is possible that a tempering effect occurs. This seems to cause the 

samples to fail 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 fractures in it, but upon testing the results were well 

within the norm. This sample was included as test number 41. Nonetheless it is 

expected that pre-existing fractures will affect the results of the experiment. 
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In addition to expanding the analysis to include more factors, it is recommended that 

future testing of larger samples be conducted. Memorial 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 establish much larger impact 

forces. This will reinforce the prediction which may possibly be expanded to genuine load 

estimation for things like bulbous bows or azimuthing propulsion units. 

In many ice load related regulations, rules and guides used in the marine industry, the ice 

sheet is often considered to be infinite. In this thesis previous work by Timco-Frederking 

was examined. The Timco-Frederking testing could be repeated using methods developed 

in this thesis to establish the appropriate ratio to define an infinite ice sheet. (See 3.10 

Comparison to Published Results for more details) 

Lƴ ǊŜŀƭƛǘȅ ǘƘŜ ƛƴŦƛƴƛǘŜ ƛŎŜ ǎƘŜŜǘ ƛǎ ǘȅǇƛŎŀƭƭȅ ƛƴ ƭƛƴŜ ǿƛǘƘ ǘƘŜ ƭƻŀŘ ǇŀǘƘΦ CƻǊ ŜȄŀƳǇƭŜ ƛŦ ŀ ǎƘƛǇΩǎ 

bulbous bow strikes an ice sheet; the ice sheet may be considered infinite as it may cover 

the entire bay or river but the thickness is very finite compared to the bulb. This concept 

was introduced in the propulsor example given in 3.11 Predicting Full Scale Loads, but 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 exploration into 

the effects of impact onto an ice sheet edge or a non-cylindrical 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 strength ς Test No. 
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Time 
Total 
Force 

Frame 
# 

Small 
Carriage 
Movemen
t [mm] 

Large 
Carriage 
Movemen
t [mm] 

Total 
Indentatio
n [mm] 

Radius 
for 
norma
l area 

Nomina
l 
contact 
area 
[mm2] 

Nomina
l 
contact 
area 
[m2] Peak force [N] 

Nominal 
Pressure 
[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
6 22322.09 391 1.84 1.43 3.27 21.90 1506.55 0.00 23935 

1588709
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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Time 
Total 
Force 

Frame 
# 

Small 
Carriage 
Movemen
t [mm] 

Large 
Carriage 
Movemen
t [mm] 

Total 
Indentatio
n [mm] 

Radius 
for 
norma
l area 

Nomina
l 
contact 
area 
[mm2] 

Nomina
l 
contact 
area 
[m2] Peak force [N] 

Nominal 
Pressure 
[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
6 39980.75 392 2.78 3.26 6.05 29.50 2734.49 0.00 40171 

1469037
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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Time 
Total 
Force 

Frame 
# 

Small 
Carriage 
Movemen
t [mm] 

Large 
Carriage 
Movemen
t [mm] 

Total 
Indentatio
n [mm] 

Radius 
for 
norma
l area 

Nomina
l 
contact 
area 
[mm2] 

Nomina
l 
contact 
area 
[m2] Peak force [N] 

Nominal 
Pressure 
[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
6 46236.47 393 3.90 3.66 7.56 32.81 3382.04 0.00 46236 

1367118
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
6 39135.55 394 4.85 4.06 8.91 35.46 3949.62 0.00 49130 

1243918
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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Time 
Total 
Force 

Frame 
# 

Small 
Carriage 
Movemen
t [mm] 

Large 
Carriage 
Movemen
t [mm] 

Total 
Indentatio
n [mm] 

Radius 
for 
norma
l area 

Nomina
l 
contact 
area 
[mm2] 

Nomina
l 
contact 
area 
[m2] Peak force [N] 

Nominal 
Pressure 
[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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Time 
Total 
Force 

Frame 
# 

Small 
Carriage 
Movemen
t [mm] 

Large 
Carriage 
Movemen
t [mm] 

Total 
Indentatio
n [mm] 

Radius 
for 
norma
l area 

Nomina
l 
contact 
area 
[mm2] 

Nomina
l 
contact 
area 
[m2] Peak force [N] 

Nominal 
Pressure 
[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          

19.8374
4 22011.81       Average pressure: 

1197959
2 
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Figure A2-1. Test No. 24 - Frame 389 



96 | P a g e 
 

 

Figure A2-2. Test No. 24 - Frame 390 
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Figure A2-3. Test No. 24 - Frame 391 
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Figure A2-4. Test No. 24 - Frame 392 
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Figure A2-5. Test No. 24 - Frame 393 
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Figure A2-6. Test No. 24 - Frame 394 
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Figure A2-7. Test No. 24 - Frame 395 
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Figure A2-8. Test No. 24 - Frame 396 
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Figure A2-9. Test No. 24 - Frame 397 
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Figure A2-10. Test No. 24 - Frame 398 
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Figure A2-11. Test No. 24 - Frame 399 
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Figure A2-12. Test No. 24 - Frame 400 
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Appendix 3  
High Speed Video ς Velocity 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 in Figure A3-1 and Figure A3-2. Frame 361 shows no signs of contact 

whereas 362 clearly shows contact. 

 

Figure A3-1. Test No. 44 - Frame 361 
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Figure A3-2. 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 displacement is 

established. 






