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Abstract
Medium-scale laboratory tests have been carried out with an aim to improve the
understanding of compressive ice failure phenomena and links between the formation of
high-pressure zones and the occurrence of ice-induced structural vibrations under
controlled conditions. The tests presented in this thesis focus on the indentation of ice
using a single spherical indenter mounted on rigid and compliant indentation systems.
Fifteen indentation tests were performed to investigate the effects of ice temperature,
indenter size and structural feedback on ice failure processes associated with highpressure zone formation and evolution during dynamic ice crushing tests.
It was observed that ice at warm temperatures was more prone to ductile type failure with
lower, less dynamic pressures. By contrast, results from tests conducted at colder
temperatures were characterized by a combination of spalling and crushing failure, which
associate more with large-amplitude, sawtooth load cycles. In terms of scale effects, it
was observed for the same indentation rate and temperature, smaller indenters produced
higher amplitude, higher frequency sawtooth loading than was observed for larger
diameter indenters. It was also observed that the structural compliance aids in the
formation and development of cyclic loading patterns. Results presented in this thesis will
be used to guide the remainder of the ice crushing dynamics research program.
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Chapter 1: Introduction
1.1 Overview
Arctic technology has come a long way since the first exploration in ice covered Cook
Inlet, Alaska in the 1960s. Due to significant hydrocarbon potential in the Jeanne d‘Arc
Basin, Sakhalin Island, Beaufort Sea, Sverdrup Basin and other parts of the Arctic, the
offshore industry will continue to expand over the new few decades. Harsh environmental
conditions, poor infrastructure and uncertainty about ice conditions and ice load are still
limiting the true potential of exploration, drilling and oil extraction efforts in these areas
(Gudmestad et al., 2007). One of the key challenges identified by the offshore industry is
reducing uncertainties in ice load estimation (Taylor et al., 2012).
To understand the physics and mechanics of ice-induced vibrations in structures, the
industry has heavily invested in several research projects that had offshore structures
susceptible to the action of moving ice. Both scale-model tests and full-scale
measurements, as well as the theoretical models, have been developed to advance the
countermeasures for structural design to avoid adverse ice-induced vibrations. Different,
even contradicting models and explanations have been developed, but gradually a more
coherent understanding of dynamic ice-structure interaction is emerging.
When ice sheets interact with fixed offshore structures, the ice-breaking process causes
dynamic ice forces and may induce structural vibrations. These dynamic ice actions on
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offshore structures are a highly important concern for engineering design. Ice-induced
vibrations of vertical-faced structures in ice-covered waters have been a known challenge
since the first observations of ice induced vibrations on the drilling platforms in Cook
Inlet, Alaska by Peyton (1968) and Blenkarn (1970). Since then, ice loads and structural
vibrations have been reported on lighthouses (Engelbrektson, 1977), bridge piers (Sodhi,
1988) and offshore jacket oil platforms (Yue et al., 2001). Ice-induced vibrations were
also observed on multi-legged structures in the Bohai Sea (Xu et. al., 1986) that led to
harmful resonant vibrations. Initially, it was believed that ice induced vibrations are a
problem only for narrow and slender structures. In 1986, the Molikpaq, a massive lowrise caisson retained island in the Beaufort Sea, experienced heavy dynamic ice loads and
steady-state vibrations in such range that the structure was close to its limit stability
(Jeffries et al., 1988). The Molikpaq incident highlighted the need to study ice-structure
interaction dynamics even for wide structures. The study of dynamic ice action is
significant, and its knowledge is essential for economically sound and safe design of an
offshore structure.
During the ice-structure interaction, ice failure may occur in many ways, including radial
cracking, circumferential cracking, buckling, spalling, crushing, creep failure, flexural
failure, compressive ice failure or a combination of any these (Sanderson, 1988). From an
engineering point of view, compressive ice failure and crushing are considered as the
primary failure mode of interest for vertical structures as they are associated with the
highest ice action and significant dynamic loading. This phenomenon is quite complex as
ice-induced vibrations are also associated with the compressive ice failure. These
2

vibrations have been observed on many full-scale fixed structures and it has been the
cause of structural damage (Björk, 1981) and failure in some structures (Määttänen, 1975;
Fransson and Danielsson, 1985). Ice-induced vibrations have also been observed on
medium-scale testing structures (Frederking et al., 1990).

1.2 Objectives
The primary objective of this research program is to investigate and understand the
compressive ice failure and crushing dynamics during ice-structure interaction and
explore the effects of different parameters on ice loads and ice failure. This thesis
investigates the following:


The process responsible for the formation and evolution of high-pressure zones
during the indentation tests.



The effect of the temperature on failure mechanism.



The effect of structural compliance on the compressive ice failure phenomenon.



The influence of different indenter sizes on ice-structure interaction.



The influence of the aforementioned parameters on the formation of cyclic
loading patterns.



The influence of the aforementioned factors on the microstructural behavior of
ice.

3

1.3 Scope of Thesis
The research presented in this thesis focuses on medium-scale laboratory investigation of
compressive ice failure and crushing dynamics during the interaction of ice samples with
rigid and compliant structures. A series of tests were performed wherein ice samples
produced using freshwater polycrystalline ice at different temperatures were crushed
using spherical indenters of different sizes to study the effects of various parameters like
sample temperature, indenter size and structural compliance on compressive ice failure,
crushing dynamics, formation and evolution of high-pressure zone and cyclic loading
phenomenon. The experimental program is divided into two phases: Phase 1A and Phase
1B respectively. The ice samples were produced in the Thermal Laboratory‘s reefer unit
at the Memorial University of Newfoundland, and the cold room facility at C-CORE. All
the tests were performed in the Strength Laboratory at Memorial University of
Newfoundland. The effects of structural feedback on compressive ice failure and crushing
dynamics during the formation of a single high-pressure zone were studied in Phase 1A,
whereas in the case of Phase 1B, compressive ice failure and crushing dynamics during
the formation of a single high-pressure zone were studied in the absence of structural
feedback.

1.4 Outline of Thesis
The thesis is organized into six chapters. Chapter 1 deals with the introduction and
overview of the research program. Chapter 2 covers a review of relevant literature on
mechanical properties and behavior of ice, ice mechanics, damage and failure mechanics,
4

scale effects, compressive ice failure and crushing dynamics, formation and evolution of
high-pressure zones, cyclic loading phenomenon and ice-induced vibrations. Chapter 3
provides a detailed description of the experimental methodology, test plan and design, test
setup, ice sample preparation, test equipment and instrumentation, testing and postexperimental data collection. Chapter 4 consists of a sample of the data obtained from the
tests with an exhaustive collection of results available in appendices. Detailed analysis of
the experimental results that include ice failure observations and effects of sample
temperature, structural compliance and indenter size are provided in Chapter 5. Chapter 6
discusses the major findings, conclusions and provides recommendations for future work.
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Chapter 2: Literature Review
2.1 Overview
Ice is a unique material that behaves like a brittle, non-linear, viscoelastic solid. It is often
encountered in a temperature range very close to its melting temperature. Ice fractures
under high strain rate and creeps with very little stress. According to Sanderson (1988),
ice is extremely brittle at high stresses and behaves like a creeping, ductile material at low
stresses. The stress-strain relationship of loaded ice is time dependent in nature i.e. ice
will experience time dependent strain under constant stress and stress relaxation under
constant strain (Jordaan, 2001). It is difficult to describe its material behavior using a
single mechanical property. The behavior of ice can be modeled using a combination of
elasticity, viscoelasticity, damage or fracture mechanics (Timco and Weeks, 2010). As a
geophysical material contains many flaws, ice failure behaviour is significantly
influenced by random fractures. The uncertainty of ice behavior, the different properties
associated with it and the complex physical and mechanical properties that are used to
describe the ice behavior at different conditions makes ice a difficult material to
understand.
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2.2 The Mechanical Behavior of Ice
2.2.1 Elasticity
Young's Modulus (E) of the material is the ratio of stress (σ) to strain (ε) during elastic
behavior. Ice responds elastically and linearly to low stresses applied for a short time.
This elastic nature of ice is useful, but only in a highly restricted range of circumstances
(Sanderson, 1988).
For the present research, freshwater granular ice is assumed to be isotropic in nature i.e.
having same properties in all directions. The elastic response of ice, in this case, can be
described by the Lamé‘s constants, λ (Lamé‘s first parameter) and μ (Shear Modulus),
which can be related to the Young‘s modulus (E) and Poisson‘s ratio ν by,

𝜇=

𝐸
2(1 + 𝑣)

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟏

𝜆 =

𝐸𝑣
(1 + 𝑣)(1 − 2𝑣)

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟐

Based on his study of the effects of temperature on the behavior of ice, Glen (1975)
developed temperature dependent equations for E and ν whereas Sinha (1979) argued that
the temperature effects were insignificant and thus could be neglected. Subsequently,
Sinha (1989) reported that the values of Young's modulus varied from 9 GPa to 10.16
GPa and Poisson's ratios varied from 0.308 to 0.365 for polycrystalline ice over a
temperature range of 0°C to -50°C.
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2.2.2 Viscoelasticity and Creep
Viscoelastic materials exhibit both viscous and elastic characteristics when undergoing
deformation. It means that a material's response to deformation or force may change over
time i.e. the relationship between stress and strain for viscoelastic materials is time
dependent and the response of stress depends on both the strain applied and the strain rate
at which it was applied.
Lockett (1972) documented some interesting properties about viscoelastic materials.
Since ice is a viscoelastic material, it exhibits the following properties.


Strain Rate Dependence: Viscoelastic materials are said to be strain ratedependent as faster strain rates cause more elastic responses resulting in a stiff
material, whereas slower strain rates cause more fluid-like behavior.



Stress relaxation: If you apply a constant displacement to a viscoelastic material,
the force required to hold the material in this configuration decreases over time.



Creep: Viscoelastic materials show creep behavior. If you apply a constant force
to a viscoelastic material, the displacement increases over time and on release, it
takes time for the material to recover to its initial configuration.



Hysteresis: When viscoelastic materials have a force applied to them, which is
then removed, it consumes more energy to displace the material (loading phase)
than it does to return the material to its original configuration (unloading phase).

Figures 2.1 and 2.2 illustrate the dependence of stress and strain behavior of ice on time.
Constant strain rate creep curves are shown in Figure 2.1. It can be observed that for ice
8

deformed under constant strain rate, increasing strain rate increases the peak stress. For
ice under low strain rates, the behavior is pure creep and ice behaves similarly under
tensile and compressive loading, as evident from the tensile strain rate (ɛ𝑡) and
compressive strain rate (ɛ𝑐 ). For intermediate strain rates, however, microstructural
damage processes like microcracking and recrystallization cause pressure softening in the
post-peak region. As the strain rates increase further, the failure mode changes to brittle
fracture behavior.

Figure 2.1: Typical constant strain rate creep curves for ice (Nadreau and Michel, 1984).
Deformation behavior of a polycrystalline ice sample under constant uniaxial load in
tension and compression is illustrated in Figure 2.2. After elastic deformation, the creep
deformation is divided into three stages: primary creep, secondary creep and tertiary
creep. The delayed-elastic creep strain is also referred to as primary strain. Primary creep
is recoverable i.e. if the compressive stresses are removed, the grains try to recover its
original shape. Secondary creep, also known as viscous creep strain is non-recoverable
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and the things that are highly non-linear and time dependant can still be recovered.
Secondary creep occurs at all stresses and shows no yield point, resulting in a permanent
deformation within ice. Tertiary creep is a complex deformation stage that is associated
with the formation of microcracks, dynamic recrystallization, softening of ice, finally
leading to a complete failure (Duval et al., 1983).

Figure 2.2: Typical creep curves for ice under constant stress (Nadreau and Michel,
1984).
The response of viscoelastic materials can be represented employing mechanical models.
These models are obtained from different combinations of springs and dashpots. The
behavior of viscoelastic materials can be represented using these combinations of the
analogous responses of springs and dashpots, either in series or parallel. The Burgers
system is the most commonly discussed mechanical model when it comes to modeling an
idealized viscoelastic model of ice (Jordaan and McKenna, 1988). The Burgers
mechanical model consists of a Kelvin-Voigt model (spring and dashpot in parallel) and a
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Maxwell model (spring and dashpot in series) connected to each other in series. Figure
2.3 shows a schematic of Burgers model.

Figure 2.3: Burgers model: a Maxwell Unit and a Kelvin-Voigt Unit in series.
The Kelvin-Voigt unit in this system represents the delayed-elastic or primary creep strain
whereas in the case of the Maxwell unit, the dashpot represents the viscous or secondary
creep strain and the spring represents the instantaneous elastic strain in ice under load.
The total strain ɛ in this model is the sum of delayed elastic strain ɛc, the viscous strain ɛd
and the instantaneous strain ɛe.
ɛ = ɛ𝑐 + ɛ𝑑 + ɛ𝑒

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟑

Where,

ɛ𝑒 =

𝜎
𝐸𝑚

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟒
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For elastic strain, σ is the axial stress and Em is the Young‘s modulus of ice. The delayedelastic and viscous creep rates are given as,

ɛ𝑑 =

𝜎
𝜇𝑘

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟓

ɛ𝑐 =

𝜎
𝜇𝑚

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟔

Here, μk is the viscosity coefficient for the Kelvin-Voigt model and μm is the viscosity
coefficient for the Maxwell model.
The Burgers model has been used by Jordan and Xiao (1992), Xiao (1997), Li (2007) and
others to model ice behavior. Despite its application by various researchers, the model has
encountered difficulties when paired with multiple Maxwell units in series to obtain a
more accurate model. Taylor et al. (2010) discussed these shortcomings in further detail
and also presented the improved methods to model the viscoelastic behavior of ice as
suggested by Sinha (1979), Jordaan and McKenna (1988), Schapery (1997) and Meglis et
al. (1999).

2.2.3 Fracture and Damage in Ice
2.2.3.1 Fracture
Ice, in its natural form, has many flaws, defects and irregularities. These defects play a
significant role in determining the failure and fracture processes that lead to deformation
in ice. When ice undergoes failure, the fracture processes are often associated with ice‘s
transition from creep and ductile mode to brittle mode as the indentation rate increases.
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Gold (1972) first recognized the importance of the brittle behaviour in this context. This
transition is a result of temperature, underlying flaws, strain rate and load level
(Sanderson, 1988).
Test ice grown in laboratories are often void of internal flaws or cracks. On applying load
on ice, it deforms, causing internal dislocations and pile-up at grain boundaries that result
in stress concentrations. To relieve these stress concentrations, grain boundaries grow
apart, thus giving rise to microcracks (Schulson et al., 1984). Crack nucleation is that
point in time when cracks appear where none were present earlier. Crack nucleation is the
first point in the mechanical failure (Frost, 1995). It is associated with the transition of ice
from ductile to brittle behavior. A propagation-controlled fracture is when the induced
crack nucleation results in very small microcracks that do no propagate and extra load is
applied until the propagation occurs. On the other hand, nucleation-controlled fractures
are large enough to produce big microcracks that propagate on their own (Sanderson,
1988). A thorough study regarding the mechanism of crack nucleation is presented by
Frost (2001). According to the author, the following mechanisms are responsible for local
stress concentrations:


Dislocation pile-ups.



Grain-boundary sliding.



Elastic stress concentrations due to elastic anisotropy and thermal effects.



Elastic stress concentrations at interior flaws.
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Thus, different nucleation mechanisms are observed for laboratory prepared ice under
different conditions. According to Sanderson (1988), if natural ice contains many inherent
flaws and defects, the fracture experienced will be more likely due to the existing flaws
rather than crack nucleation.

2.2.3.2 Microstructural Damage in Ice
During an ice-structure interaction, ice that comes in contact with the structure undergoes
modifications in its microstructure, physical and mechanical properties. Microstructural
damage is referred to the stage in which ice undergoes microstructural changes and
modifications that are irreversible i.e. the original grain boundaries and the mechanical
properties of ice are permanently changed. Processes like microcracking, pressure melting
and recrystallization are associated with microstructural damage.
Indentation rate plays a significant role in changing the failure mode of ice from creep
and ductile to brittle behavior. At very slow indentation rates, ice undergoes ductile
failure wherein the pressure is distributed uniformly across the indented ice surface. As
the indentation rates increase, ice can no longer fail uniformly and undergoes various
failure mechanisms such as dislocations, localized spalling, radial cracking, crushing and
extrusion that will eventually lead to the formation of high-pressure zones (hpzs).
Frederking et al. (1990) performed medium-scale tests at the Hobson‘s Choice Ice Island.
The indentation tests were performed using a rigid spherical indenter having a diameter of
1 m and a radius of curvature of 1.28 m, at an indentation rate of 0.3 mm/s. Results from
these tests show that a permanent depression was formed at the indented area with
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substantial damage observed near the area of the indentation. Neither extrusion nor
localized spalling were observed, though radial cracks were observed surrounding the
indented ice surface. Masterson et al. (1999) observed similar ductile failure during slow
speed tests performed at Rae Point with an indentation speed of 0.3 mm/s. Figure 2.4 (a)
presents a schematic of the indented area at low loading rates during the medium-scale
field tests. Figure 2.4 (b) illustrates the formation of the permanent depression of the
indented ice with little evidence of crushing and extrusion, though significant
recrystallization was observed, indicating that a damaged region was formed.

(a)

(b)

Figure 2.4: (a) slow (0.03 mm/s) test results from Hobson's Choice Ice Island experiments
(Frederking et al., 1990). (b) ductile failure observed for the Rae Point slow (0.03 mm/s)
tests (Masterson et al., 1999).
As mentioned earlier, ice failure behavior changes from ductile to brittle mode with an
increase in loading rate. Kheisin and Cherepanov (1973) and Kurdyumov and Kheisin
(1976) first observed the formation of highly damaged layers while performing drop tests
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using a 300 kg steel ball on the surface of an ice sheet. These damage zones resulted from
crushing and extrusion of pulverized ice in addition to the evidence of microcracking.
Frederking et al. (1990) and Jordaan (2001) observed extensive crushed ice surrounded
by recrystallized zones during the Hobson‘s Choice Ice Island medium-scale tests. A
distinct boundary between the crushed ice and the parent ice suggested that lateral grain
movement was also observed along the grain boundaries. Full-scale iceberg results
reported by Muggeridge and Jordaan (1999) also reported highly crushed, fine-grained
and microcracked ice at faster loading rates. Figure 2.5 (a) presents a schematic of the
failure mode for high loading rates during the medium-scale field tests. Figure 2.5 (b)
illustrates the results obtained from the Rae Point experiments as reported by Masterson
et al. (1999).

(a)

(b)

Figure 2.5: (a) an illustration of ice failure mode observed at higher loading rates during
medium-scale field tests (Jordaan and Xiao, 1992); (b) brittle failure observed for the Rae
Point fast (10 mm/s) tests (Masterson et al., 1999).
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For tests with higher loading rates, the damaged layer adjacent to the indenter became
prominent in the area. As shown, the indented region is highly confined, recrystallized
with evidence of microcracking and pressure softening whereas heavy spalling and
microcracking has been observed in the areas surrounding the indented region. Further
research on the brittle failure, fracture and damage processes has been carried out by
Jordaan and Xiao (1992), Meglis et al. (1999), Xiao (1997) and Li (2007).

2.2.4 Dynamic recrystallization and Pressure Melting
When ice is subjected to high confining pressures, the deformation process is dominated
by recrystallization and pressure melting. According to Meglis et al. (1999),
recrystallization and pressure melting play a significant role in the enhancement of creep
in ice under high pressures. Recrystallization is defined as the reorganization of material
into different orientations, grains shapes and sizes (Vernon, 1981). Dynamic
recrystallization is recrystallization associated with deformation processes. In the case of
ice, recrystallization changes the grain size, grain boundary structure, sub-structure and
the dislocation density. These changes result in ductility and softening of ice that
eventually leads to the formation of strain localization and shear zones (Xiao, 1997).
Jonas and Muller (1969) observed that dynamic recrystallization had varying effects with
changes in the shear stress. For low shear stresses, dynamic recrystallization on ice could
be avoided. For intermediate shear stresses, the dynamic recrystallization occurred
periodically, whereas, for the higher shear stress states, continuous recrystallization is
expected following a period of conventional creep flow. Wei and Dempsey (1991), Duval
et al. (1983), Urai et al. (1986) and other authors have studied the effects of dynamic
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recrystallization and its effects on creep enhancement, grain boundary formation and
brittle crack propagation in greater detail.
For quasi-static pressure changes, Hobbs (1974) defined pressure melting in terms of a
thermodynamic equation,
𝑑𝑇𝑚
𝑉𝑤 − 𝑉𝑖
=
𝑑𝑝
𝑆𝑤 − 𝑆𝑖

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟕

Where Tm is the melting temperature of ice in Kelvin, p is the pressure, Vw, Vi, Sw and Si
are volume and entropy of water and ice respectively. On further simplification using the
Clausius-Clapeyron‘s equation, an inverse relationship between the melting temperature
and pressure was established.
𝑑𝑇𝑚 = −𝐴𝑑𝑝

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟖

where A is a temperature dependent constant. For ice at -10°C, A= 0.0833 °C/MPa and at
0°C, A= 0.0743 °C/MPa. Tests performed by Nordell (1990) contains additional details
about the relationship between temperature and pressure of ice and its association with
the deformation processes observed on ice. According to Meglis et al. (1999) and
Muggeridge and Jordaan (1999), ice tested under triaxial conditions and the damaged
layer during full-scale indentation tests show clear evidence of pressure melting.

2.3 Compressive Ice Failure
From an engineering point of view, ice compressive failure loads due to spalling and
crushing are a significant consideration for design scenarios involving the failure of ice
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against vertical-walled structures, since such interactions are often associated with
extreme ice loads and significant dynamic action (ISO 19906, 2010). This phenomenon is
quite complex as ice-induced vibrations are also associated with the compressive ice
failure as they are cyclic in nature (Jordaan et al., 2008).
Compressive ice failure is often linked to complex failure mechanisms such as spalling,
splitting and crushing processes. These failure mechanisms play a crucial role in the
formation of highly damaged ice under interaction with a structure and are responsible for
the evolution of an important interaction process, the hpzs. During an ice-structure
interaction, these hpzs transfer a majority of the force through a very small interaction
area (Jordaan, 2001). According to the observations made by Taylor et al. (2008) during
the medium-scale tests for the Japan Ocean Industries Association (JOIA), on average
only 10% of the nominal area is actually loaded during crushing events. Thus, it is crucial
that these hpzs should be thoroughly studied and understood. Failure mechanisms like
macrofractures, recrystallization and pressure melting are often associated with spalling
and crushing processes, which play a significant role in the formation, evolution and
development of hpzs (Jordaan, 2001). Crushing is associated with the damage processes
within hpzs, whereas spalling fracture is primarily associated with stress, geometry and
flaws (Taylor et al., 2008). Hpzs are responsible for high local contact pressures and have
been observed in various medium and small-scale indentation tests. Local pressures as
high as 80 MPa (Frederking et al., 1990) and 50 MPa (Masterson et al., 1993) have been
observed during medium-scale indentation tests and pressures reaching almost 100 MPa
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have been recorded during small-scale indentation tests on freshwater polycrystalline ice
samples (Mackey et al., 2007; Jordaan et al., 2008).
During an ice structure interaction, many high-pressure zones originate in the indented
area and the failure of one high-pressure zone might trigger failure among adjacent hpzs.
Thus, it is crucial that we study and analyze the formation of a single high-pressure zone.
Figure 2.6 illustrates the formation of a high-pressure zone (Jordaan et al., 2008).
According to Figure 2.6, extensive microcracking starts when ice comes into contact with
the structure that leads to fragmentation of ice near the hpz (A). Ice near the edges of the
contact zone undergo high shear and low confinement, resulting in spalling and
microcracks while ice near the center of the hpzs undergo high confinement, thus leading
to the formation of recrystallized, highly fine-grained ice. This results in pressure
softening at the centre of the hpz (B) and an eventual low-pressure area, due to extrusion
of softened and crushed ice (C). This constant crushing and extrusion phase results in
continuous cycles of pressure softening and hardening leading to the formation of loading
cycles. Localized spalls cause big load drops often causing an end to these cycles due to
the reduction in contact area (E). Jordaan et al. (2008) discuss the formations, evolution
and development of hpzs in further detail.
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Figure 2.6: Illustration of an ice-structure interaction phenomenon (Jordaan et al., 2008).
The continuous loading and unloading cycle of ice under constant indentation results in
ductile-brittle transition failure of ice that eventually leads to the self-excited vibrations
under moderate indentation speeds. This feature of compressive ice failure is the effect of
structural feedback. During the loading phase, kinetic energy is stored in the structure as
ice advances and undergoes microcracking. When the density of microcracks reaches a
critical level, they coalesce with each other, leading to the total failure of ice sheet thus
causing the structure to spring back. The ice force drops down quickly during this
process, which is called the ―unloading phase‖. The frequency at which the load
fluctuates is directly associated with the velocity of ice and the stiffness of the structure
(Määttänen, 1988; Timco and Frederking, 1986; Yue et al., 2009).
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2.4 High Pressure Zones
Compressive ice failure is a rate dependent process. Ice creeps at very slow loading rates
and as the loading rates increase, there are changes in the microstructural behavior of ice
and the rate of creep is enhanced. This microstructural change is known as damage. As
the loading rates increase, the damage is more localized in regions adjacent to the
indenter. This localized layer of heavily damaged ice is also called a ‗high-pressure zone‘
(hpz). These localized hpzs are responsible for transmitting most of the total ice load onto
the interacting structure. The formation of the hpzs is associated with two processes,
concentration of stress resulting from spalling and fracture processes and the formation of
the damaged layer (Jordaan, 2001).
Spalls frequently occur near the edges of the ice-structure contact zone. Hpzs are
influential in the evolution of the ice-induced vibrations as they are associated with
localized spalling, damage and softening processes. When hpzs occur, extensive spalling
fractures are formed near the edge of an ice-sheet (Croasdale, 1975; Croasdale et al.,
1977). This occurrence is particularly evident in the case of an ice sheet interacting with
the structure, as hpzs tend to concentrate near the center of the ice sheet. These fractures,
however, assist in reducing the load on structure significantly as illustrated in Figure 2.7.
The fractures also end up destroying all or some part of these hpzs in the contact area. As
the loading phase starts again, interaction occurs, thus resulting in the continuous birth,
evolution and death of hpzs throughout the interaction zone.
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Figure 2.7: Schematic of the spalling, extrusion and high-pressure zone formation
(Jordaan, 2001).
The stress states vary within the high-pressure zones ranging from low confinement near
edges to high values, almost reaching 100 MPa near the center. These regions of intense
shear permanently change the microstructural change in the indented ice. Damaged ice
layers are formed in the vicinity of the hpzs. Microfracturing and recrystallization are
observed near the edges of hpzs, whereas the central areas of hpzs are heavily dominated
by highly recrystallized material, accompanied by pressure softening and ejection of
crushed ice. Similar observations regarding the microstructural changes in the local hpzs
were made by Sinha (1977), Sinha and Cai (1992), Jordaan and Singh (1994) and Barrette
et al. (2002). The reader is referred to Jordaan (2001) for a detailed explanation of these
microstructural changes and its study from the perspective of damage mechanics.
Hpzs vary in location and time, and their distribution is dependent upon the geometry of
the contact zone. Thus, the hpzs present in large interaction areas are more random and
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distributed over the entire area as compared to narrow interaction areas. Thus, the
formation of hpzs during laboratory tests have a different effect on the overall failure
behavior of ice as compared to the full-scale field tests. For a larger interaction area, the
presence of multiple hpzs promotes non-simultaneous failure. The combination of
localized extrusion of ice from the formation of several hpzs significantly reduces the
total load during a full-scale interaction.

2.5 Local and Global Ice Loads
The design of an offshore structure against an ice crushing event requires estimates of
global ice forces and local ice pressures. Global loads represent the maximum total force
applied to the entire structure whereas the local loads represent the maximum force on a
particular area of structural importance. The global interaction area and the local design
area are required to calculate the global loads and local loads respectively.
Global interaction area: Nominal interaction area, also referred to as global interaction
area is the area determined by the projection of the structure on the original shape of ice,
without reducing the fractured or the spalled areas that occurred during the interaction.
This area comprises areas with little to no pressure as well as high-pressure zones. A
schematic of the global interaction area is shown in Figure 2.8 (a). Global interaction
areas range from about ten square meters to hundreds of square meters.
Local design area: The smaller areas found within the global interaction area that are
subjected to local high pressures are called local design areas. These areas are used to
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design the panel, shell or the stiffening elements of a structure. Figure 2.8 (b) illustrates a
local design area. For full-scale structures, local design areas typically range between 0.6
m2 and 10 m2.

(a)

(b)

Figure 2.8: Schematic of (a) global interaction area and (b) local design area (Jordaan et
al., 2005 a).

2.6 Pressure-Area Scale Effect
Classical materials comprising of properties like elasticity, viscoelasticity or plasticity are
independent of scale effects whereas fracturing materials like ice are fundamentally scaledependent. According to Sanderson (1988), average pressure on a structure decreases
with increasing contact area. The scale effects in ice-structure interaction are primarily
attributed to two main reasons, (1) fracture of ice, that reduces the volume of ice to be
crushed and assists in the formations of hpzs, and (2) probabilistic averaging, wherein the
local pressures on local areas are averaged out to global pressures (Jordaan et al., 2006).
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Flaw distribution in ice plays a significant role in the ice behavior when fractured. Figure
2.9 (a) illustrates that large ice samples have a higher probability of containing critical
flaws, thus making the larger samples more prone to fractures at lower stress levels.
Sanderson (1988) discussed the relationship between the statistical aspects of fractured
ice and scale effects in further detail.

(a)

(b)

Figure 2.9: (a) Statistical flaw distribution in large and small samples (Jordaan and Pond,
2001), (b) Variation in global pressure measurements using the probabilistic averaging
approach (Li, 2007).
Pressure over small areas due to the formation of hpzs during ice compressive failure
show large systematic and random fluctuations. Averaging ice loads across the width of a
structure derives from the sum of all the hpzs averaged over the area of interest. Statistical
averaging of hpzs leads to non-simultaneous failure of ice across a structure. Since this
averaging of local pressures leads to a smaller global pressure standard deviation,
probabilistic averaging has been found to reduce these variations significantly as
illustrated in Figure 2.9 (b) (Li, 2007). Taylor et al. (2008) suggest further work on
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probabilistic averaging methods can help identify the links between local and global
pressure behavior that will ultimately contribute to the better understanding of the
pressure-area scale effects.

2.7 Full Scale and Medium Scale Indentation Programs
Ice-induced vibrations (IIVs) of vertical-faced structures in ice-covered waters have
presented designers with challenges since the first observations of such phenomenon on
drilling platforms in Cook Inlet Alaska by Peyton (1968) and Blenkarn (1970). Since
then, ice loads and structural vibrations have been reported on lighthouses and
navigational aids (Määttänen, 1975; Engelbrektson, 1977; Fransson and Danielsson,
1985), bridge piers (Niell, 1975) and offshore jacket oil platforms (Yue et al., 2001). Iceinduced vibrations were also observed on multi-legged structures in the Bohai Sea (Xu et
al., 1983) and even on Molikpaq, a massive caisson retained island in the Beaufort Sea,
which experienced such heavy dynamic ice loads and associated vibrations that the
structure was close to its limit stability (Jefferies and Wright, 1988). These observations
highlight the importance of understanding and properly accounting for dynamic ice action
to ensure the safe and economical design of full-scale offshore structures.
Data from past field programs, such as Pond Inlet (Masterson et al., 1992), Rea Point
(Masterson et al., 1999), Hobson‘s Choice Ice Island (Frederking et al., 1990; Gagnon
and Sinha, 1991; Masterson et al., 1993; Gagnon, 1998; Jordaan, 2001), as well as
medium-scale field indentation tests (e.g. Takeuchi et al., 1997; Matsushita et al., 1997;
Sodhi et al., 1998; Kaimo et al., 2000; Akagawa at al., 2000) carried out by the Japan
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Ocean Industries Association (JOIA) have provided foundational insights into details of
the compressive ice failure processes. Observations from these field tests suggest that
during ice-structure interactions, the contact surface contains localized areas of intense
pressure (hpzs), through which the majority of loads are transmitted. Tactile pressure
sensor data from the JOIA data indicates that such hpzs comprise about 10% of the
nominal interaction area (Taylor et al., 2008).
Oil and gas platforms in Cook Inlet, Alaska experienced unexpected vibrations during the
late 1950s thus raising scientific interest to understand the dynamics of structures under
ice loads. Cook Inlet platforms had monopod, as well as multi-legged foundations, and
the ice sheet failed in crushing mode against the legs. Key findings indicated that the ice
crushing strength is loading rate dependent and that the repeating ice failures occurred at
certain frequencies. Two explanations were proposed: ice has a tendency to break at a
frequency about 1 Hz (Peyton, 1968), and that the rise of ice-induced vibrations is a selfexcited process originating from ice strength dependence on loading rate (Blenkarn,
1970). In both cases, the structure itself had a natural frequency close to 1 Hz.
Kemi and Norströmsgrund lighthouses have been one of the major contributors in
capturing the ice-structure interaction data on full-scale structures. After reports of hard
vibrations on the Norströmsgrund lighthouse during an ice crushing event were first
reported, Engelbrektson (1977) captured data from 1973 to 1989 to study the dynamic ice
crushing phenomena. The constant fluctuations in the ice loads during the failure of an ice
sheet against the structure gave rise to resonant vibrations. The measurements and
analysis of these severe vibrations by the author led to the conclusion that the forces
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during ice crushing at certain velocities were sawtooth-shaped with a frequency close to
the natural frequency of the lighthouse (Engelbrektson and Janson, 1985; Engelbrektson,
1989). Similar results were observed in the case of Kemi 1 lighthouse (Määttänen, 1977;
Määttänen and Hoikkamen, 1990; Määttänen, 2008).
Ice problems related to the offshore structures in the Bohai Sea have been, for the most
part, due to the vibrations in structures during ice crushing events. Yeu et al. (2000)
conducted full-scale ice-structure interaction tests on three multi-leg jacket platforms in
the Bohai Sea to understand the crushing process and the formation of steady-state
vibrations on vertical structures. The authors observed that the steady-state vibrations
have greater amplitude than random vibrations. Due to the higher ice speeds, the loading
rate of ice fell within the ductile-brittle range. This ductile-brittle transition zone occurred
during the unloading stage. Based on the above analysis, it was concluded that the failure
process of ice depends on the relative speed and relative displacement of ice and
structure.
Yeu et al. (2009) performed full-scale tests on a cylindrical monopod structure in Bohai
Bay to generate dynamic ice forces and structural vibrations. The test data showed that
the dynamic ice forces could be classified in three modes (quasi-static ice forces for ice
speeds less than 2 cm/s, locked-in forces for ice speeds ranging between 2-4 cm/s and
random and irregular forces for ice speeds greater than 4 cm/s). In the case of the quasistatic mode, ice fails abruptly r with a regular period that is much longer than the natural
frequency of the structure. For the locked-in mode, the ice forces and the structure‘s
natural period are similar, thus resulting in steady-state vibrations. It has been observed
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that the steady-state vibrations can stay for long periods if the speed remains between 2-4
cm/s. When the speeds increase, the vibrations transform from stead-state to random
vibrations. Since there are no correlations between local ice forces, the ice failure is
asynchronous.
There was a belief that ice-induced vibrations pose a threat only to narrow and slender
structures. In 1986, a thick multi-year floe crushed against the side of the Molikpaq, a
massive low-rise caisson retained island in the Beaufort Sea. This event caused severe
peak loads on the structure with large concurrent vibrations that led to severe dynamic ice
loading. It was observed that the component of dynamic activity was higher than the
mean load component. The loads were high enough to cause severe fatigue to the sand
core. Had the cyclic ice loading continued, the platform likely would have reached its
limiting stability. Figure 2.10 shows an occurrence of a phase locked cyclic event on the
Molikpaq. It was clear that cyclic ice loading must be regarded as an ultimate limit state
when assessing how much resistance is required. It was also confirmed that Molikpaq had
similar loading conditions as any Arctic platform with vertical sides. Besides the dynamic
platform response, the authors observed the simultaneity of ice crushing by comparing
strain-gauge data. Although the ice failure pressure appeared different, a phenomenon of
'phase-lock' occurred to ensure simultaneity. The non-simultaneous crushing involved
local ice-force fluctuations and induced a dynamic response in the platform, but had no
discernable pattern.
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Figure 2.10: Phase locked loading event at Molikpaq (Jefferies and Wright, 1988).
During the medium-scale field tests carried out by Frederking et al. (1990), a total of 11
indentation tests were carried out using different indenters (spherical rigid, circular flat
compliant, rectangular flat rigid) and different loading rates (ranging from 0.3 mm/s to
100 mm/s). During these tests, the maximum loading capacity was 3.8 MN at an
indentation rate of 2.5 mm/s using a spherical indenter. Sawtooth failure was an essential
characteristic of crushing ice failure, as shown in Figure 2.11. The results showed that the
slow indentation rates led to creep deformation and micro-cracking to some depth in ice.
Large flaking cracks were also observed at the surface. On the other hand, at higher
indentation rates, most of the ice failure appeared to be localized near the indenter. Small
flakes observed around the perimeter of the contact area formed a thin crushed layer of
damaged ice. Thin-sections of ice near the indentation region revealed extensive evidence
of recrystallization and localized pressure melting near the central region of the highpressure zone, as well as extensive fracture and spalling near the periphery of the
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indentation site (Frederking et al., 1990; Jordaan, 2001). It was also observed that the
pressure near the center were about three times higher than the total pressure over an
entire area. Pressures as high as 80 MPa (Frederking et al., 1990) and 50 MPa (Masterson
et al., 1993) were reported from these medium-scale indentation tests.

Figure 2.11: Force and Displacement vs Time plot for a test using a spherical indenter at
19mm/s (Jefferies and Wright, 1988).

2.8 Small Scale Indentation Programs
Small-scale laboratory tests are a cost-effective and efficient approach to analyze the
complex phenomenon of compressive ice failure and the formation of high-pressure
zones and ice crushing dynamics. Comparisons between the medium-scale and
laboratory-scale tests performed by Jordaan (2001) and Barrette et al. (2002) respectively
show that the mechanical phenomena within the damage layer and the characteristics of
the hpzs remain relatively constant over different scales. Thus, results obtained from these
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tests can be linked to the full-scale ice-structure interaction events. A selection of smallscale indentation tests recently conducted are discussed in this section.
Small-scale confined ice indentation tests were carried out by Barrette et al. (2002) using
a spherical indenter (20 mm diameter, 25.6 mm radius of curvature) and freshwater
polycrystalline cylindrical ice samples (150 mm diameter, 60-130 mm height). The small
scale tests were scaled down by a reduction factor of 50 from the medium scale tests
carried out by Frederking (1990) at Hobson‘s Choice Ice Island. A Materials Testing
System (MTS) test frame located in a cold room was used to perform the indentation
tests. Tests were carried out at various indentation rates (0.1 mm/s to 10 mm/s) and test
temperatures (-2°C, -10°C, -20°C) to determine the effect of different parameters on the
formation of high-pressure zones and ice failure behavior. The indented areas of the
samples were used to prepare thin sections to study the microstructure of ice and the
phenomenon of microcracking and recrystallization.
It was observed that the damage layer extended to a maximum depth of 5 mm below the
indented surface. Cyclic loading patterns were observed in all the tests. Also, the indented
surface appeared to be dark as compared to surrounding lighter areas due to the crushing
of ice. Pulverized ice was observed in almost all of the tests, with radial cracks appearing
in some of them. For the tests that were carried out at -2°C, uniform grain refinement was
observed along the indented surface with almost no signs of microcracking, whereas, the
damage layer for the tests carried out at -10°C consisted of a dense network of
microcracks and with heavy recrystallization at the center. Ice samples at -20°C were
heavily dominated by microcracking. On analyzing the thin sections, it was observed that
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the recrystallized ice was present under all indented surfaces. It was observed that the
results obtained from tests at -10°C were nearly identical to the medium-scale tests
carried out by Frederking et al. (1990) at -14°C, thus concluding that the failure
mechanisms are similar in nature at both scales.
Small scale indentation tests were carried out by Mackey (2005) and Mackey et al. (2007)
to study the effects of indenter size, indentation rate and the location of the indentation on
the ice failure behavior. Polycrystalline, freshwater ice of an average size of 4 mm and
distilled, de-aerated and chilled water were used for the preparation of ice samples. The
samples were frozen in a mold at -10°C for three days, after which there were removed
and machined to obtain 200x200x100 mm rectangular ice samples. A total of 18 tests
were performed by varying indenter sizes (10 mm radius and 12.8 mm radius of
curvature; 20 mm radius and 25.6 mm radius of curvature), indenter speeds (slow: 0.1
mm/s, 0.2 mm/s; medium: 1 mm/s, 2 mm/s; fast: 5 mm/s, 10 mm/s) and indentation
locations (20 mm, 50 mm and 100 mm from the edge). All the tests were conducted on a
Materials Testing System at -10°C. Cameras were used to capture the complete
indentation process. Thin sections were further carried out to study the microstructure of
the ice and analyze the failure patterns.
On analyzing the results for the indentation tests, it was observed that the large-scale
fractures occurred regularly, especially in the case of edge tests and some intermediate
tests. The authors also observed some noteworthy similarities and differences due to
change in indentation location. The initial slope for loads at same speeds and different
locations were almost similar but these slopes change drastically when the distances to
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the edge become significant. This led to large-scale fracture and massive load drops as
shown in Figure 2.12. The authors suggested a link between some failure behaviors and
its implications on the reduction of load. According to the visual records and the data
obtained from the tests, the authors inferred that a significant load drop was noticed every
time a large-scale fracture or significant spalls were observed. These fractures led to load
drops by almost 60% to 80%.

Figure 2.12: Comparison of indentation tests performed at different locations on an ice
sample (Mackey et al., 2007).
The small-scale tests performed by Wells et al., (2010) builds on the work carried out by
Barrette et al. (2002). A total of 46 indentation tests were performed using an identical 20
mm spherical indenter (25.6 mm radius of curvature) to test on 200x200x100 mm
rectangular ice specimens made of polycrystalline ice grains of ∼4 mm and distilled, deaerated and chilled water at -10°C. The major difference between the tests carried out by
Barrette et al. (2002) and Wells et al. (2010) was that Wells et al., (2010) used nonconfined specimens. All the indentation tests were carried out using a Materials Testing
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System at -10°C. The indentation rates ranged between 0.2 to 10 mm/s and the
indentation depth ranged between 3 to 20 mm. A tactile pressure sensor was used to
record the pressure distribution during the indentation of the unconfined ice sample. This
sensor proved useful as it provided key data regarding the load drops associated with
individual ice failure processes and dynamic high-pressure zone activity.
On observing the total force and the pressure distribution plots, it was observed that there
was a substantial agreement between the two plots except for a few tests. It was also
observed that the localized peak pressures were always greater than average pressures
recorded at any point during the experiments. The localized pressures ranged anywhere
from 2 to 8 times higher than average pressures, but were highly localized and did not
remain stationary throughout the test.
The ice failure was categorized and studied in five categories. Figure 2.13 shows the
different types of failure modes during an indentation test.
1) The ductile behavior was observed at slow rates (0.2 mm/s) and during this phase
there was a steady rise in force and contact area that led to minimal localized
spalling and crushing. This phenomenon became less frequent when the
indentation rate was increased to 2 mm/s.
2) Wells et al. (2010) described localized spalling as an event in which big chunks of
ice break away from the sample that results in a sudden drop in load, extrusion of
ice and the loss of contact area. The severity and frequency of localized spalls are
directly related to the increase in indentation rates.
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3) Isolated crushing was an event in which a loss of total force and pressure was
observed due to the extrusion of crushed ice without any negligible change in the
contact area. These events were often observed at indentation rates of 2-5 mm/s.
4) According to the author, the cyclic loading events were very rare, making up for
only 0.9% of the total duration of the tests. This type of crushing was observed at
indentation rates of 2-5 mm/s and often followed the localized spalling failure.
During the cyclic crushing, the load showed an increasing trend and were not
interrupted by other types of failure events.
5) Mixed mode events were observed in all the tests performed above 2 mm/s
indentation speed and were more regular with increasing speed. Mixed mode
failure were the events that did not fit the description of the four cases mentioned
above. The event was a combination of localized spalls and crushing and the
pressure distribution was highly irregular with frequent load drops during crushing
and spalling.

Figure 2.13: Five different failure modes under compressive ice failure (Wells et al.,
2010).
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Small scale indentation tests were carried out by Browne (2012) and Browne et al. (2013)
on confined cylindrical ice samples of different sizes (150 mm and 300 mm in diameter)
at temperatures ranging from -5°C to -15°C. Indenters of various sizes (20 mm and 40
mm in diameter) and different indentation systems (two rigid and four compliant) were
used to model a single high-pressure zone and study the effects of various parameters on
the compressive ice failure. The tests were carried out using a Materials Testing System
in a cold room at indentation rates ranging from 2 mm/s to 10 mm/s. Polycrystalline
freshwater ice seeds ranging from 2 mm to 5 mm were used for ice sample preparation
and the tests were conducted in a cold room at temperatures ranging from -5°C to -15°C.
The tests were carried out on six different testing systems; four of which were compliant
systems and the other two were rigid systems. Each of the compliant systems had
different stiffness, length and natural frequencies whereas the rigid systems were used to
eliminate the structural feedback.
The effects of temperature on the ice failure were studied by analyzing the thin sections
and the loading patterns (Browne, 2012). Thin sections for warm ice (-5°C) showed that
the indented area was heavily recrystallized whereas the cold ice (-15°C) majorly
comprised of microfractures. Ice at -10°C showed a mixture of recrystallization as well as
microfractures. Analysis of the loading patterns showed that ice failed in a ductile manner
with rare spalling events which resulted in a damage layer dominated by recrystallized
layer at warm temperatures, while the ice failure at cold temperatures was a combination
of crushing and localized spalling that often led to cyclic loading.
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Each load drop was associated with a cyclic loading crushing failure mechanism. The
average load drops for compliant systems were higher than for rigid systems. A linear
relationship was observed between the speed of indentation and the frequency of the
cyclic loading pattern. The cyclic loading pattern was significantly higher in the case of
compliant systems. This was due to the presence of the structural feedback that led to the
storage of energy due to the structural deflection and the eventual sudden release during
failure. The relationship was consistent with rigid and compliant systems, though the
frequencies were greater for the rigid systems.
Indentation tests on unconfined conical ice specimens were performed by Habib (2014),
Habib et al. (2015) to study the compressive ice failure mechanism and the factors that
affect the formation of spalling, crushing and high-pressure zones. 28 tests were carried
out by varying different factors like grain size (0-4 mm, 4-10 mm), indenter shape (flat
plate, spherical), indentation rate (0.1 mm/s, 1 mm/s and 10 mm/s), taper angle of the ice
cones (13°, 21° and 30°) and temperature (-5°C, -10°C). The conical ice samples were
prepared using different grain sizes and chilled, distilled, deaerated water in a confining
mold. The ice sample of 268.8 mm diameter was then shaped at certain angles to form a
conical shape in such a way that the top of the ice had a diameter of 25.4 mm. A
Materials Testing System was used to test these conical ice samples in a cold room.
On analyzing the effects of indentation rates on the ice failure mechanism, it was
observed that ice shows ductile failure at slow rates (0.1 mm/s), as continuous crushing
failure with increasing loads were observed. In the case of medium rate (1 mm/s), brittle
failure was observed in addition to cyclic loading for the first few seconds followed by
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ductile failure. At higher rates (10 mm/s), ductile behavior and cyclic loading were
observed throughout the test. Changes in the shape of the ice specimen also had an effect
on the failure mechanism and crushing phenomenon. Habib et al. (2015) observed that the
ice samples with smaller taper angles (13°) underwent higher forces due to the increase in
contact area that led to continuous random spalling and cyclic loading. These ice samples
were also dominated by recrystallization due to the high local stresses. As the samples
became steeper, the forces reduced considerably and the samples failed due to continuous
crushing of the indented area. In the case of the grain size, the samples with smaller grain
size were stronger than the larger grain size samples. Warm tests (-5°C) showed ductile
failure and the damaged indented area was dominated by recrystallization while the cold
tests showed a continuous cyclic loading pattern with huge load drops with microfractures
dominating the indented area.
Building on the work of Browne (2012), additional small-scale indentation tests on
confined ice samples at -10°C were carried out for compliant and stiff structural
configurations using single indenter (O‘Rourke et al., 2016 a), and double indenter
configurations (O‘Rourke et al., 2016 b). Seed ice that ranged between 2 to 3.35 mm and
chilled, distilled, deaerated water was used to prepare ice samples in a confined steel
cylinder of diameter 154 mm and 150 mm height at -10°C. Two compliant beams of
different stiffness, length and natural frequencies were used to perform tests on a
Materials Testing System in a cold room set at -10°C. A 20 mm spherical indenter was
used at indentation speeds that ranged from 4 to 19 mm/s.
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The test data and analysis showed that sawtooth failure was observed in many tests with
evidence of locked-in phenomenon in some tests. Regular sawtooth loading was more
predominant in the tests that were performed on more flexible beams, whereas the tests
with the stiffer beam exhibited different types of failure modes, like continuous crushing
with abrupt spalls and irregular sawtooth failure. It was also observed that this sawtooth
activity increased with an increase in indentation speed. Locked-in conditions were
observed on a stiffer beam at higher indentation speeds when the frequency of the
sawtooth failure matched the natural frequency of the structure. These conditions were
observed only during the initial phase of the testing when the contact areas were small.
The thin sections of the indented ice suggest that the sawtooth failure showed an increase
in layer thickness, whereas the locked-in loading involved vibrations within the damaged
layer.
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Chapter 3: Experimental Setup
3.1 Overview
The medium-scale laboratory tests conducted as part of this research program investigate
the effects of structural feedback, indenter size and ice temperature on fracture and
spalling when ice undergoes compressive failure.
Some of the questions this research has tried to answer are:


What are the ice failure processes responsible for the formation and evolution of
high-pressure zones during the medium-scale indentation tests?



How does the change in ice temperature affect the compressive ice failure
phenomenon?



What are the implications of scale effects i.e. the change in indenter size on ice
failure?



What are the implications of structural compliance of the system on the indented
ice sample?



How do the different parameters affect the formation of high-pressure zones and
the cyclic loading patterns?



What are the implications of the results from medium-scale tests for full-scale
structures?
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The research is divided into two separate phases. The first phase, Phase 1A, is comprised
of indentation tests using a compliant beam, whereas the second phase, Phase 1B, is
comprised of indentation tests using a rigid beam. Four shakedown tests were carried out
before the actual tests. Phase 1A consisted of nine tests and Phase 1B had six tests.
Factors like structural feedback, indenter size and sample temperature were varied during
the test program.
The sample preparation was carried out in the cold rooms at MUN and C-CORE, while
the tests were conducted in the Strength Laboratory at MUN. To study the effects of
different parameters on the compressive ice failure phenomenon, relevant data was
collected from various sources. These include the use of Resistance Temperature
Detectors (RTDs) and a non-contact infrared thermometer for recording the sample
temperatures, Linear Variable Differential Transformer (LVDTs) for recording structural
deflection and indentation displacement and a load cell to record and calculate the force
and pressure distribution at the ice-indenter interface. GoPro® and high-speed cameras
were used to capture the ice failure videos, thus providing a visual record of the different
ways in which ice fails due to changes in the testing parameters.

3.2 Experimental Design
To study the effect of structural feedback on the ice crushing process, tests were
conducted using both compliant and rigid indentation systems. In Phase 1A, a compliant
indentation system was used. This indentation system comprised of an indenter mounted
on a compliant beam. As the compliant beam deflected elastically when loaded, structural
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feedback of the indentation system was analyzed using this beam. Phase 1B, on the other
hand, consisted of a rigid indentation system with an indenter mounted directly on a rigid
beam. A hydraulic ram was used to push this rigid indentation system. Due to its high
stiffness and inability to deflect under load, the indentation tests carried out on the rigid
system did not have any structural feedback.
Barrette et al. (2002), Mackey et al. (2007), Wells et al. (2010), Browne et al. (2013) and
O‘Rourke et al. (2016 a, b) have carried out small-scale indentation tests using various
setups. Different studies and observations on the formation and evolution of single and
multiple high-pressure zones, the effects of various factors on crushing and compressive
ice failure and the in-depth analysis of the failed ice at the microstructural level were
carried out in these research programs. The indenters used ranged from 10 mm to 40 mm
with the indentation speeds varying between 0.1 mm/s to 19 mm/s. All the tests
mentioned above were scaled down version of medium-scale field tests carried out by
Frederking et al. (1990) at Pond Inlet, Canada.
Temperature effects, scale effects and the role of structural feedback on the compressive
ice failure were the primary focus of the small-scale indentation tests performed by
Browne (2012) and O‘Rourke et al. (2016 a, b). The experiments performed in the present
research program were medium-scale indentation tests using confined ice samples. These
tests were also based on the work carried out by Frederking et al. (1990), and the
indenters used during testing were scaled down by a factor of 20 (50 mm indenter), 10
(100 mm indenter) and 6.67 (150 mm indenter). Polycrystalline, freshwater ice was used
due to its uniform microstructure. The use of polycrystalline ice was also beneficial in
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terms of comparative studies as most of the earlier small-scale indentation programs were
carried out using polycrystalline ice samples. Cylindrical ice holders (1000 mm diameter
x 500 mm height) were used for preparing the confined ice samples as shown in Figure
3.1.

Figure 3.1: Ice holder, 1000 mm in diameter, used for preparing ice specimens.

3.2.1 Test Plan Design
During the testing, some factors of the experiments were varied while keeping the others
constant. The medium-scale tests performed in this research program were mainly
focused on studying the effect of temperature, indenter size and structural feedback on the
formation and the evolution of high-pressure zones that eventually result in compressive
ice failure and cyclic loading patterns.
Ice Temperature: To study the temperature effects, all the tests were carried out at two
different temperatures. Eight samples were tested at approximately -5°C (warm
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temperature) and seven samples were tested at approximately -20°C (cold temperature).
However, it should be noted that while attempts were made to maintain the target
temperatures, not all the samples were tested at the exact temperatures. Since the Strength
laboratory was at room temperature despite insulating the specimens, over time there was
a gradual increase in the sample temperatures. The ice sample temperatures for the warm
tests ranged from -1°C to 7°C while the testing temperatures for the cold tests ranged
from -14°C to -19°C. RTDs and a non-contact infrared thermometer were used
throughout the tests to measure the actual temperatures during the testing phase. These
temperatures were chosen in order to observe and compare the ice failure modes for warm
and cold ice.
Indenter Size: Three different indenter sizes were used to study the scale effects on the
formation of high-pressure zones and cyclic loading phenomenon. 50, 100 and 150 mm
diameter indenters were designed with a radius of curvature of 64, 127 and 192 mm
respectively. Six tests with the small indenter (50 mm diameter), five tests with the
medium indenter (100 mm diameter) and four tests with the large indenter (150 mm
diameter) were carried out during the program. The specifications and the photographs of
the indenters used are provided in Table 3.1 and Figure 3.2 respectively.
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Table 3.1: Indenter specifications.
Diameter

Radius of Curvature

Indenter Height

Nominal Surface Area

(mm)

(mm)

(mm)

(m2)

50

64

90

1.96 x 10-3

100

127

90

7.85 x 10-3

150

192

60

17.6 x 10-3

Figure 3.2: Different indenter sizes used for the medium-scale tests.
Structural Compliance: In practice, there are no perfectly rigid structures, since all real
structures deform to some extent. Ice-structure interactions on full-scale structures,
therefore, will always increase the presence of some structural response (i.e. energy is
stored in the structure in the form of elastic deflection during the loading phase and this
energy is released through ice failure during the unloading phase). To study the
interaction between ice failure and structural response, a 2.28 m long W8x21 mild steel Ibeam was used selected as an appropriate compliant beam based on the anticipated
structural loading range during the Phase 1A of ice crushing dynamics tests. To analyze
the crushing and failure phenomenon in the absence of significant structural feedback, a
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3.91 m W12x170 mild steel I-beam was selected as a rigid base beam for Phase 1B of the
ice crushing dynamics tests.
Other factors, such as the indentation rate, grain size, sample size and sample shape were
constant throughout the tests. All the tests were carried out at a constant indentation speed
of 2.5 mm/s, which was the maximum speed possible for the current test apparatus.
To capture variability in temperatures, the sample‘s surface temperature and the indenter
temperature were measured throughout the test, as is discussed below.

3.2.2 Overview of Test Set-up
The test apparatus for this research program was located in the Strength Laboratory at
Memorial University of Newfoundland. The apparatus consisted of the following:


Concrete structure



Self-reacting frame



Instrumentation



Data acquisition system



Ice holder



Indentation system

The concrete slab testing apparatus was used as the starting base structure for this testing
program. This structure consisted of four concrete pillars on which the self-reacting frame
was mounted. The upper and lower support rings rested on these four pillars. These
support rings were assembled and aligned with the ram mount assembly, providing
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additional support to the entire testing frame. Pillar reinforcement plates were mounted on
two of these concrete pillars to provide additional strength and redistribute intense local
ice loads across the face of the concrete structure. These plates were also used as a
mounting assembly for the ice sample holder. The hydraulic ram was mounted on the ram
mount assembly between the other pair of concrete pillars.
The self-reacting frame consists of an upper support ring and a lower support ring. Each
support ring consists of four girders bolted together surrounding the concrete structure.
Four 305x305 mm columns and ring stiffeners were bolted to these eight main girders,
two on the top and two on the bottom. The upper and lower girders were connected by
two 152x152 mm box beams on each side. Two 100 mm schedule 80 rails were
horizontally mounted on the box beams on both the sides of the structure. Four guide
bushings with Teflon sleeves were mounted on all four rails to ensure smooth movement
across the rails. These bushings were bolted together to a rigid beam that was attached to
either a compliant beam (Phase 1A) or directly to an indenter (Phase 1B). Figures 3.3 and
3.4 illustrate the CAD drawing and the actual test setup for this research program.
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Figure 3.3: CAD drawing of the test apparatus.

Figure 3.4: Side view of the test apparatus.
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3.2.3 Test Structure for Phase 1A
3.2.3.1 Indentation system for Phase 1A
During this first phase of the tests, a compliant beam was used in the indentation system.
The aim of using a compliant beam was to study the compressive ice failure and ice
crushing dynamics in the presence of structural feedback.
Two beams were used for the Phase 1A indentation system setup, a compliant beam (test
beam) and a rigid beam (support beam). A 2.28 m long W8x21 mild steel I-beam was
used as a compliant beam that had a design load of 444.82 kN and maximum allowable
elastic deflection of 45.72 mm. The compliant beam was mounted to a 3.91 m W12x170
mild steel rigid I-beam using two flex links made of SAE 4140 alloy steel. The indenter
was mounted on an indenter base plate that connected to a load cell mounted on a load
cell base plate. The whole assembly was attached to the complaint beam using two flex
links. Each flex link (flange dimensions 127x127x12.7 mm) had a maximum allowable
deflection of 0.04318 mm and a maximum allowable load of 444.82 kN. The rigid bas
beam had a maximum allowable deflection of 3.556 mm and a design limit load of 1334.5
kN. The rigid beam was mounted on guide rails that provided lateral forces needed to
maintain alignment during indentation. To ensure smooth movement across the rails, the
beam was bolted by four guide bushings with Teflon sleeves.
Table 3.2 shows the dimensions, stiffness values and natural frequencies for the W8x21
compliant beam and W12x170 rigid beam. These design values were calculated using
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simply-supported beam equations and verified by performing frequency tests on the
beams.
Table 3.2: Properties of rigid and compliant beams.
Beam Type

Compliant

Rigid

Length (m)

2.28

3.91

Mass (kg)

71.3

963.88

Theoretical Stiffness (N/m)

8.84E+06

8.842E+08

Actual Stiffness (N/m)

9.729E+06

3.842E+08

Theoretical Natural Frequency (Hz)

120

89.5

Actual Natural Frequency (Hz)

107
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Properties

An electric pump (Enerpac GPEx5 series) was used to power the high capacity hydraulic
ram (Enerpac CLRG 50012) located between the two concrete columns behind the rigid
beam. The hydraulic pump had a reservoir capacity of 40 liters, a flow rate of 2 l/min and
a maximum operating pressure of 70 MPa. The ram had a loading capacity of 4.5 MN, a
maximum speed of 2.536 mm/s and a maximum stroke of 70 cm. The hydraulic ram was
used for the horizontal displacement of the compliant beam and the indenter. A remote
control is used to operate the hydraulics, which allowed the team to remain at a safe
distance from the structure and the ice sample during tests. Figures 3.5 and 3.6 illustrate
the CAD drawing and the actual setup for the Phase 1A indentation system.
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Figure 3.5: CAD drawing of the Phase 1A indentation setup.

Figure 3.6: Phase 1A indentation setup.
In addition to studying the effects of structural feedback on compressive ice failure,
effects of other factors such as ice-sample temperature and indenter size were also
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analyzed. Though all nine tests were carried out using the same compliant beam, each test
had a unique combination of ice temperature and indenter size. Besides the six tests that
were initially planned, an extra three tests were repeated due to some errors in the tests
that are discussed below. Three indenters fabricated from SAE 4140 alloy steel were used
for the indentation tests.

3.2.3.2 Instrumentation for Phase 1A
Various instrumentation and data recording devices were used during the Phase 1A
indentation tests. Structural response, force, indentation rate, surface and subsurface
temperatures of ice were measured using a data acquisition system.
Structural response of the compliant system and the indentation displacement were
measured using an array of linear variable differential transformers (LVDTs). The
LVDTs used for the Phase IA tests were Series 330, Model 0337-0000, A.C. LVDTs and
MHR series, Model MHR 500, A.C. LVDTs. Series 330 LVDTs had a working range of
±25.4 mm, maximum non-linearity of < ±0.20% and an operating temperature range
between -20°C and 80°C. These LVDTs were used to measure the indentation
displacement i.e. the distance traveled by the indenter into the ice sample. The MHR
series, Model MHR 500 LVDTs had a stroke range of ±12.7 mm, maximum non-linearity
of < ±0.25% and an operating temperature range of -55°C to 150°C. These LVDTs were
used to measure the structural deflection of the compliant beam.
Ice strength has a strong dependence on the loading rate and the structural response. Thus
data collected from these LVDTs were of significant interest. Three MHR series LVDTs
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were installed between the compliant beam and the rigid beam assembly as shown in
Figure 3.7. These LVDTs were used to measure the deflection of the compliant beam.
The deflection of the compliant beam was useful in determining the effects of indenter
size and the relative indentation rate on the loading phenomenon in ice. The LVDTs were
positioned in a row along the length of the compliant beam, with the central LVDT
located directly at the center of the compliant beam and the other two LVDTs spaced at a
distance of 560 mm from the center. The LVDTs were bolted on an aluminum slab and
clamped to the compliant beam using two C-clamps. The Series 330 LVDT was used to
measure the distance traveled by the indenter inside the ice sample. This LVDT was
bolted to an aluminum slab and clamped to the compliant beam using three C-clamps
behind the rigid beam, besides the hydraulic ram.

Figure 3.7: Three MHR series LVDTsinstalled between the compliant beam and the rigid
beam.
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A load cell was used to measure loads at the ice-indenter surface. This LGP 312 Pancake Load Cell was mounted on a load cell base plate located between the indenter
and the underside of the compliant beam. The pancake load cell is a compression-only
load cell with a load capacity of 445 kN. Figure 3.8 shows the indenter, the indenter base
plate and the load cell mounted on a load cell plate. The calibration records for the
pancake load cell and the four LVDTs are included in Appendix B.

Figure 3.8: Load cell mounted on the indenter assembly
The temperature variations in the ice sample during the indentation tests were measured
using resistance temperature detectors (RTDs). The probes of the two RTDs were placed
at 30 and 50 mm under the ice surface at a distance of approximately 150 mm from the
center of the ice sample. The RTDs used for Phase 1A were Model 12590-6,
manufactured by the RTD Company. The operating temperatures of the RTDs ranged
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from -30°C to 100°C. The RTDs also had an accuracy of ±1 °C. To ensure the accuracy
of the temperature measurement, each RTD was calibrated at different temperature
ranging from -5°C to 80°C. Figure 3.9 shows the location of the RTDs in of the samples
before the indentation tests.

Figure 3.9: RTD probes placed in an ice specimen.
A Mastercraft Non-Contact InfraRed Thermometer was used to measure the surface
temperature of the ice sample before and after every test. The range of the thermometer
ranged from -50°C to 538°C while the operating temperature ranged between 0°C and
50°C. The thermometer had an accuracy of ±2°C.
A Panasonic Toughbook CF-53 installed with the Catman Easy AP DAQ software was
used for the data acquisition of the four LVDTs, two RTDs, the high-speed camera trigger
and one load cell. A QuantumX MX840A data acquisition system was used to capture the
data at a sampling rate of 4800 Hz.
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A high-speed camera (Olympus i-SPEED TR) and two GoPro® 3+ cameras were used to
capture test videos at 200FPS and 30FPS respectively. The high-speed videos had a
detailed view of the indenter and the ice surface that allowed the study of the failure
behavior of ice during indentation. The GoPro® videos captured the entire indentation
system including the structural feedback of the compliant beam and the ice failure
behavior. Though the high-speed camera was used only for the shakedown tests, the
regular video provided sufficient details about the ice failure processes and the spalling
phenomenon. A point-and-shoot camera (Canon® PowerShot ELPH 340 HS) was used to
capture images during the different stages of ice formation, ice sample setup, indentation
test and post-test sample analysis.

3.2.4 Test Structure for Phase 1B
3.2.4.1 Indentation system for Phase 1B
During the second phase of the indentation tests, a rigid beam was used in the indentation
system. The aim of using a rigid beam was to study the ice failure behavior and the
formation of high-pressure zones and cyclic loading in the absence of significant
structural response. For these tests, the indenter was mounted directly on the rigid beam
to minimize the structural feedback during indentation. This absence of significant
structural feedback during indentation tests is the basic distinction between Phase 1A and
Phase 1B.
The indenter and indenter base plate were directly mounted on the same rigid base beam
used in Phase 1A. A 350 mm long schedule-100 6061 aluminum cylinder attached to two
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305x305x10 mm 6061 aluminum flanges was used as a spacer to provide additional
clearance between the hydraulic ram and the rigid beam. The rigid base beam was
connected to an aluminum spacer to provide the additional clearance. The hydraulic ram
pushed the aluminum spacer, which in turn helped the rigid beam to move forward during
the indentation. The rigid beam carried and endured lateral forces. To ensure smooth
movement across the rails, the beam was bolted by four guide bushings with Teflon
sleeves. Figures 3.10 and 3.11 illustrate the CAD drawing and the actual setup for the
Phase 1B indentation system.

Figure 3.10: CAD drawing of the Phase 1B indentation setup.
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Figure 3.11: Phase 1B indentation setup.
For Phase 1B, the same three sizes of indenters were used i.e. small indenter (50 mm),
medium indenter (100 mm) and large indenter (150 mm). Other components of the
apparatus, such as the hydraulic pump and hydraulic ram were the same for both the test
phases.

3.2.4.2 Instrumentation for Phase 1B
Various instrumentation and data recording devices were used during the Phase 1B
indentation tests. Factors such as structural response, force, indentation rate, surface and
subsurface temperatures of ice and ice failure mechanisms were recorded using the data
acquisition system. The instrumentation for the rigid beam tests was reduced due to the
absence of structural response.
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Due to absence of structural compliance, the three MHR series LVDTs were not used.
Only one LVDT was used for the rigid tests. Similar to the Phase 1A tests, this LVDT
was a Series 330, Model 0337-0000, A.C. LVDT used to measure the distance traveled by
the indenter inside the ice sample. This LVDT was bolted to an aluminum slab and
clamped around the hydraulic ram holder using C-clamps behind the aluminum spacer as
shown in Figure 3.12.The LGP 312 - Pancake Load Cell was mounted on a load cell base
plate located between the indenter and the rigid beam. The compression-only pancake
load cell was the same load cell used for the compliant beam tests. The RTDs and the
non-contact thermometer used during the Phase 1A tests were again used for the Phase
1B tests to record the surface and the sub-surface temperatures of the ice sample.

Figure 3.12: Series 330 LVDT bolted clamped around the hydraulic ram.
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A Panasonic Toughbook CF-53 installed with the Catman Easy AP DAQ software was
used for the data acquisition of one LVDT, two RTDs and one load cell. A QuantumX
MX840A data acquisition system was used to acquire data at a sampling rate of 4800 Hz
in Phase 1A. Two GoPro® 3+ cameras were used to capture test videos at 30FPS. These
GoPro® cameras captured the indentation tests and the ice failure behavior. A point-andshoot camera (Canon® PowerShot ELPH 340 HS) was used to capture images during the
different stages of the ice formation, ice sample setup, indentation test and post-test
sample analysis.

3.3 Ice Sample Preparation
The cold room facilities at C-CORE and MUN were used throughout the project to
prepare and store the ice samples. All the tests in this research program used confined ice
samples. Freshwater, polycrystalline ice specimens were used for all the tests. Figure 3.12
(a) shows the commercially purchased, bubble-free, sculptor‘s ice cubes used for the ice
sample preparation. Tap water used for the ice sample preparation was chilled at 0°C.

(a)

(b)

(c)

Figure 3.12: Types of ice used during the ice sample preparation (a) ice cubes, (b)
crushed ice, (c) sieved ice
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The ice sample preparation took place in two stages. During the first stage, 250 mm of the
ice holder was filled with ice cubes and chilled water. Ice cubes and water were stirred
thoroughly to remove the air bubbles from the mixture. The ice holder was covered with
insulation to prevent bulging and cracking of ice. Insulation also helped in the
unidirectional ice growth, thus allowing air to be pushed upwards during freezing. The
sample was allowed to freeze for three days. Figure 3.13 (a) shows the first stage of the
ice sample preparation before freezing while Figure 3.13 (b) represents the frozen ice
sample at the end of the first stage.

(a)

(b)

Figure 3.13: First stage of ice preparation (a) before freezing, (b) after freezing.
The second stage required sieved ice and chilled water. Crushed ice was obtained by
crushing the ice cubes using a commercial ice crushing machine (Clawson Hail Queen
Model HQ-C Ice Crusher) in the cold room at MUN. Figures 3.12 (b) shows the crushed
ice. The crushed ice was sieved using a 4-10 mm sieve to obtain ice seeds ranging from 4
mm to 10 mm as shown in Figure 3.12 (c). These ice seeds were used to prepare the next
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stage of the ice sample. After filling the ice holder with sieved ice and chilled water for
200 mm, the mixture was allowed to freeze for three days. Precautions were taken to
remove the air bubbles from the mixture. Before this layer was frozen, two RTD‘s were
placed inside the mixture, one at 30 mm deep and the other at 50 mm deep, both located
at about 150 mm from the center of the ice sample. One day before the test, a hot plate
was used to smooth the surface of ice specimen and remove the irregularities. Figure 3.14
(a) shows the second stage of the ice sample preparation before freezing while Figure
3.14 (b) represents the frozen ice sample at the end of the second stage.

(a)

(b)

Figure 3.14: Second stage of ice preparation (a) before freezing, (b) after freezing.

3.4 Testing Procedure
Fifteen tests were conducted using the test apparatus installed in the Strength Laboratory
at MUN. Tests were conducted at room temperature that ranged between 14°C and 20°C.
Before the ice sample was brought in for testing, the testing equipment and the
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instrumentation was already prepared to reduce the testing time and prevent the ice
sample from melting.
LVDTs, RTDs and load cells were connected to the data acquisition system using VGA
cables. The GoPro® cameras and a flood light were installed before the ice sample was
mounted. The ice sample was moved from the cold room to the Strength Laboratory using
a forklift. The sample was lifted using an industrial crane and aligned to the mounting
plate attached to the concrete structure. The ice sample was bolted to the mounting plate
and positioned to allow the indenter to make contact with the ice sample at the center.
The ice holder was attached to the crane throughout the testing process for safety
purposes. The ice sample was insulated during the entire installation process.
The indenter used for the test was stored in the cold room along with the ice sample. To
prevent the test results from getting affected due to the temperature difference between
the indenter and the ice sample. The indenter was brought to the Strength Laboratory in
an ice cooler and stored at sub-zero temperatures. The indenter was installed on the
indenter holder assembly just before the ice sample was aligned and bolted to the concrete
structure. Ice packs were placed around the indenter to maintain its low temperature.
The final steps included the removal of the thermal insulation from the ice holder and
bringing the indenter closer to the ice sample. The LVDTs and load cells were adjusted
and reset to zero, and the subsurface temperatures of the surface as indicated by the RTDs
were noted. A non-contact thermometer was used to check the temperatures of the
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indenter and the ice sample surface before and after each test. Figure 3.15 shows the final
image of the test setup, right before the indentation of the ice sample commenced.

Figure 3.15: Ice sample mounted and ready to be tested.
At the beginning of each test, the Catman DAQ software was used to record load,
displacement and temperature recordings simultaneously. At the same time, the video
recordings were captured using the GoPro® app. The start time and the end time for each
test were noted for further analysis. The hydraulic pump used to push the hydraulic ram
was operated using a remote control. Each test was conducted at a uniform indentation
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speed of 2.5 mm/s. Data was collected at a sampling rate of 4800 Hz. The indenter
temperature and ice surface temperature were noted at the end of each test.
Following each indentation test, the hydraulic ram was backed away from the ice holder
and the specimen was removed from the mounting plate. A point-and-shoot camera was
used to take detailed pictures of the indented area and the different failure processes that
occurred during indentation.

3.5 Shakedown Tests
Shakedown tests are conducted to identify opportunities for improvement and remove any
discrepancies in the testing procedure before the main tests are performed. These
preliminary tests are also carried out to determine if the apparatus is working properly.
Four shakedown tests were conducted by varying different attributes such as sample
preparation procedure, sample temperatures and the ice size used for the ice samples.
Besides improving ice preparation procedures, improvements in testing, data analysis and
post-processing procedures were also identified. Table 3.3 shows a comprehensive list of
all the shakedown tests, the mistakes identified in each test and the corrective action
applied to them. All these tests were performed at a speed of 2.5 mm/s using a 100 mm
spherical indenter on a compliant beam indentation system.
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Table 3.3: Shakedown tests
Test

Test

Issues Identified

Suggested Improvements

No.

Specifications

1

Shakedown

Sample prepared in a single Samples to be prepared in

test at -1°C

stage.

multiple stages.

Sample was not insulated that Samples to be insulated to
led to the bulging and cracking. avoid cracking of ice and
promote bottom-up freezing.
Sample was prepared at -1°C, Ice samples to be prepared at
very close to the melting point.

-5°C, -10°C and -20°C.

No indentation test was carried
out due to the warm ice and
cracks on the surface of the ice
sample.
2

Shakedown

Sample was prepared in three Sample to be prepared in two

test at -10°C

stages that led to non-uniform stages: ice-cubes for first 250
ice formation.

mm and crushed ice for next
200 mm.

Indentation was carried out in Constant uniform indentation
steps, rather than at a constant to be carried out for actual
increment to check the loading tests.
capacity.
Friction

near

the

guide Guide bushings to be checked

bushings during indentation.
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for friction and realigned.

3

Shakedown

Sample was prepared in two Two stage ice preparation

test at -20°C

stages with insulation.
Default

method was finalized.

sampling frequency Tests to be performed in

was 50 Hz. This sampling rate order to determine the perfect
was very low for these tests.
Neither

surface

sampling rate.

temperature RTDs

and

non-contact

nor the variation in temperature thermal gun to be used for
during testing were recorded.

recording

the

temperature

profile of ice samples.
4

Frequency

Sampling rate of 50 Hz did not Performing frequency tests by

Tests

provide any information about hitting a hammer on the
the local spalling and smaller indenter and recording the
load drops.

response at different sampling
rates was suggested.

Based on previous tests, higher Comparative

tests

were

sampling rates of 4800 Hz and performed by recording the
9600 Hz were selected.

hammer hits at 50 Hz, 4800
Hz and 9600 Hz respectively.

50 Hz sampling rate did not 4800 Hz sampling rate was
provide vital data whereas the selected for the test as they
9600

Hz

sampling

rate provided

provided good data but with without

intricate

details

compromising

the

added noise that could distort data due to the minimal added
the results. 4800 Hz sampling noise.
rate proved to be the best
option.
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It was difficult to find the Sampling rate of 4800 Hz
actual natural frequency for the was used to find the actual
compliant and rigid beams due natural frequencies of both
to the low sampling rate.
5

beams.

Shakedown

No faults were identified. The The

testing

test at -5°C

test was successful. Constant finalized.

method

was

and continuous indentation of
ice was recorded throughout
the test.
Previous tests suggest that tests Tests at -5°C and -20°C were
at

-20°C

and

-10°C

give finalized.

similar results.
The indenter used for the test Indenters were to be chilled at
was at room temperature. The sub-zero

temperatures

to

temperature difference between avoid any changes in the
the ice specimen and the loading due to

the heat

indenter could have affected transfer between the indenter
the ice failure behavior.

and the ice sample.

As shown in Table 3.3, the shakedown tests proved to be helpful in recognizing and
resolving initial issues faced during the pre-testing and testing phase. Each test revealed
some opportunities for improvement during the ice preparation method, the actual testing
phase and the post-processing operations.
Figure 3.16 shows the plots acquired from the frequency tests performed to select the
sampling rate for the indentation tests. Figure 3.16 event (a) and Figure 3.17 illustrate that
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the 50 Hz sampling rate was inefficient as it did not capture crucial data when a hammer
was hit against the surface of the indenter. Not only was the hit barely recorded, but the
data required to determine the natural frequency was also not acquired. Figure 3.16 event
(b) and Figure 3.18 show the plot comparing the data obtained from 4800 Hz and 9600
Hz sampling frequencies. The plot focuses on the data that was recorded when the
indenter was at an idle state i.e. no external force was applied. As seen, the data acquired
from the 9600 Hz sampling frequency had a greater tendency to record high frequency
noise when compared to the 4800 Hz sampling rate. There were no additional benefits of
using a higher sampling rate than 4800 Hz since the hammer hit was recorded
appropriately and the natural frequencies could be readily calculated without the addition
of excess noise.

Figure 3.16: Frequency tests performed at different sampling rates.
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Figure 3.17: Frequency tests performed at 50 Hz sampling rate.

Figure 3.18: Frequency tests performed at 4800 Hz and 9600 Hz sampling rates.

3.6 Summary
This test program was divided into two phases, Phase 1A and Phase 1B. The primary
objective of this research program was to study the effects of different test parameters on
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the formation of cyclic loading pattern and improve our understanding of compressive ice
failure behavior and ice crushing dynamics during ice-structure interaction.
Confined ice samples were used in both phases to prevent the splitting of the ice samples.
Beam compliance was studied to observe its effects on the ice failure processes in the
presence or absence of structural feedback. Ice temperatures were varied to study the
effect of warm ice and cold ice on ice failure. Similarly, the indenter sizes were varied to
study the scale effects. Data measuring equipment and data acquisition system were used
to record the data during the tests. High speed, GoPro® and point-and-shoot cameras were
used to capture videos and images throughout the test program. These visuals helped in
the analysis of ice failure behavior and the microstructural changes in the ice.
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Chapter 4: Results
4.1

Overview

In this chapter, selected representative results for the tests described in Chapter 3 are
presented. Due to the extensive volume of data collected from these tests, only a
representative sample of the entire test program are presented in this chapter. An
exhaustive collection of the test results is presented in Appendix A.
One of the primary objectives of these tests was to capture the load, pressure and cyclic
loading data observed during the ice crushing dynamics tests. Results for two Phase 1A
tests and two Phase 1B tests are presented in this chapter. Each test described below had
different test parameters and they were used to describe the loading pattern and the failure
behavior encountered during testing. Pressure-time and force-time plots are presented for
each of these results. In addition to the load and pressure plots, time traces for the
structural deflection are also provided for Phase 1A. However, structural deflection was
not a factor for Phase 1B. Video recordings captured from the high-speed and GoPro®
cameras provided valuable insights into the effects of brittle failure of ice and sudden load
drops on the formation of a cyclic loading pattern. A point-and-shoot camera was used to
capture and study the damaged region and the edges surrounding the indentation zone.
Force and nominal area of the indenter were used to calculate the pressure applied by the
indenter on the ice surface. Nominal area refers to the surface area of the indenter during
the indentation of the ice at a particular time. The indenters used for the tests were
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spherical in nature. Consequently, the nominal area of the indenter increases with the
depth of penetration of the indenter. A method to calculate the nominal area is presented
in Appendix C. This method has been previously applied by Wells et al. (2010).
According to this method, it takes approximately 2.03 seconds for the 50 mm indenter,
4.1 seconds for the 100 mm indenter and 6.1 seconds for the 150 mm indenter to reach
full envelopment at an indentation speed of 2.5 mm/s and maintain a constant area of
contact with the ice sample.
The naming convention assigned for both phases provides details of the testing
parameters used for each test. Figure 4.1 shows an example of the naming convention
used for the indentation tests.

Figure 4.1: Test Naming Convention.

4.2

Results for Phase 1A

Phase 1A consisted of nine tests. Test parameters included ice temperature, indenter size
and structural compliance of the indentation system. Data such as force, surface and
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subsurface temperatures, structural deflection and indented distance were collected for
each test. Video recordings and photos were captured before, during and after every test.
A summary of results obtained from Phase 1A are presented below.

4.2.1 Tests Matrix for Phase 1A
Phase 1A originally had six tests, three tests at warm temperature (-5°C) and three tests at
cold temperatures (-20°C) using 50 mm, 100 mm and 150 mm indenters. All the tests
were performed using the compliant beam configuration. The loading rate of 2.5 mm/s
was constant for all the tests.
After analyzing these tests, three additional tests were performed. These repeat tests were
carried out due to some issues identified with the apparatus and the testing procedure. For
instance, test T01_1A_01_100 was a warm test that was originally planned to be tested at
-5°C. Since all the tests were performed at room temperature, the temperature of the ice
samples increased over time. Thus, by the time this test was performed, the sample
temperature had increased to -1°C, which was close to its melting temperature. To rectify
this problem, warm ice samples were prepared at cooler temperatures and a repeat test
T09_1A_07_100_R was carried out. Tests T03_1A_04_50 and T04_1A_16.5_50 had to
be repeated to correct an error that resulted in the indenter fabrication. The indenter
design specification was to have a radius of 50 mm and a radius of curvature of 64 mm.
The actual indenter used for tests T07_1A_4.5_50_R and T08_1A_19_50_R had a radius
of 50 mm and a radius of curvature of 127 mm. The repeated experiments
T09_1A_07_100_R and T09_1A_07_100_R were tested by using the correct indenter
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dimensions. Table 4.1 shows the test matrix for the indentation tests carried under Phase
1A.
Table 4.1: Test Matrix for Phase 1A.

Test

Indentation

Indentation

Temperature

Indenter Size

System

Rate (mm/s)

(°C)

(mm)

T01_1A_01_100

Compliant

2.5

-1°C

100

T02_1A_18.5_100

Compliant

2.5

-18.5°C

100

T03_1A_04_50

Compliant

2.5

-5°C

50

T04_1A_16.5_50

Compliant

2.5

-16.5°C

50

T05_1A_06_150

Compliant

2.5

-6°C

150

T06_1A_19_150

Compliant

2.5

-19°C

150

T07_1A_4.5_50_R

Compliant

2.5

-5°C

50

T08_1A_19_50_R

Compliant

2.5

-19°C

50

T09_1A_07_100_R

Compliant

2.5

-7°C

100

4.2.2 Sample Test 1: T08_1A_19_50_R
Time series plots for pressure, force and structural deflection for the indentation test
T08_1A_19_50_R are presented in Figure 4.2. The test was conducted on the compliant
beam indentation system at an indentation rate of 2.5 mm/s using a 50 mm spherical
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indenter. The temperature of ice sample was –19°C. The maximum peak load attained
was approximately 113.7 kN whereas the average peak load was approximately 79.2 kN.
Similarly, the maximum peak pressure attained was approximately 58 MPa whereas the
mean peak pressure was approximately 40.39 MPa. The load cycling frequency was close
to 0.35 Hz and the indentation depth was approximately 50 mm.
Videos captured using the GoPro® cameras provide valuable visual information about the
various failure processes that occur during the indentation tests. These videos when
synchronized with the pressure-time and force-time plots, provide insights about the
failure behavior. Figure 4.3 shows some stages of the indentation tests corresponding to
the pressure and force time series plots presented in Figure 4.2. As shown in Figure 4.2,
the pressure and force time series plots clearly indicate that a regular sawtooth loading
pattern was developed after the first load drop occurs at approximately 3 seconds. This
sawtooth loading and unloading continued throughout the test. This was associated with
spalling and extensive microfractures at the indented area.
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Figure 4.2: Time series plots for the test T08_1A_19_50_R showing total force on the
indenter (Top), total pressure on the indenter (Middle) and structural deflection (Bottom).
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Figure 4.3 (left) and the event (a) in Figure 4.2 illustrate the condition of the ice sample
after five large load drops approximately 17 seconds into the test. Though the indented
area and its surrounding edges were damaged, the rest of the ice sample was intact. After
the sixth load drop, a big radial crack was observed across the surface of the ice sample as
shown in Figure 4.3 (center). This was also accompanied by a very large pressure drop
(45 MPa) as represented by the event (b) in Figure 4.2. Event (c) in Figure 4.2 represents
the last peak pressure of the test. At almost 58 MPa, this was the highest peak pressure in
the entire indentation test. Event (d) in Figure 4.2 represents the final load drop of the test
after the indenter reached its maximum indentation depth. As shown in Figure 4.3 (right),
the ice surrounding the indented area had developed extensive microfractures; observed
by the bulged and extruded white surfaces around the indented edges. The white and
opaque zone seen in Figure 4.4 represents the microfractures and microcracks that
dominate the damaged area, with small zones of recrystallized ice at the center.

Figure 4.3: GoPro® images captured during the indentation test T08_1A_19_50_R
corresponding to the different events identified in the time series plots in Figure 4.2.
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Figure 4.4: Post-test image of the indented area.

4.2.3 Sample Test 2: T05_1A_06_150
Time series plots for pressure, force and structural deflection for the indentation test
T05_1A_06_150 are presented in Figure 4.5. The test was conducted on the compliant
indentation system at an indentation rate of 2.5 mm/s using a 150 mm spherical indenter.
The temperature of ice sample was –6°C. The maximum peak load was around 160 kN
whereas the average peak load was approximately 155 kN. Similarly, the maximum peak
pressure attained was around 9MPa whereas the mean peak pressure was about 8.7 MPa.
The frequency of the sawtooth loading was close to 0.1 Hz and the indentation depth was
approximately 50 mm.
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Figure 4.5: Time series plots for the test T05_1A_06_150 showing total force on the
indenter (Top), total pressure on the indenter (Middle) and structural deflection (Bottom).
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Figure 4.6 represents the different stages of an indentation test captured using a GoPro®
camera and Figure 4.5 illustrates the corresponding time series plots that provide detailed
insights into the failure behavior. As shown in Figure 4.5, the pressure time series plot
indicates a gradual increase in the pressure as the spherical surface of the indenter came
into contact with the ice sample completely, at approximately 6.1 seconds. The pressure
continued this gradual ascension, till 10 seconds, when it reached a peak pressure of 8.4
MPa. Figure 4.6 (left), the corresponding image to the event (a) in Figure 4.5, shows that
the ice underwent continuous extrusion and fine crushing with evidence of fine-grained
ice observed near the indented area. Event (b) in Figure 4.5 and the corresponding
pressure and force time plots in Figure 4.6 (center) indicate that heavy spalling and
crushing of ice resulted in the huge pressure drop to almost zero MPa and the loss of
contact with the indented area. Once the indenter regained contact, another instance of
gradual pressure ascension was observed from 13 to 20 seconds. Small, intermittent spalls
around the surrounding edges and heavy extrusion at the indented area were observed
throughout the remainder of the test. The small drop in the pressure around 21 seconds
was observed due to the lateral movement of the compliant beam and the deflection of the
indenter from the indented area. Figure 4.6 (right) and the event (c) in Figure 4.5
represents the indentation process at around 20 seconds when the ice reached the highest
peak pressure of 9 MPa. The test was stopped once the indenter reached its maximum
indentation depth. Figure 4.7illustrates the indented area of the ice surface after the test.
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Figure 4.6: GoPro® images captured during the indentation test T05_1A_06_150
corresponding to the different events identified in the time series plots in Figure 4.5.

Figure 4.7: Post-test image of the indented area.

4.3

Results for Phase 1B

Building on the results of Phase 1A, the Phase 1B series of tests were conducted to study
ice failure in the absence of the significant structural feedback. The lack of structural
compliance helped simplify the indentation tests. The same indentation rate, sample
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temperatures, ice-sample preparation method, indenter size and ice sample dimensions
were used as in Phase 1A.

4.3.1 Test Matrix for Phase 1B
Phase 1B consisted of six tests, three at warm temperature (-5°C) and three at cold
temperatures (-20°C) using 50 mm, 100 mm and 150 mm indenters for two tests each.
The structural compliance was constant for all the Phase 1A tests. The loading rate of 2.5
mm/s was constant for all the tests. The tests had a maximum indentation depth of 55 mm
and maximum loading capacity of 267 kN.
Indentation tests performed under Phase 1B are presented in Table 4.2. The same naming
convention is used for rigid beam tests as they were for the compliant beam tests
illustrated in Figure 4.1. The actual ice temperatures for the warm ice ranged between 5°C and -6°C whereas the actual ice temperatures for the cold ice ranged between -14°C
and -15°C.
Two tests in Phase 1B had to be stopped due to some problems encountered with the
apparatus while testing using the large (150 mm) indenter. Test T11_1B_14.5_150 was
stopped as the data acquisition software used to operate the data acquisition system was
not calibrated and reset to zero. This resulted in the collection of erroneous data and
inaccurate results. The indenter loading on the warm ice sample in Test T15_1B_05_150
was on the verge of exceeding the maximum load capacity of the test apparatus. To
prevent the apparatus from damage, the test was stopped. Due to time constraints, these
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tests were not repeated. Two representative sample tests from Phase 1B are presented
below. Time series plots for all the tests are presented in Appendix A.
Table 4.2: Test Matrix for Phase 1B.
Test

Indentation

Indentation

Temperature

Indenter Size

System

Rate (mm/s)

(°C)

(mm)

T10_1B_15_50

Rigid

2.5

-15°C

50

T11_1B_14.5_150

Rigid

2.5

-15°C

150

T12_1B_14_100

Rigid

2.5

-14°C

100

T13_1B_07_50

Rigid

2.5

-06°C

50

T14_1B_06_100

Rigid

2.5

-06°C

100

T15_1B_05_150

Rigid

2.5

-05°C

150

4.3.2 Sample Test 3: T13_1B_07_50
Time series plots for pressure and force for the indentation test T13_1B_07_50 are
presented in Figure 4.8. The test was conducted on the rigid indentation system at an
indentation rate of 2.5 mm/s using a 50 mm spherical indenter. The temperature of ice
sample was –6°C. The maximum peak load attained was around 71.5 kN whereas the
average peak load was approximately 59 kN. Similarly, the maximum peak pressure
attained was around 36.5 MPa whereas the mean peak pressure was about 30.8 MPa. The
indentation depth was about 52 mm.
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Figure 4.8: Time series plots for the test T13_1B_07_50 showing total force on the
indenter (Top) and total pressure on the indenter (Bottom).
Figure 4.9 represents the different stages of an indentation test captured using a GoPro®
camera and Figure 4.8 illustrates the corresponding time series plots that provide detailed
insights about the failure behavior. As shown in Figure 4.8, the pressure-time plot
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indicates a mixture of ductile behavior and brittle failure patterns. A gradual increase in
the pressure was observed as the spherical surface of the indenter indented the ice
specimen. The pressure continued to increase until 3 seconds when the first signs of
ductile failure were observed. Extensive extrusion and crushing was observed throughout
the tests with intermittent spalls and load drops occurring, giving rise to intermittent
loading patterns. As illustrated in Figure 4.8, the events discussed for this test took place
during the last 2 seconds of the test. After undergoing a pressure drop from 36.5 MPa to
12.4 MPa at around 19.5 seconds, the indenter regained contact with the indented surface
and pressure increased again. Continuous extrusion with intermittent, small spalls were
observed at event (a) as shown in Figure 4.8 and Figure 4.9 (left). The pressure and load
increased until event (b), when a radial crack was observed across the surface of the ice
sample as seen in Figure 4.9 (right). Almost instantly, a sudden pressure drop from 35.6
MPa to almost zero was observed with very large spalls and loss of contact at the
indented surface as presented in Figure 4.8 event (c) and Figure 4.9 (right) .The test was
soon stopped as it reached it maximum indentation depth.

Figure 4.9: GoPro® images captured during the indentation test T13_1B_07_50
corresponding to the different events identified in the time series plots in Figure 4.8.
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A warm ice sample (–6°C) was used for the indentation test. Thus, the ice failed in a
ductile manner for the majority of the test, with pressure drops due to spalls occurring
randomly. The intermittent, small spalls and the regular load drops limited the maximum
achievable load. Figure 4.10 shows that the warm ice was heavily dominated by
recrystallization. Though microfractures were observed, the depth of the damaged layer
was shallow. The opaque indented zone represents a smooth and slippery area of highly
pulverized and fine-grained damaged surface.

Figure 4.10: Post-test image of the indented area.

4.3.3 Sample Test 4: T12_1B_14_100
Pressure-time and force-time plots for the indentation test T12_1B_14_100 are presented
in Figure 4.11. The test was conducted on the rigid indentation system at an indentation
rate of 2.5 mm/s using a 100 mm spherical indenter. The temperature of the ice sample
was -14°C. The maximum peak load attained was around 213.5 kN whereas the average
peak load was approximately 145.3 kN. Similarly, the maximum peak pressure attained
was around 27.22 MPa and the mean peak pressure was about 19.12 MPa. The load
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cycling frequency was close to 0.35 Hz and the indentation depth was approximately 48
mm.
Figure 4.12 represents the different stages of an indentation test captured using a GoPro ®
camera and Figure 4.11 illustrates the corresponding time series plots that provide
detailed insights about the failure behavior. As shown in Figure 4.11, the ice sample
undergoes a constant loading and unloading phase, giving rise to a sawtooth loading
pattern. Though it takes approximately 4.1 seconds for the spherical surface of the
indenter to be fully enveloped in the ice sample, the first pressure drop was observed at
around 3 seconds.
A radial crack was also observed across the surface of the ice sample after the first
pressure drop as shown in Figure 4.12 (left). The small spikes represented by event (a) in
Figure 4.11 indicate the intermittent spalling and small pressure drops that occurred
throughout the entire loading. The pressure drop for the second load cycle was very large
as it dropped from 24 MPa to almost zero. Event (b) in Figure 4.11 shows another load
cycle. Unlike the previous pressure drops, the pressure drop here was not immediate and
sudden. Figure 4.12 (center) illustrates that there was evidence of ductile failure and
significant extrusion of failed ice before the pressure drop. A small drop in the pressure
was associated with a localized spall at 20.5 seconds during the final loading cycle.
Extensive spalling and crushing of ice resulted in a large pressure drop of almost 27 MPa
and the loss of contact with the indented area. Event (c) of Figure 4.11 and Figure 4.12
(right) show the spalled and fractured ice sample after the huge pressure drop. The test
was stopped after it reached the maximum indentation depth.
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Figure 4.11: Time series plots for the test T12_1B_14_100 showing total force on the
indenter (Top) and total pressure on the indenter (Bottom).
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Figure 4.12: GoPro® images captured during the indentation test T12_1B_14_100
corresponding to the different events identified in the time series plots in Figure 4.11.
Temperature was observed to have an effect on the behavior of the damaged layer. The
white and opaque zone seen in Figure 4.13 represents the microfractures and cracks that
dominate the damage area, with small zones of highly damaged ice at the center.

Figure 4.13: Post-test image of the indented area.
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4.4

Summary

An overview of each testing phase and four representative sample results were presented
and discussed in this chapter. The tests are representative of the tests performed
throughout this indentation program. All the tests were carried at a constant indentation
rate of 2.5 mm/s with variations in indenter size, ice sample temperature and the structural
compliance. The small (50 mm) indenter, due to its smaller nominal area, induced the
highest peak pressure on an ice sample. The cold ice produced the highest peak loads and
peak pressures. It was also observed that the compressive failure of polycrystalline ice
samples led to the formation sawtooth loading patterns under certain circumstances.
Cyclic loading was more prominent when small spherical indenters were used on cold ice
specimens and were more pronounced during the indentation of the ice sample using the
compliant configuration. The warm ice showed little evidence of cyclic loading.
Similarly, the use of large indenters reduced the severity of cyclic loading patterns.
Video recordings captured using GoPro® cameras provide detailed insights about the
failure behavior when synchronized with time series plot acquired from the load cell data.
Post-test images provide further assessment of the failure types and microstructural
behavior observed after the indentation test. Most of the indented surfaces had some
amount of microfractures and damaged layers. The damaged layer for the warm ice
showed more evidence of damaged enhanced creep whereas the damaged layer for the
cold ice was much thinner and was accompanied by extensive microfractures and spalls
surrounding the indented area.
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Chapter 5: Analysis
5.1

Overview

This chapter deals with the comparison and the analysis of all the tests performed in both
phases of this research program. The influence of parameters such as ice temperature,
indenter size and the structural compliance on the ice failure behavior, the formation of
hpzs and the eventual cyclic loading patterns are discussed. Load limiting factors and the
test conditions that influence these mechanisms are also considered.
Time series plots and GoPro® video recordings were synchronized to observe and analyze
the failure mechanisms like spalling and crushing in greater detail. Further assessment of
the effects of various parameters on the failure mechanisms and the damaged layer of the
ice are also presented in this chapter.

5.2

Ice Failure Processes

The tests performed in this research programs were studied and analyzed individually to
determine the ice failure process, and the nature of hpzs at the indented surface. Particular
attention was paid to the load limiting failure mechanisms during periods of cyclic
loading. The synchronization of time series plots and video recordings help associate the
load drops and cyclic loading patterns with the ice failure processes; such as spalling and
crushing. A detailed description of observed failure processes associated with crushing
and spalling for representative sample events is provided below.
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5.2.1 Crushing
Crushing failure is a critical load limiting failure mechanism which can be observed
during indentation and is associated with the failure of hpzs and load variations. Crushing
refers to the pulverization and extrusion of fine-grained, soft ice from the edges of hpzs.
For small-scale tests, the cyclic loading behavior associated with crushing is due to the
continuous pressure softening and the hardening of the damaged layer.
Crushing failure leads to a decrease in the intensity of the hpz without any significant
change in the position or the loss of contact area. Video recordings from the present
program captured the indentation tests, and indicate that the crushing failure corresponds
with observations of continuous extrusion of the fine-grained pulverized ice from around
the indenter after the failure of a high pressure zone. A sample test is presented below to
discuss the crushing failure behavior. The pressure-time plot for the T10_1B_15_50 test,
and synchronized video recordings are illustrated in Figures 5.1 and 5.2.

Figure 5.1: Pressure-time plot identifying crushing failure for the test T10_1B_15_50.
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From these videos, the load drop can be attributed to the failure mode of observed hpzs.
The corresponding images captured for the synchronized video recordings are presented
in Figure 5.2. Events (a) and (c) represent the peak pressures of their respective cycles,
whereas events (b) and (d) represent the corresponding load drops due to extrusion
events.

(a)

(b)

(c)

(d)

Figure 5.2: Images of crushing failure from the video recording of the test T10_1B_15_50
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Spalling
Spalling fracture is another load limiting failure mechanism that has been associated with
compressive ice failure. A spall is a series of localized fractures that initiate from the
cracks near the hpzs. Spalls are intermittent and irregular in nature that are influenced by
the flaws in ice. Spalling fracture also depends on the rate of indentation, with higher
instances of spalling occurring at indentation rates greater than 1 mm/s.

(a)

(b)

(c)

Figure 5.3: Images of spalling failure from the video recording of the test T10_1B_15_50
Examination and analysis of each indentation test revealed that spalls dominate the failure
of ice for the scales of interest in this program. Spalling fractures are often associated
with a significant loss of contact area at the indented surface. Loss of contact area is
accompanied by a significant load drop within a fraction of a second. Images captured for
the synchronized video recordings are presented in Figure 5.3. Figure 5.3 (a) illustrates
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the ice sample right before the spall. Event (b) in Figure 5.3 represents a spalling fracture
and the separation of a large fragment of ice from the ice sample, accompanied with a
huge pressure drop. Figure 5.3 (c) represents the spalled area and the loss of contact area
at the indented surface as a result of the spalling event.

5.3

Analysis of Phase 1A Tests

5.3.1 Temperature Effects
To examine the effect of temperature on ice failure and associated interaction dynamics, a
comparison of three experiments carried out at 2.5 mm/s using a 100 mm indenter is
given in Figure 5.4. These results include experiments carried out at temperatures of -1°C
(T01_1A_01_100), -7°C (T09_1A_07_100_R) and -18.5°C (T02_1A_18.5_100). As
observed from this figure, differences in ice failure behaviour can be observed for the
range of temperatures considered. The coldest specimen (-18.5°C) produced the highest
initial peak pressure and failed in a brittle manner due to large spall events, while the ice
tested at -7°C also failed in a brittle manner but produced a lower initial peak that was
followed by several cycles of sawtooth type failures. For the tests at -7°C and -18.5°C,
failure of the ice consistently resulted in a very large load drop (nearly to zero for all
failure events). By comparison, during the test at -1°C, the pressure increased steadily
until it reached a limit of about 15 MPa, after which the pressure remained almost
constant for the remainder of the test. Under these conditions, the ice failed in a more
ductile manner due to the flow of highly damaged ice and continuous extrusion from
beneath the indenter, without any significant load drops or cyclic loading character.
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Figure 5.4: Pressure-time plot (top) and beam deflection-time plot (bottom) for tests
conducted at different temperatures using a 100 mm indenter.
Photographs of the indented ice surface taken at the end of each test illustrated in Figure
5.5 (for 100 mm indenter, 2.5 mm/s) establish clear links between the failure modes
corresponding to the loading patterns observed in Figure 5.4. As observed from the
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picture in Figure 5.5 (left), during the indentation test at -1°C, highly damaged ice was
continuously extruded from beneath the indented surface. There was no evidence of
sudden load drops due to the failure, structural rebounding and clearance of damaged ice
from beneath the indenter. This damaged-enhanced creep process is markedly different
than observed brittle failure since it resulted in the accumulation of a mass of extruded,
damaged ice directly surrounding the indenter. In comparison, observed brittle failure
consisted of a combination of spalling and crushing, due to the rapid rebound of the
structure following the formation of a spall, which resulted in further crushing and
clearing of the ice from beneath the indenter; see images in Figure 5.5 (center and right).

Figure 5.5: Images taken after indentation tests (100mm indenter; 2.5 mm/s) at
temperatures: (Left) -1°C; (Centre) -7°C; (Right) -18.5°C.
These results suggest that ice warmer than some critical limit would be expected to fail in
a ductile manner, making interactions involving such ice less likely to excite ice-induced
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vibrations in the structure. Further study to better understand and characterize such
critical temperature limits are needed for a range of scales and indentation rates.

5.3.2 Scale Effects
To study the effect of indenter size on ice failure processes and the associated loading
dynamics in the case of the compliant indentation system, data from three tests
(T08_1A_07_50_R, T02_1A_18.5_100_R, T06_1A_19_150) having different nominal
areas (1.96x10-3m2 for the 50 mm indenter, 7.85x10-3 m2 for the 100 mm indenter and
17.6x10-3 m2 for the 150 mm indenter) have been plotted; see Figure 5.6 below. Other
conditions (temperature ≈ -19°C; indentation rate = 2.5 mm/s) were held constant for
each of these tests. Due to the spherical shape of the indenters, the nominal area increases
as the indentation proceeds. This area continues increasing until the indenter becomes
fully enveloped, after which the area remains constant. As shown in the Figure 5.6
(bottom), the time required for full envelopment of the indenter is approximately 2.03, 4.1
and 6.1 seconds for the 50, 100 and 150 mm indenters, respectively.
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Figure 5.6: Plots of: (Top) Pressure vs. time; (Bottom) Nominal area vs. time; Three
different indenter sizes (50 mm, 100 mm, 150mm) are used for each test, while speed and
temperature remain constant (2.5mm/s, -19°C).
From the pressure-time results shown in the Figure 5.6 (top), it is observed that all three
tests exhibit brittle-type failure with sawtooth cyclic loading patterns characterized by
significant load drops occurring during each ice failure event. The overall peak pressure
observed (58 MPa) from these tests corresponds to the smallest (50 mm) indenter and is
nearly double the peak pressure from the 100 mm indenter test and about five times the
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peak pressure from the test with the 150 mm indenter. It is also interesting to note that the
frequency of the sawtooth loading varies as a function of scale, with a higher frequency of
about 0.3 Hz observed for the 50 mm indenter, whereas the frequency of the load drops
for the 100 mm and 150 mm indenters are lower at about 0.1 and 0.15 Hz, respectively.
This indicates that the size of the individual hpzs will influence the frequency of
associated ice-induced vibrations, even if the structure, temperature and interaction speed
remain constant. This result highlights the need for improved understanding of hpz
behavior over multiple scales and in the context of dynamic ice-structure interactions.
A possible explanation for these observations is that for small indenters, contact forces
are concentrated over smaller areas and therefore less indentation depth is required to
impart sufficient energy to trigger a failure event in the cracked and damaged layer of ice
immediately beneath the indenter. Since smaller, higher pressure indenters would need to
indent less depth into the ice to reach a given critical failure energy limit, one would
expect them to have more indentation cycles per unit time (hence higher frequency) than
larger, lower pressure indenters (assuming a constant indentation rate).
Another important observation from these tests is that the dominant ice failure mode
noted during the test conducted using the 50 mm indenter consisted of small, intermittent
spalls with some ice crushing. Observations from the medium (100 mm) and large (150
mm) indenter tests indicate that failure events for those tests were associated more with
massive spalls and very large associated load drops, with crushing only occurring as a
consequence of the clearing of ice around the indenter during rebounding of the structure,
not as the triggering mechanism. This result indicates that fracture processes may play a
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more dominant role in failure and associated loading dynamics during larger scale
interactions with compliant structures.
Figure 5.7 shows the time series plots illustrating first peak pressures, mean peak
pressures and maximum peak pressures for each test performed using a compliant
indentation system. These plots summarize the pressure results for all the tests carried out
in Phase 1A. The peak pressures plot (Figure 5.7 top) indicates the peak pressure of the
first cyclic loading event; the mean peak pressure plot (Figure 5.7 middle) indicates the
average of all the peak pressures during the test while the maximum peak pressure plot
(Figure 5.7 bottom) indicates the maximum pressure observed during the indentation
phase.
The pressures for cold tests using increasing indenter sizes produced decreasing
pressures, with the peak pressures for the 50 mm indenter tests being the highest and
gradually decreasing as indenter size is increased. All three plots indicate that the peak
pressures for the 50 mm indenter tests are almost twice the pressures for the 100 mm
indenter tests and three to five times the pressures for the 150 mm indenter tests.
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Figure 5.7: First peak pressure-time plot (top); mean peak pressure-time plot (middle) and
maximum peak pressure-time plot (bottom) for Phase 1A tests.
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The differences between the peak pressures for the warm tests also showed a similar
pattern, albeit drastic pressure differences were not observed. In all cases, the pressures
observed during a 50 mm indenter test were the highest, with peak pressures decreasing
with increasing indenter size. The pressures on the 50 mm indenter tests were
approximately 30% higher than the 100 mm indenter tests and about 60% higher than the
150 mm indenter tests.
Figure 5.7 also shows that the cold tests, on average, had much higher peak pressures
when compared to the warm indenter tests, regardless of the indenter size used.

5.4

Analysis of Phase 1B Tests

5.4.1 Temperature Effects
To examine the effect of temperature on the compressive failure of ice and the associated
interaction dynamics in case of a rigid indentation system, a comparison of two
experiments carried out at 2.5 mm/s using a 100 mm indenter is made in Figure 5.8.
These results include experiments carried out at temperatures of -6°C (T14_1B_06_100)
and -14°C (T12_1B_14_100). As may be observed from this figure, differences in ice
failure behaviour can be observed for the range of temperatures considered. The cold ice
specimen (-14°C) produced a regular cyclic loading pattern, with the peak pressures
ranging from 13 to 27 MPa. These cold ice samples failed in a brittle manner due to the
large spalling events that contributed to the constant loading and unloading of pressure on
the ice. For the most part, the warm ice specimen (-6°C) fails in a highly ductile manner.
The pressure reaches a peak limit of almost 13 MPa within the first 4 seconds of the test
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when the spherical surface of the indenter is achieving complete contact with the surface
of the ice. After the pressure drop, the ice experienced a damaged enhanced creep
response. Under these conditions, the ice failed in a more ductile manner due to the
continuous extrusion and the flow of highly damaged ice from beneath the indenter,
without any significant load drops or cyclic character. In the case of the cold ice
specimen, the intermittent sawtooth loading limited the maximum achievable load, while
the warm ice specimen was characterized by a steadily increasing load.

Figure 5.8: Pressure-time plot (top) and force-time plot (bottom) for tests conducted at
different temperatures using a 100 mm indenter.
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Photographs of the indented ice surface taken at the end of each test shown in Figure 5.9
(for 100 mm indenter, 2.5 mm/s) establish clear links between the failure modes
corresponding to the loading patterns observed in Figure 5.8. As observed from the left
picture in Figure 5.9, the indented surface of the warm ice specimen was heavily
dominated by a permanent indentation, indicative of damage enhanced creep with very
small areas of microfractures present at the edges. By comparison, the indented surface of
the cold ice specimen was dominated by zones of extensive spalls, microfractures and
only a small damaged ice layer at the center as observed in Figure 5.9 (right). Barrette et
al. (2002), Li et al. (2004) and Browne (2012) also observed similar findings in their
research.

Figure 5.9: Images taken after indentation tests (100mm indenter; 2.5 mm/s) at
temperatures: (Left) -6°C; (Right) -14°C.

5.4.2 Scale Effects
To study the effect of indenter size on ice failure processes and associated loading
dynamics for the rigid indentation system, data from two tests (T10_1B_15_50;
T12_1B_14_100) having different nominal areas (1.96x10-3 m2 for the 50 mm indenter
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and 7.85x10-3 m2 for the 100 mm indenter) have been plotted; see Figure 5.10 below.
Other conditions (indentation rate = 2.5 mm/s; temperature ≈ -15°C) were held constant
throughout each of these tests. As explained in Section 5.3.2, the time required for full
envelopment of the indenter is approximately 2.03 and 4.1 seconds for the 50 and 100
mm indenters, respectively.
The cold test T11_1B_14.5_150 using a large (150 mm) indenter was not considered for
the scale effects comparison. The T11_1B_14.5_150 test was stopped abruptly due an
operating problem encountered during the data acquisition process that resulted in the
collection of erroneous data and inaccurate results. From the pressure-time results shown
in Figure 5.10 (top), it is observed that both tests exhibit brittle-type failure with sawtooth
cyclic loading patterns characterized by significant load drops occurring during each ice
failure event. The maximum peak pressure of the small (50 mm) indenter test was 50.5
MPa, nearly twice the peak pressure (27MPa) for the 100 mm indenter test. Despite
having higher pressure drops, almost every peak pressure in the 100 mm indenter test
dropped to around zero. On the contrary, the pressure drops for the small indenter test did
not drop to zero for this experiment. This pattern led to an increase in the peak pressures
that developed during the later loading cycles. It is also observed that the frequency of the
sawtooth loading varies as a function of scale, with a higher frequency of about 0.9 Hz
observed for the 50 mm indenter, whereas the frequency of the load drops for the 100 mm
was lower at about 0.36 Hz.
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Figure 5.10: Plots of: (Top) Pressure vs. time; (Center) Force vs. time; (Bottom) Nominal
area vs. time; Two different indenter sizes (50 mm, 100 mm) are used for each test, while
speed and temperature remain constant (2.5mm/s, -15°C).
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Thus, it can be concluded that the frequency and amplitude of the cyclic loading patterns
is higher for the tests performed using a smaller indenter. These observations indicated
that the size of the individual hpzs will influence the frequency of associated ice-induced
vibrations, even if the structure, temperature and interaction speed remain constant.
Another important observation from these tests is that the dominant ice failure mode
noted during the test conducted using the 50 mm indenter consisted of small, intermittent
spalls with some ice crushing. Observations from the medium (100 mm) indenter test
indicate that failure events for those tests were associated more with massive spalls and
very large associated load drops, with crushing only occurring as a consequence of the
clearing of ice around the indenter.
Figure 5.11 shows the time series plots illustrating first peak pressures, mean peak
pressures and maximum peak pressures for each test performed using a rigid indentation
system. These plots summarize the pressure results for all the tests carried out in Phase
1B. The peak pressures plot (Figure 5.11 top) indicates the peak pressure of the first
cyclic loading event; the mean peak pressure plot (Figure 5.11 middle) indicates the
average of all the peak pressures during the test while the maximum peak pressure plot
(Figure 5.11 bottom) indicates the maximum pressure observed during the indentation
phase.
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Figure 5.11: First peak pressure-time plot (top); mean peak pressure-time plot (middle)
and maximum peak pressure-time plot (bottom) for Phase 1B tests.
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All three plots indicate that the pressures for the 50 mm indenter tests are almost two
times the pressures for the 100 mm indenter tests, and nearly two to five times the
pressures for the 150 mm indenter tests. The differences between the peak pressures for
the warm tests also showed a similar pattern, albeit drastic pressure differences were not
observed. As indicated, the pressures observed during a 50 mm indenter test were the
highest, with peak pressures decreasing with increasing indenter size. The pressures on
the 50 mm indenter tests were approximately two to three times higher than the 100 mm
indenter tests and about three to four times higher than the 150 mm indenter tests. For
these data, the peak pressures for the medium and the large indenter tests were almost the
same, which may be due to effects of natural variability in the ice failure process due to
random fractures. Figure 5.11 also shows that the cold tests, on an average, had much
higher peak pressures when compared to the warm indenter tests, regardless of the
indenter size used.

5.5

Effect of Structural Compliance

Two different indentation systems were used throughout the course of this research
program. A compliant indentation system was used in Phase 1A while a rigid indentation
system was used in Phase 1B. The following observations have been linked to the
presence of structural feedback, or lack thereof:


For the conditions considered, the actual indentation rate, also known as the
relative indentation rate experienced by the ice during the loading phase, under the
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compliant system is lower than the indentation rate under the rigid system, due to
the elastic deformation of the compliant beam during testing.


The frequency of the cyclic loading has a strong dependence on the structural
compliance of the system and it has also been noted that the amplitudes of the
cyclic loads for the tests with structural compliance are higher than the tests
without any structural compliance.

5.5.1 Relative Indentation Rate
The compliant indentation system in Phase 1A deflected due to its compliance. During
the loading phase, the indented ice exhibits the formation of several microcracks in the
ice that do not propagate unsteadily. The resistance of the ice is thus maintained and the
ice force continues to increase. The structure deflects elastically, resulting in a decreased
loading rate. The deflection continues until the microcracks reach a critical level, leading
to the total failure of the indented ice. The ice cannot take more load and the structure
starts to spring back, resulting in an increased loading rate. Peyton (1968) suggested that
the strength of the ice has a strong dependence on the loading rate. The decreased loading
rate during the loading phase causes an increase in the ice strength that eventually results
in the total loading force to go up. On the contrary, failure in ice during the unloading
phase leads to an increase in loading rate and a decrease in the strength of ice. The
relative indentation rates constantly cycled between decreased rates during the loading
phase and increased rates during the unloading phase throughout the periods of cyclic
loading.
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Figure 5.12 shows a displacement plot for test T05_1A_06_150. The plot consists of the
nominal loading rate imposed by the hydraulic ram, structural deflection recorded by the
LVDTs and the resulting relative indentation rate (nominal rate minus structural
deflection). As observed, the loading rate during the loading phase of the test has been
reduced. Around 11 seconds into the test, the nominal rate of 2.5 mm/s was reduced to
approximately 2.1 mm/s. Around 11.7 seconds, a large pressure drop was observed and
within milliseconds the deflected compliant beam sprung back to its original position.
The indentation rate during this unloading phase had increased to 941 mm/s, almost 375
times the nominal loading rate and 450 times the relative loading rate during the loading
phase. As shown in Figure 5.13, the relative rate continued changing once the indenter
surface came in contact with the indented surface and the ice strength started building. It
was during this unloading phase that much of the crushed ice was extruded.

Figure 5.12: Displacement vs. time plot for the test T05_1A_06_150 comparing nominal
rate, structural deflection and relative indentation rate.
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Figure 5.13: Plot of the relative indentation rate for test T05_1A_06_150.
The relative indentation rates are also affected by the ice sample temperatures. The
relative indentation rates decrease with decreasing temperature. Thus, the warmer ice
samples will have a lower relative indentation rate when compared to the colder ice
samples.

5.5.2 Amplitude and Frequency of Cyclic Loading
It has been observed that the amplitude and the frequency of cyclic loading patterns are
affected by the presence of structural compliance or lack thereof. Figures 5.14 and 5.15
illustrate the pressure-time plots, comparing the compliant (Phase 1A) and rigid
indentation systems (Phase 1B). Figure 5.14 compares tests T08_1A_19_50_R (Phase
1A) and T10_1B_15_50 (Phase 1B). Both the tests were performed using a cold ice
sample and a 50 mm indenter at an indentation rate of 2.5 mm/s. Similarly, Figure 5.15
compares tests T09_1A_07_100_R (Phase 1A) and T14_1B_06_100 (Phase 1B). Both
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the tests were performed using a warm ice sample and a 100 mm indenter at an
indentation rate of 2.5 mm/s.

Figure 5.14: Pressure-time plot for tests conducted on different indentation systems using
a 50 mm indenter and cold ice specimens.

Figure 5.15: Pressure-time plot for tests conducted on different indentation systems using
a 100 mm indenter and warm ice specimens.
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At cold temperatures, the test samples in both the phases underwent regular sawtooth
loading patterns. The frequency of the sawtooth loading for the compliant test was 0.35
Hz while the rigid test had a cyclic loading frequency of almost 1 Hz. The pressure
amplitudes for both the tests were almost similar with mean overall mean peak pressures
of 34 MPa and 40 MPa for the rigid and compliant tests respectively. Pressure drops were
greater for the compliant test with almost every pressure drop reaching to zero. This
phenomenon can be attributed to the increased relative indentation rates that develop
during the unloading phase when the ice fails and the structure springs back, causing a
decrease in the ice strength and the corresponding pressure drop. On the contrary, the
pressure drops for the rigid test did not drop to zero due to significantly low structural
feedback and corresponding increase in the relative loading rate.
At warm temperatures, the compliant test showed sawtooth loading patterns which was
triggered by large spalls, while the rigid test underwent ductile failure. The frequency of
the cyclic loading for the compliant test was 0.14 Hz. The average peak pressures for the
rigid test was 12 MPa while the mean peak pressures for the compliant test was 23 MPa,
almost double the pressure of the rigid test. The difference in the pressure amplitudes was
likely due to the relative indentation rate caused by the structural deflection in the
compliant system.

5.6

Summary

A series of medium-scale laboratory indentation tests were conducted to advance
understanding of the compressive ice failure, and the links between ice failure processes
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corresponding with the formation of hpzs, and the development of cyclic loading patterns.
It was observed that the spalling of ice was responsible for the formation of the highpressure zones and the associated regular sawtooth phenomenon. Spalling, the other load
limiting failure mechanism, occurred only as a consequence of the clearing of ice around
the indenter during rebounding of the structure.
High-pressure zones, dominated by spalling and brittle failure of ice were observed for
the cold ice samples. These failure processes contributed to the development of regular
sawtooth loading patterns. In comparison, warm ice failed in a more ductile manner due
to the continuous extrusion of highly damaged ice, without any significant load drops or
cyclic character. The microstructural behavior of ice was also affected by changes in
temperature. The damaged layer of the warm ice samples showed very little evidence of
microcracks while the damaged layer of the cold ice samples were dominated by zones of
extensive spalling and microfractures with much less damaged ice beneath the indenter.
The peak pressures on the 50 mm indenter were significantly higher than the pressures on
the 100 mm and 150 mm indenters. The frequency of the cyclic loading was also higher
for the 50 mm indenters. The dominant ice failure mode for the tests conducted using the
50 mm indenter consisted of small, intermittent spalls with some ice crushing, while
failure events for the medium (100 mm) and large (150 mm) indenter tests were
associated more with very large spalls and associated load drops.
Structural deflection in the compliant system caused a decrease in the relative indentation
rate during the loading phase, as compared with the rigid system. However, the relative
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rate increased during the unloading phase due to the spring back action of the deflected
beam, causing extrusion of pulverized ice. This resulted in higher peak pressures, when
compared to the rigid indentation tests. It was also observed that the frequency and the
amplitude of the cyclic loading patterns were higher for the compliant tests than the rigid
tests.
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Chapter 6: Conclusions
Medium-scale indentation tests on confined ice samples were carried out to improve
understanding of compressive ice failure, and the formation of ice crushing dynamics
during an ice-structure interaction. The formation, evolution and failure of high-pressure
zones, and their role in the development of cyclic loading patterns were also a significant
part of this research program. The effects of temperature, indenter size and structural
compliance on the load-limiting ice failure mechanisms were also discussed. Based on the
analysis of the observed data, the conclusions discussed below were drawn.

6.1

Crushing, Spalling and Cyclic Loading

During the indentation tests, failure processes like crushing and spalling were often
observed. Spalling failure is a load limiting failure mechanism responsible for the cyclic
loading phenomenon. The failure of high-pressure zones was linked to the regular load
drops observed after significant localized spalls occurred, thus leading to the separation of
spalled ice from the ice surface, and a sudden decrease in contact area. Crushing failure,
unlike spalling, occurred only as a consequence of the clearing of ice around the indenter
during rebounding of the structure. Crushing of ice resulted in the extrusion of finegrained soft ice from hpz edges. Crushing was not the triggering mechanism responsible
for initiating structural rebounding in these tests.
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6.2

Temperature Effects

The indentation tests were planned to be carried out at two different temperatures: warm
ice specimens at -5°C, and cold ice specimens at -20°C. The actual testing temperatures,
however, ranged from -4.5°C to -7°C (the test at -1°C was an outlier) for the warm
temperature tests and -14°C to -19°C for the cold temperature tests. Changes in the
temperature had a significant effect on the ice failure processes that occurred during the
indentation tests. At warmer temperatures, the ice failed in a more ductile manner due to
the flow of highly damaged ice and continuous extrusion, without any significant load
drops or cyclic character. By comparison, the cold ice samples produced high initial peak
pressures, followed by brittle failure, large spalling events and sudden large load drops.
All of the failure mechanisms mentioned above often led to the development of regular
cyclic loading patterns.
The microstructural behavior of ice was also affected by the changes in the temperature.
Due to ductile failure, the spalls in warmer ice were smaller in magnitude and size. The
damaged layer in the indented area was heavily dominated by fine-grained crushed ice
with microfractured ice at the edges. For colder ice samples, a considerable amount of
spalling and microfractures was observed on the outer edges surrounding the indented
area, with a distinct layer of damaged ice directly beneath the contact zone. Fractures
became more dominant for lower temperatures.

122

6.3

Scale Effects

Three spherical indenters (50 mm small indenter, 100 mm medium indenter and 150 mm
large indenter), scaled to different dimensions, were used for this research program. The
load cell data showed that the use of large (150 mm) indenter results in the loading of
very high forces on the ice specimen during indentation. The loads for the large indenter
were almost three to five times the loads recorded for the small (50 mm) indenter.
However, due to the smaller nominal area, the overall peak pressure corresponding to the
small (50 mm) indenter was nearly double the peak pressure for the medium (100 mm)
indenter and about five times the peak pressure for the large (150 mm) indenter.
Though cyclic loading patterns were observed in the majority of the tests, particularly for
cold ice, their characteristics vary with changes in scale. For smaller indenters, the
pressure drops were higher and the amplitudes of the cyclic loads were greater, when
compared to the larger indenters. Similarly, the frequencies of cyclic loading patterns for
the small indenter tests were almost two to three times the frequencies for the larger
indenter tests.

6.4

Effect of Structural Compliance

For compliant tests, the relative indentation rate decreases during the loading phase of the
ice, subsequently increasing the ice strength and peak pressures. On failure of the ice, the
deflected beam springs back, increasing the relative indentation rate and reducing the ice
strength. These fluctuations in the relative indentation rate assists in the development of
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regular cyclic loading patterns. In addition, the release of stored elastic energy also helped
clear the damaged ice from beneath the indenter, resulting in load drops to near zero.
The frequency and the amplitude of cyclic loading have a strong dependence on structural
compliance of the system. It was observed that the frequency of the cyclic loading was
higher for the rigid indentation system. The load cycling amplitude for compliant
indentation tests were higher than those for the rigid tests i.e. the load drops were bigger
due to the presence of structural deflection and the feedback energy from the structure
onto the ice.

6.5

Recommendations for Future Work

Compressive ice failure is a complex process that needs to be studied and analyzed in
greater detail. Several recommendations for future work have emerged throughout the
course of this testing program. Medium-scale laboratory testing is an efficient and costeffective way to study the compressive ice failure and the ice crushing dynamics during
ice-structure interactions. However, data obtained from full-scale testing would be
extremely helpful to better understand the actual failure processes observed during icestructure interactions.
A number of recommendations can be made within the scope of this testing program. All
the tests in this program were performed at an indentation speed of 2.5 mm/s. However,
the crushing rates of the ice sheet against offshore structures range from 0.001 mm/s to
1800 mm/s. Therefore, performing medium-scale tests using a broad range of indentation
rates is highly recommended. Ice encountered in the Arctic and sub-Arctic environments
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have temperatures ranging from -40°C to 0°C. Increasing the temperature range of the ice
samples is suggested for further testing. Scale effects were quite prominent during the
tests. It helped in understanding the implications of cyclic loading patterns and the
formation of high-pressure zones on a larger structure. Increasing the scale of the tests
can further assist in reducing the gap between the full-scale offshore tests and the
medium-scale laboratory tests. Thin sections of the damaged layer were not analyzed in
this test program. To gain insights into the microstructural modifications and behavior of
ice, further examination of the horizontal and vertical thin-sections of the damaged ice
adjacent to the indented area are recommended.
The complete testing process was carried out at room temperature and precautions were
taken to reduce the action of room temperature on the ice samples. However, it was
observed that the temperature of most ice specimens varied from the ideal temperatures.
Using a dedicated cold space that can accommodate the testing apparatus to perform
further medium-scale tests is recommended.
Two rigid tests using a large indenter had to be stopped abruptly due to some technical
errors encountered while testing, one of them being inadequate load testing capacity of
some testing equipment. Increasing the load capacity of the test apparatus will help in
preventing these issues. During calibrations tests, the compliant beam was overloaded
which caused a small amount of permanent deflection in the beam. Due to eccentricities
in the loads, the compliant beam experienced significant torsional loading and bending
moments. Using an indenter of shorter size and a beam with higher torsional rigidity are
recommended for future tests.
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In conclusion, the results from this test program look promising and are currently being
used to plan and design the upcoming tests using multiple ice specimens and indenters to
analyze the formation of multiple high-pressure zones, and the transmission of loads onto
the structure. Simulating multiple high-pressure zones on the same structure can help in
investigating synchronized crushing failure, cyclic loading patterns and other multiple
high-pressure zones failure processes. The results of this thesis are a step forward in
improving our understanding of compressive ice failure and ice crushing dynamics during
ice-structure interactions.
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APPENDIX A – Test Results and Images
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Phase 1A

141

Test T01_1A_01_100

Figure A1.1: Force vs. time plot.

Figure A1.2: Pressure vs. time plot.

142

Figure A1.3: Indented area vs. time plot.

Figure A1.4 a: Compliant beam deflection vs. time plot.

143

Figure A1.4 b: Compliant beam deflection vs. time plot.

Figure A1.5: Temperature vs. time plot.
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Figure A1.6: Indented distance vs. time plot.

Figure A1.7: Relative loading rate vs time plot.
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Figure A1.8 (a): Post-test images for test T01_1A_01_100.

Figure A1.8 (b): Post-test images for test T01_1A_01_100.
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Figure A1.8 (c): Post-test images for test T01_1A_01_100.
Test T02_1A_18.5_100

Figure A2.1: Force vs. time plot.

147

Figure A2.2: Pressure vs. time plot.

Figure A2.3: Indented area vs. time plot.
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Figure A2.4 a: Compliant beam deflection vs. time plot.

Figure A2.4 b: Compliant beam deflection vs. time plot.

149

Figure A2.5: Temperature vs. time plot.

Figure A2.6: Indented distance vs. time plot.
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Figure A2.7: Relative loading rate vs time plot.

Figure A2.8 (a): Post-test images for test T02_1A_18.5_100.
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Figure A2.8 (b): Post-test images for test T02_1A_18.5_100.
Test T03_1A_04_50

Figure A3.1: Force vs. time plot.
152

Figure A3.2: Pressure vs. time plot.

Figure A3.3: Indented area vs. time plot.
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Figure A3.4 a: Compliant beam deflection vs. time plot.

Figure A3.4 b: Compliant beam deflection vs. time plot.
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Figure A3.5: Temperature vs. time plot.

Figure A3.6: Indented distance vs. time plot.
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Figure A3.7: Relative loading rate vs time plot.

Figure A3.8 (a): Post-test images for test T03_1A_04_50.
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Figure A3.8 (b): Post-test images for test T03_1A_04_50.
Test T04_1A_16.5_50

Figure A4.1: Force vs. time plot.
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Figure A4.2: Pressure vs. time plot.

Figure A4.3: Indented area vs. time plot.
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Figure A4.4 a: Compliant beam deflection vs. time plot.

Figure A4.4 b: Compliant beam deflection vs. time plot.
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Figure A4.5: Temperature vs. time plot.

Figure A4.6: Indented distance vs. time plot.
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Figure A4.7: Relative loading rate vs time plot.

Figure A4.8 (a): Post-test images for test T04_1A_16.5_50.
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Figure A4.8 (b): Post-test images for test T04_1A_16.5_50.

Figure A4.8 (c): Post-test images for test T04_1A_16.5_50.
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Test T05_1A_06_150

Figure A5.1: Force vs. time plot.

Figure A5.2: Pressure vs. time plot.
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Figure A5.3: Indented area vs. time plot.

Figure A5.4 a: Compliant beam deflection vs. time plot.
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Figure A5.4 b: Compliant beam deflection vs. time plot.

Figure A5.5: Temperature vs. time plot.

165

Figure A5.6: Indented distance vs. time plot.

Figure A5.7: Relative loading rate vs time plot.
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Figure A5.8 (a): Post-test images for test T05_1A_06_150.

Figure A5.8 (b): Post-test images for test T05_1A_06_150.
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Test T06_1A_19_150

Figure A6.1: Force vs. time plot.

Figure A6.2: Pressure vs. time plot.
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Figure A6.3: Indented area vs. time plot.

Figure A6.4 a: Compliant beam deflection vs. time plot.
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Figure A6.4 b: Compliant beam deflection vs. time plot.

Figure A6.5: Temperature vs. time plot.
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Figure A6.6: Indented distance vs. time plot.

Figure A6.7: Relative loading rate vs time plot.
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Figure A6.8 (a): Post-test images for test T06_1A_19_150.

Figure A6.8 (b): Post-test images for test T06_1A_19_150.
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Test T07_1A_4.5_50_R

Figure A7.1: Force vs. time plot.

Figure A7.2: Pressure vs. time plot.
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Figure A7.3: Indented area vs. time plot.

Figure A7.4 a: Compliant beam deflection vs. time plot.
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Figure A7.4 b: Compliant beam deflection vs. time plot.

Figure A7.5: Temperature vs. time plot.

175

Figure A7.6: Indented distance vs. time plot.

Figure A7.7: Relative loading rate vs time plot.
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Figure A7.8 (a): Post-test images for test T07_1A_4.5_50_R.

Figure A7.8 (b): Post-test images for test T07_1A_4.5_50_R.
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Figure A7.8 (c): Post-test images for test T07_1A_4.5_50_R.
Test T08_1A_19_50_R

Figure A8.1: Force vs. time plot
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Figure A8.2: Pressure vs. time plot

Figure A8.3: Indented area vs. time plot
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Figure A8.4 a: Compliant beam deflection vs. time plot

Figure A8.4 b: Compliant beam deflection vs. time plot

180

Figure A8.5: Temperature vs. time plot

Figure A8.6: Indented distance vs. time plot
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Figure A8.7: Relative loading rate vs time plot

Figure A8.8 (a): Post-test images for test T08_1A_19_50_R.
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Figure A8.8 (b): Post-test images for test T08_1A_19_50_R.

Figure A8.8 (c): Post-test images for test T08_1A_19_50_R.
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Test T09_1A_07_100_R

Figure A9.1: Force vs. time plot

Figure A9.2: Pressure vs. time plot
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Figure A9.3: Indented area vs. time plot

Figure A9.4 a: Compliant beam deflection vs. time plot
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Figure A9.4 b: Compliant beam deflection vs. time plot

Figure A9.5: Temperature vs. time plot
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Figure A9.6: Indented distance vs. time plot

Figure A9.7: Relative loading rate vs time plot
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Figure A9.8 (a): Post-test images for test T09_1A_07_100_R.

Figure A9.8 (b): Post-test images for test T09_1A_07_100_R.
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Figure A9.8 (c): Post-test images for test T09_1A_07_100_R.
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Phase 1B

190

Test T10_1B_15_50

Figure A10.1: Force vs. time plot.

Figure A10.2: Pressure vs. time plot.
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Figure A10.3: Indented area vs. time plot.

Figure A10.5: Temperature vs. time plot.
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Figure A10.6: Indented distance vs. time plot.

Figure A10.7 (a): Post-test images for test T10_1B_15_50.
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Figure A10.7 (b): Post-test images for test T10_1B_15_50.

Figure A10.7 (c): Post-test images for test T10_1B_15_50.
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Test T11_1B_14.5_150

Figure A11.1: Force vs. time plot.

Figure A11.2: Pressure vs. time plot.
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Figure A11.3: Indented area vs. time plot.

Figure A11.5: Temperature vs. time plot.
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Figure A11.6: Indented distance vs. time plot.

Figure A11.7 (a): Post-test images for test T11_1B_14.5_150.
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Figure A11.7 (b): Post-test images for test T11_1B_14.5_150.
Test T12_1B_14_100

Figure A12.1: Force vs. time plot.
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Figure A12.2: Pressure vs. time plot.

Figure A12.3: Indented area vs. time plot.
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Figure A12.5: Temperature vs. time plot.

Figure A12.6: Indented distance vs. time plot.
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Figure A12.7 (a): Post-test images for test T12_1B_14_100.

Figure A12.7 (b): Post-test images for test T12_1B_14_100.
201

Test T13_1B_07_50

Figure A13.1: Force vs. time plot.

Figure A13.2: Pressure vs. time plot.

202

Figure A13.3: Indented area vs. time plot.

Figure A13.5: Temperature vs. time plot.

203

Figure A13.6: Indented distance vs. time plot.

Figure A13.7 (a): Post-test images for test T13_1B_07_50.

204

Figure A13.7 (b): Post-test images for test T13_1B_07_50.
Test T14_1B_06_100

Figure A14.1: Force vs. time plot.

205

Figure A14.2: Pressure vs. time plot.

Figure A14.3: Indented area vs. time plot.

206

Figure A14.5: Temperature vs. time plot.

Figure A14.6: Indented distance vs. time plot.
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Figure A14.7 (a): Post-test images for test T14_1B_06_100.

Figure A14.7 (b): Post-test images for test T14_1B_06_100.
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Figure A14.7 (c): Post-test images for test T14_1B_06_100.
Test T15_1B_05_150

Figure A15.1: Force vs. time plot

209

Figure A15.2: Pressure vs. time plot.

Figure A15.3: Indented area vs. time plot

210

Figure A15.5: Temperature vs. time plot.

Figure A15.6: Indented distance vs. time plot.

211

Figure A15.7 (a): Post-test images for test T15_1B_05_150.

Figure A15.7 (b): Post-test images for test T15_1B_05_150.
212

Figure A15.7 (c): Post-test images for test T15_1B_05_150.
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APPENDIX B – Calibrations

214

Figure B1: Calibration Sheet for the Series 330 LVDT

215

Figure B2: Calibration Sheet for the MHR series LVDT (J67753).

216

Figure B3: Calibration Sheet for the MHR series LVDT (J67783).

217

Figure B4: Calibration Sheet for the MHR series LVDT (J67798).

218

Figure B4: Calibration Sheet for the LGP 312 - Pancake Load Cell.
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APPENDIX C – Mean Nominal Stress

220

Figure C1: Nominal / projected area of the spherical indenter.
r(t) is the radius of the indenter
r c is the radius of curvature
d(t) is the depth of penetration
vp is the velocity of penetration
Since the depth of penetration changes with time:
𝑑 𝑡 = 𝑣𝑝 𝑡
and from geometry:
𝑟𝑐 = 𝑟(𝑡)2 + [𝑟𝑐 − 𝑑 𝑡 ]2
221

𝑟(𝑡)2 = 𝑟𝑐 − (𝑟𝑐 − 𝑑(𝑡))2
𝑟(𝑡)2 = 𝑟𝑐 − (𝑟𝑐 − 𝑣𝑝 𝑡)2
Therefore, mean nominal area (A n):
𝐴𝑛 = 𝜋[𝑟𝑐 − 𝑟𝑐 − 𝑣𝑡 2 ]
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APPENDIX D – Frequency Tests for the
Compliant and Rigid Beams

223

Figure D1: Natural Frequency Test for the Compliant Indentation System.

Figure D2: Natural Frequency Test for the Rigid Indentation System.
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