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Abstract

The aim of this work was to visualise heterogeneous deformation in snow under controlled
laboratory conditions. Heterogeneous deformation was observed for both homogenous and
heterogeneous loading conditions. Understanding deformation of snow is important in many

scientific fields including vehicle traction, avalanche forecasting, and winter sports.

This thesis investigates the deformation behaviour of snow on the centimetre scale under
moderate strain rates (0.005 to 0.1 s') when subject to one-dimensional compression or to
indentation. In order to allow controlled and repeatable snow deformation experiments, a
new type of artificial snow was developed. This snow type was examined by low
temperature scanning electron microscopy and by traditional avalanche observer’s
methodology. Penetrometer experiments were conducted on the artificial snow and on
natural seasonal snow in Scotland. The two snow types were found to be similar: results
obtained on artificial snow are thus applicable to natural snow. A reproducible technique of

manufacture and a thorough characterisation of the artificial snow are presented.

One-dimensional compression experiments were conducted on the artificial snow. The
experiments were in confined compression in a specially constructed apparatus, designed to
provide for back-lit photography. Images were taken at 0.25 second intervals and analysed
using digital image correlation, thus providing 2D strain fields. With careful control of
photographic parameters, it is demonstrated that process of applying tracer substances to the

snow is not necessary, thus allowing an unprecedented resolution.

Spontaneously-forming strain localisations were observed for the first time, indicating strain
softening behaviour. Damage was observed to propagate through the specimen as a moving

front, resembling a wave. The force required to propagate the front remained nearly constant
until the whole specimen was compacted, at which point a new front formed and the process

repeated.

The experimental method was extended to 2D indention experiments with a range of sizes
and shapes of indenter. Complex deformation fields were observed, extending up to 6 times
the width of the indenter on each side. Observed deformation included tensile tearing as
well as compression and shear. The maximum local strain achieved in the indentation
experiments was similar to that achieved by the first compaction front in one-dimensional

compression.



The work here presented has implications for snow deformation generally: strain localisation
introduces a characteristic length, which may prevent scaling of models or results. The
indentation results are particularly relevant to snow penetrometry, where indentation
experiments are used to try and extract microstructural information from buried snow layers
for the purpose of avalanche prediction. The common assumption that the penetrometer

interacts only with snow very close to its tip may need to be reconsidered.



Lay summary

It is difficult to predict and understand the mechanical properties and behaviour of snow.
This is because it is made of small particles which are joined to their neighbours; these joins
are easily broken but quickly re-form. Snow also comes in many different types and has a

wide range of strengths, densities and microstructural forms.

In order to simplify the situation, and to be able to conduct experiments which can be
directly compared to each other, the snow needs to be the same every time. A type of

manmade snow was developed to allow this, and was used in the experiments.

Snow was compressed and indented (using both sharp and rounded indenters). The required
force was measured and photographs were taken at regular intervals. The photographs were
analysed with a technique called Digital Image Correlation, which makes it possible to see

where the snow is deformed and by how much (the strain field).

It was found that the snow did not deform evenly, but the deformation (strain) tended to be
concentrated in certain areas. In the case of compression, deformation occurs in bands
stretching across the specimen which move up or down until the whole specimen is
deformed. For indentation, the strain field is complex and extends considerable distances

from the indenters.

Understanding the mechanical properties of snow is important in many fields (such as
vehicle traction, avalanche formation, or snow sports). One field of particular interest is
avalanche prediction. It has been suggested that pushing instrumented rods (known as
penetrometers) into snow and measuring the force required may provide a new way of
predicting avalanches, and the work described in this thesis will help the development of that

technique.
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Glossary

General terms

CPT

DIC

GeoPIV

Metamorphism

Penetrometer

SEM

SnowMicroPen

Snowpack

SMP

Texture

Cone penetration test, used in the context of the established geotechnical

investigation technique rather than typical modern snow penetrometers.

Digital image correlation. Tracking the movement of object in a series

of digital images by means of computerised image analysis.

The DIC programme used in this work.

Changes occurring to snow particles or snowpack due to temperature

humidity, time etc.

Device intended for insertion into snowpack and capable of measuring

the properties of said snow.

Scanning electron microscope.

High resolution force-measuring penetrometer instrument developed by

Jerome Johnson and Martin Schneebeli.

Layered natural snow on the ground.

SnowMicroPen.

The combination of shape and contrast required for DIC to succeed.



Snow types and symbols according to particle shape

Decomposed
precipitation

Groupel

Icecrust

Meltcrust

Melt Form
Needles

Polycrystals

Rime

Rounds

Rain crust

Stellars

Broken angular precipitation particles.

Frosty round particles up to 3 or 4 mm across, similar to hail but
softer.

Thin very hard layer in the snowpack usually caused by surface
melting but subsequently buried. Harder than a meltcrust.

Thin very hard layer in the snowpack usually caused by surface
melting but subsequently buried. Not as hard as an icecrust.

Part melted and rounded particles.
Needle like or long thin cylinders.
Groups of rounded particles sintered together.

A delicate frosty crystal growing from a surface, also called
surface hoar.

Rounded or near spherical particles produced by metamorphism.

Thin very hard layer in the snowpack caused by surface rainfall,
may be subsequently buried.

Classic snowflake 6-fold star, also includes dendritic forms.

Snow types, general descriptive terms

Firn

Powder snow

Wet snow

Windslab

Old hard snow surviving from previous seasons.

Fresh soft snow.

Snow with significant liquid water content, usually with rounded

particles or polycrystals.

Hard snow layer formed by wind-blown and broken snow particles.



Words with specific meanings in this thesis

Incremental ~ Referring to changes occurring, or time elapsed, between images in the DIC
experiments.

Irreversible in regard to deformation, refers to deformation that will not be revered when
stress is removed. Plastic deformation, brittle fracturing or any process
involving non-negligible bond breaking is thus said to be irreversible.
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Chapter 1I:

Introduction

Aim

The aim of this chapter is to introduce the field of snow mechanics and provide the reader

with an outline of the thesis.
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1. General Introduction

Snow is many things: a playground; an avalanche threat; a water source; an impediment to
transport; an indicator of the passing seasons. It is famous for its intricate and symmetric
structures on the micro scale and its majestic beauty on the macro scale. As with any other
substance found in such copious amounts in populated areas, it is necessary for mankind to
work with, on, or around snow. In this respect it must be examined and understood in the
manner of an engineering material. Some of the problems (and opportunities) caused by
snow are outlined below — the engineering invested in solving (or exploiting) them is

covered in chapter IL.

One of the most serious interactions between man and snow is in case of an avalanche.
Injuries and fatalities occur across the globe every year. In addition, avalanches destroy
property and resources must be invested in preventative action, such as slope stabilisation

and protective structures.

Most everyday vehicles struggle for traction on snowy surfaces. Transport is critical to
economic activity as well as leisure pursuits in the modern world, so efforts are made to
address this. Snow may be ploughed aside or chemically removed (e.g. by adding salt to
encourage melting) and tyre manufactures provide specialist winter tyres designed for ice
and snow. For specialist use, tacks or balloon tyres are an option, but even these can be

overwhelmed.

Occasionally there is a need to build structures on snow. Examples include Antarctic
research bases and military installations in the polar north. Ice roads provide vital access to

remote mining caps in northern Canada and other remote communities in cold regions.

Recent concerns over climate change have also focused attention on snow, as it is the raw
material from which glaciers and ice sheets form. The transition from snow, through firn into
ice must be understood in order to predict the future of the world’s ice masses, and thus the

sea level rise in the coming decades.

One final application for snow science is snow sports. Aside from the safety risk posed by
avalanches, understanding snow provides opportunities for sportsmen to improve

performance, and for ski resorts to improve customer experience (and therefore revenue).
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The work presented in this thesis cannot claim to address everything mentioned above, but
provides a building block for more applied research that will follow. It addresses a weakness
in the current understanding of snow: what is the origin of the observed mechanical

properties, and how does it relate to the deformation patterns?

2. Outline of the thesis

The thesis describes experiments to visualise the deformation flow in snow and the
development of the tools needed to do so. It is divided into 9 chapters, the first of which is

this brief introduction. A glossary of terms is provided at the front.

Chapter II reviews past work by other authors, and explains the need for further
understanding of snow deformation. The chapter should provide an adequate introduction to
the field to place the later chapters in context, and will also direct to reader to some of the

more important papers and reviews, should they wish to learn more.

Chapter III describes the development of an artificial snow type which was used in the
subsequent experiments, along with the rationale for using artificial snow in place of natural
snow. The resulting snow type is thoroughly characterised including imaging by low
temperature SEM. The provision of the cold laboratory is also described, including an

assessment of its temperature and humidity characteristics.

Chapter IV describes experiments conducted in the field in Scotland using a SnowMicroPen
instrument, and compares the results to those obtained on laboratory made artificial snow.
The experiments provide a validation of the artificial snow as a model material for natural

snow, as well as an introduction to penetrometer instruments.

Chapter V describes the experiments [ aimed to conduct, and develops a specification for an
experimental apparatus. The specification is developed into a working machine, including a

description of the design process.

Chapter VI describes the analytical methods which were developed and applied in order to
interpret the results from the experiments. The concept of digital image correlation is
introduced, and a method of using it to derive the deformation flow and strain visualisations

is described.
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Chapter VII presents the results of one-dimensional compression experiments. Observed

strain localisation phenomena are described, and a possible explanation is put forward.

Chapter VIII presents the results of the indentation experiments. The deformation flow field
is described for three different indenters, with comparisons between them. Relationships
between deformation events and the force required to drive the indenter forward are

highlighted.

Chapter IX presents the general conclusions, including a summary of techniques developed
or improved upon and the implications of the experimental results. Some suggestions for

further work are also made.
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Chapter 11:
Literature

review

Aim

The aim of this chapter is to introduce the field of snow mechanics and review past work

relevant to the remainder of the thesis.
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1. Introduction

Snow is a term describing small particles of water ice, but must also encompass liquid and
the ever-present water vapour which plays a major role in the development and
metamorphism of snow. The word could apply to particles falling through the atmosphere
but this work concentrates on snow on the ground or in the laboratory which forms a
coherent mass. In this form snow may be considered to fall within the definitions of a

cohesive granular material or an open-cell foam.

The field of snow mechanics has been pursued for many years with very diverse motivation
including avalanche prediction, avalanche survival, winter sports, vehicle traction,
construction of runways and research bases, hydrology and the life cycle of glaciers. Shapiro

et al (1997) and Petrovic (2003) provide reviews of snow science and its applications.

As the work presented later is predominately experimental, I concentrate on past
experimental work. Theory and models are included only briefly to put the experiments in

perspective.

2. Formation and evolution of natural snow

Snow begins as an excess of water vapour in the air. Ice crystals will nucleate and begin to

fall to earth, growing as they do so. Many different crystal forms are possible, depending on
temperature and the amount of water vapour present. Understanding the development of the
crystals is a wide field of work in its own right, and has been reviewed by Libbrecht (2005).

Some example crystal morphologies are found in Figure 1.

Once the snow crystals reach the ground they immediately bond to their neighbours to form
a cohesive mass. The density of the resulting snow (which, as discussed later, is critical to
mechanical properties) is determined by a process known as ballistic deposition. Yang et al
(2000) and Kadu and Herrmann (2011) explore this process, whilst it was applied
specifically to snow by Lowe et al (2007). The density of the resulting snow is found to
depend heavily on: particle size (and therefore mass); particle velocity; and the strength of

instantaneously-formed bonds.
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Figure 1: Diagram of ice crystal morphology according to temperature and vapour content.
Reproduced from Libbrecht (2005).

Snow particles bond to their neighbours via sintering. This process begins very rapidly:
Szabo and Schneebeli (2007) measured bond strength after sintering for contact times as
little as 20 ms. The strength of sintering according to temperature and time is summarised in
Figure 2. After initial bonding, which serves to hold particles in place, sintering will continue
at a rate determined by temperature and stress. Sintering of ice particles has been reviewed

by Blackford (2007), the processes at work are summarised in Figure 3.

Snow on the ground will experience changes in mechanical properties due to metamorphism.
Historically, metamorphism had been divided into two types, equilibrium and kinetic.
Equilibrium metamorphism occurs under isothermal conditions, especially at higher
temperatures. It is dominated by sintering and rounding of particles, with reduction in

surface area and strengthening of inter-particle bonds.
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Kinetic metamorphism tends to weaken the snow and is driven by (macroscopic)
temperature gradients. It tends to produce angular and weakly bonded particles. Colbeck

(1982) provides an overview of the processes at work and the grain forms that result.

Snow pack is built up in layers corresponding to different snowfall events, and with different
metamorphic histories. This leads to large differences in mechanical properties within a
vertical profile. Large variability is also found in profiles from different locations.
Differences occur due to wind direction, aspect of slope, insolation and other environmental
conditions, but apparently similar and closely located sample sites can also show significant

variability. Schweizer et al (2008) review spatial variability.

In order to assist the measurement, recording and researching of natural snow, an
internationally accepted standard classification has been developed (Fierz et al 2009). It
provides 9 snow types with 37 subcategories, and also sets out standard methods for

assessing particle size, liquid water content, hardness, and a range of other parameters.

3. Aims and motivations of past work

In order to place past work in perspective, it is necessary to understand why it was
undertaken. I will briefly describe the main fields which draw on snow mechanics, and

which provide motivation for further studies of it.

3.1. Avalanches

Perhaps the oldest and most established field of snow research is avalanche prediction,
prevention and survival. Schweizer et al (2003) reviews the formation of avalanches,
including the development of the snow pack and moment of release. It has often been
assumed that avalanches start as shear failure, but recent work by Heierli et al (2008)
proposes an interesting alternative: a weak layer in the snow pack may fail in compression,
with the fracture able to propagate over long distances using energy released by the
descending slab. With the weak layer destroyed, friction between the substrate and overlying
slab then determines the probability of an avalanche. There is a clear need to understand both

shear and compressive behaviour of snow in order to develop the competing theories further.
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In the day to day work of avalanche risk forecasting, tests are performed on snow in the
field. There is a need to understand the mechanics behind these techniques, which are
discussed in section 4. If the behaviour of the snow under test was better understood, it may
be possible to improve the tests to reduce the subjective role of the observer and improve the

quality and quantity of data available to forecasters.

Alongside prediction of avalanches, there are efforts to prevent them. This could be by
holding the snow in place or by removing it in frequent small avalanches to prevent larger
deposits accumulating. Shapiro et al (1997) describes the development of snow holding
structures and the theories used to predict loads on them. He points out that design guidelines
for Japan are quite different to those developed in Switzerland, due to wide variation in snow

properties.

Deliberate triggering of avalanches to dispose of excess snow is frequently undertaken by
means of explosive charges. The response of snow to such treatment is the topic of ongoing
research, but the very rapid transient nature of this loading has little in common with the

deformation behaviour explored in this work

3.2. Snow sports

Safety in snow sports depends heavily on predicting and avoiding avalanches, which are
discussed in the previous section. In addition to the safety concerns, snow plays an obvious
role in sports performance. The art of preparing pistes for skiers has been described by Fauve
et al (2002). Tilling and compacting the snow feature heavily, with the aim of increasing
hardness and thereby improving piste life. Equipment manufactures also show an interest in
friction, (usually reducing it for high sped performance in skis, snowboards and the like) but

friction is considered outwith the scope of this work.

3.3. Vehicle Traction

There are three prerequisites for successful vehicle motion on snow:

e The friction between the vehicle tracks or tyres and the snow must be sufficient to

propel the vehicle forward against any drag or slope.
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o The load bearing strength of the snow must be sufficient to support the vehicle via
its tracks or tyres. If the vehicle sinks to the point that its load is carried by parts
other than those intended, the normal force required for friction is lost. Shapiro
(1997) described the formation of a pressure bulb under the vehicle, and states that
both shear strength and compressive strength contribute to supporting it.

e The shear strength of the snow under the tracks or wheels must be sufficient to

transmit tractive force to the underlying ground.

Friction between snow and other media is considered beyond the scope of this work, but

compressive strength and shear behaviour will be examined more closely in section 5.

3.4. Structures, roads and runways built on snow

Shapiro et al (1997) describes the development of snow roads and runways. The process
displays remarkable similarities to the development of pistes, with snow being compacted or

tilled to increase density and strength.

Structures built on snow depend principally on the compressive response to long term fixed

loading, or creep, rather than the faster deformations explored in this work.

Figure 4: Lockheed LC-130 Hercules equipped with skis and rockets performing a take-off
from a snow runway in Greenland. Photo credit: Sgren Wedel Nielsen, copyright licence:
Creative Commons BY-SA 3.0.
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3.5. Hydrology and the life cycle of glaciers

Snow on the ground forms an important reservoir of water for populations across the world,
and sudden melting can cause flooding. To understand and predict these phenomena, the
amount of water present in the reservoir has to be known. This so called snow water
equivalent is a function of density and depth of snow cover, and so the mechanical properties

of snow are not especially relevant.

The processes by which snow is compacted and sintered to become glacial ice is perhaps
more similar to the kind of behaviour studied in this work, but the extraordinarily long
timescales involved do limit the applicability of experiments carried out at much higher

strain rates.

4. Properties overview

Snow is an open pored ice structure. Density (and therefore porosity) vary quite widely, and
it is no great surprise to find that many of its mechanical properties depend on density and
therefore show considerable variation also. Mellor (1975) and Shapiro (1995) provide good
overviews of mechanical properties. The density of ice is 940 kg m™, so solid fraction and
porosity can readily be estimated with the following rules of thumb:

density in kg m™3
1000

density inkgm=3
1000

Solid fraction = Porosity = 1 —

Equation 1 & 2

It is my preference to describe snow by its density in kg m™ rather than by porosity or solid

fraction, and this is also the normal choice in literature.

Density for fresh fallen snow tends to be in the range of 50 to 300 kg m?, but this increases
with overburden, wind-driven repacking, liquid/vapour transport and time. A typical,
established seasonal Scottish snowpack might range from 100 to 500 kg m=. The upper limit

for what could be called snow is somewhat arbitrary: partial melting and refreezing can lead
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to material much resembling snow with densities of 500 to 700 kg m~, whilst pore close-off

due to overburden in glaciers tends to occur at densities in excess of 800 kg m.
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Figure 5: Stiffness and strength (peak stress) figures reproduced from Shapiro (1995),
showing strength and stiffness to be correlated with density.
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Snow shows a range of deformation behaviour — discussed later — which leads to a few
different definitions of strength. The graphs presented in Figure 5 are based on maximum
stresses attained during experiments, this being an easy definition to apply in all cases.
Strength varies across several orders of magnitude from 0.1 kPa to 10 MPa. It is correlated
with density, but even for a fixed density the range is still considerable, as microstructural
parameters like bond strength and coordination number play a role. Stiffness shows a
similarly wide variation to strength, but is better correlated to density. The typical range for

stiffness is 0.1 MPa to 10 GPa.

Less data exists for Poisson’s ratio, despite some interesting results which may warrant
further investigation. At higher densities (>500 kg m™) it ranges form 0.2-0.3, and converges
towards the value for ice (0.33) as density increases. At lower densities Poisson’s ratio
appears smaller, though with some range. Bader (1962) presents data showing Poisson’s
ratio of 0.1 at 200 kg m™ rising to 0.2 at 500 kg m™, whilst Roch (1948)! has results as low
as 0.04 for densities in the 200 kg m™ to 350 kg m™ range. Salm (1971) found his results
were best explained by assuming a Poisson’s ratio of zero at densities around 300 kg m™.
These figures are rather low in comparison to other materials, but it is not impossible to
imagine how load bearing microstructures in snow could fail with relatively little lateral
displacement, said displacement being provided for by pore space. In this case little or no
lateral load would be transmitted through the microstructure and thus Poisson’s ratio would
be low. This would particularity be the case if only a modest proportion of the microstructure
was loadbearing at any given time, a circumstance which could result from the ballistic

deposition described in section 2.

5. Field techniques and their results

Field tests are carried out routinely in order to understand the condition of the snowpack at a
given place and time. Manual snow pit techniques remain the principal form of observation,
but there has been considerable work on penetrometers which could be used to attain less

subjective measurements, and are much quicker as they do not require the practitioner to dig

a pit.

! Original in French. Data summarised in English in Sanger (1964)
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5.1.Traditional avalanche observer’s methods

There is a long established standard method of observation employed in avalanche
forecasting. The current methodology is set out in Fierz et al (2009). The observer will
generally dig a pit to the base of the snow or to a layer they are confident is stable. They will
then record the grain form, temperature, hardness and sometimes density for each layer in
the snowpack. Hardness is expressed as the largest of the following which a can be inserted
into the snow with only moderate force: fist, flat hand, finger, pencil or knife. This technique
has the advantage that very little equipment has to be carried on the hill and that which is

required is very reliable.

The technique for measuring hardness is potentially quite subjective. A range of devices
have been proposed to address this including a thin blade devices (Fukue 1977, Borstad and
McClung 2011) and round pistons or disks (Klein 1946, Takeuchi et al 1998).

These devices differ from penetrometers as discussed later in that they are designed to assess
the hardness of one layer in isolation, not the whole snowpack. Such devices have not gained
widespread popularity, possibly because the increase in accuracy of measurement is not

considered to justify the expense, weight and reduced reliability.

In addition to the snow pit observations, stability tests may be performed. These tests aim to
replicate the initiation of an avalanche by isolating a column of snow and then loading it to
failure. The column may be pulled forward, in the manner of a shear test, or loaded
vertically, relying on the angle of slope to produce downslope movement. The classic test in
this form is the Rutsch block, believed to originate from Swiss army practices in the 1960s.
A column 2 m cross slope, 1 m upslope and tall enough to include all potential failure planes
is isolated and the loaded by the weight of a skier. A 7 point scale ranging from the column
failing in isolation to surviving repeated jumping indicates stability. The technique and its
limitations have been examined by Jamieson and Johnson (1993), and it remains one of the

premier methods of assessing avalanche risk in existing snow pack.

The large size of a Rutsch block means that the test takes considerable time and effort to
conduct. In a shovel shear test a 30 cm square column is pulled forward by a shovel placed
behind. A column test is similar, it uses the same size column but it is “tapped” downwards
on its top. In both cases the fracture surface may be examined, with smoother surfaces

indicating lower stability. Schweizer and Jamieson (2010) reviewed and compared this type
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of test, along with the propagation saw test, which consists isolating a section of slab and

sawing out a known weak layer until failure occurs.

Traditional field observations have proved useful tools for predicting avalanche risk, but
many techniques remain subjective. The high level of preparation required for some tests
limits the number of samples which can be taken and thus leaves the results vulnerable to the

spatial variability of the snow pack.

5.2.Field penetrometers

The idea of extracting useful information from layered snowpack simply by pushing an
instrument into it without having to dig a snow pit is appealing: more sample locations could
be measured more quickly, improving the probability of detecting localised features and
reducing the risk that data was unrepresentative of the wider snowpack. The first instrument
to be used for this purpose was the Swiss Rammsonde. It consisted of a rod with a conical tip
(60° tip, 40 mm diameter), which was driven into the snow by the impact of a falling weight.
The device is quick and easy to use, but the relatively large cone prevents detection of thin
layers. This limits its usefulness for avalanche forecasting work but Wong et al (1992) found
that Rammsonde data can be used to help predict tracked vehicle performance and load
bearing ability. A comprehensive assessment of construction of snow roads and runways by
Abele (1990) compared Rammsonde data to mechanical properties of snow. Unconfined
compressive strength and shear strength were both found to be correlated with ram hardness

but the data shows considerable scatter.

More recently, other penetrometers have been developed. They seek to improve resolution
by using smaller tips. Examples include the resistograph (Bradley 1968) which measured
force required to pull two cones back up though the snowpack after initial insertion; the
electric cone penetrometer (Schaap and Fohn 1987) and SABRE (Mackenzie and Payten
2002) which both measured the force required to drive a small tip downwards; and the
SnowMicroPen (SMP hereafter), presented by Johnson and Schneebeli (1999). This device
has a 5 or 6 mm diameter 60° conical tip and is motor driven at 20 mm s™'. The force
required to drive the tip is measured at 4 pm intervals, and some versions also measure snow

temperature.
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Figure 6: The SnowMicroPen in use (top). The tip about to enter the snow (bottom)
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Whilst all the above devices measure force, penetrometers were also developed to measure
other properties, including albedo, electrical conductivity and capacitance. A more detailed

review of penetrometers is available in Floyer (2008).

The development of these smaller-tipped devices corresponds to a new use of penetrometers:
they are not viewed as a means of recovering bulk properties but rather to characterise the

‘texture’ of the snow — texture? being linked to microstructure.

Schneebeli et al (1999) presented a model for extracting such textural parameters from the
very detailed force record provided by the SMP. This model was based on previous work in
ceramic foams (Gibson and Ashby 1988, Ashby et al 1986) and describes snow in terms of a
randomly distributed network of elastic brittle elements, which are removed from the model
on rupture. It is assumed that the instrument only interacts with elements in contact with the

tip, not with a wider interaction volume.

The flexing and subsequent rupture of element in the model is assumed to cause a triangular
shaped peak in the force record, as illustrated in Figure 7. By examining the sequence of
peaks, a number of parameters may be extracted as detailed in Table 1. This model has been
improved upon by Marshall and Johnson (2009), who tested the reliability of the parameter
extraction under various conditions and suggested adaptations to improve accuracy at higher
densities and to take account of limited time-domain resolution of the instrument. Léwe and
Herwijnen (2012) compare the force record to Poisson shot noise as an alternative method of

deriving parameters.

This model has a degree of appeal in avalanche forecasting because the recovered parameters
resemble those used in current best practice forecasting with manual observation pits. They

could therefore be viewed as more useful than bulk properties like strengths or stiffnesses.

2 This is not the same definition of texture used later in the thesis for discussion of digital image
correlation techniques.
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Figure 7: Triangular shaped peaks combine to create a form closely resembling the force
data from the SMP. This example from Monte Carlo simulations of the proposed model, with
progressively larger frontal area of the penetrometer.

Later authors including Pielmeier and Schweizer (2007) Bellaire et al (2009) Pielmeier and
Marshall (2009) and Bellaire and Schweizer (2011) have taken a phenomenological
approach to connect these abstracted parameter to avalanche stability. They compare SMP
results to more traditional stability tests, such as rutschblocks, seeking some correlation
between traditional tests and SMP based criteria (the selection of criteria for statistical

testing being informed by the above models, but not exclusively so).

Pielmeier and Schweizer (2007) tested a wide range of different parameters extracted from
SMP data for their ability to predict the stability of individual layers. The most promising of
these parameters, in order of significance, were: the structural length; mean hardness;
difference in structural length between the failure layer and adjacent layer; and micro-elastic
modulus. A classification tree based on the first two these parameters was claimed to be 75%

accurate.
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Modelled feature

Element property

Relationship

Number of peaks per mm ()

Structural length (L)

1
z A\3
LnZ(?)

Where z is the distance travelled by
the penetrometer and A is its

frontal area.

Peak to trough height Element rupture strength equal
()
Mean force (F), rupture .
Element deflection at 2L 3F
strength (), and structural §=—2=
rupture (3) E.A
length (L,).
fr

Rupture force and element

deflection at rupture

Element coefficient of

elasticity (k)

k =
6(1+ pcotf)sinb

Where p is the coefficient of
friction between the instrument and
the snow and 0 is the half-angle of

the indenter cone.

Table 1: Relationships between features in the force data and element properties, according

to Johnson and Schneebeli (1999).

Pielmeier and Marshall (2009) undertook a more complex, multivariate, statistical analysis

including an investigation into the effect of repeat SMP measurements on the success of the

classifier. They propose a microscale strength parameter for classification, defining it as

rupture force over the square of element length, and report an improvement in classification

accuracy to c¢. 88% depending on the number of SMP datasets available.

The previous studies had required the SMP data to be manually divided into layers for

analysis, with weak layers manually identified before being tested for stability with the

relevant classifier. Bellaire and Schweizer (2011) aim to avoid the need for manual
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intervention, cautioning that it would be subjective, as well as time consuming. They
approach this problem with four principal assumptions: that element lengths are larger in
weak snow; that rupture forces are smaller; that large discontinuities are risk factors; and that
deeply buried layers are harder to trigger. From these assumptions they developed a system
which identified weak layers and then proposed which was the weakest. Failure occurred in
an identified weak layer 90% of the time, but the algorithm could only specify which in 60%
of tests. They note that minimum penetration resistance is relatively unhelpful in identifying
the failure layer with minimum penetration resistance and failure corresponding in only 10%

of cases.

Attempts have been made to better understand the flow of material around the tip of the

penetrometer, and are described in section 5.3.

Penetration testing is widely used in other materials this is covered in section 9.

6. Laboratory experiments and their results

Several authors have undertaken laboratory experiments to better understand the mechanical
properties of snow. It is possible to conduct better controlled experiments using more
complex apparatus in the laboratory than is practical in the field, and the aim is generally to
further scientific understanding of snow, rather than to ascertain the snow pack conditions at

a given place and time.

6.1. Compression testing

It is generally accepted that snow exhibits ductile behaviour at low strain rates and brittle
behaviour at higher rates. Ductile in this case applies to rising stress with increasing
compressive strain, brittle in the case of sudden drops in stress, implying local failure of
some type. The succession of sudden drops in stress gives a plateau effect, after which stress
starts to rise (confined tests) or macroscopic failure occurs (unconfined tests). The critical
strain rate at which this brittle-ductile transition occurs appears to vary according to the snow
type, density, and age. Fukue (1977) performed confined (zero radial strain at boundary) and

unconfined (zero radial stress at boundary) compression tests on 15 cm columns of sintered
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artificial snow from a crushing process. The transition from ductile to brittle was observed to
occur at strain rates of 2.6 x10 to 2 x10% 5!, with larger values found in younger, less

sintered snow with a lower compressive strength, as illustrated in Figure 8.
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Figure 8: Compressive strength of snow according to deformation rate and sintering time.
Brittle and ductile zones also indicated. Reproduced form Shapiro (1997), original data
Fukue (1977).

It is in the brittle region that the more interesting behaviour is observed, as illustrated in
Figure 9. The plateaux in his force measurements (analogous to stress) hint at strain
softening behaviour not leading to macro failure. This is interesting because confined
compression in other materials does not normally exhibit strain softening. Stain softening in
unconfined tests is more common, but generally leads to failure, rather than recovery or
plateaux behaviour. His confined and unconfined results are remarkably similar, given the
different boundary conditions. This may in part be due to the low Poisson’s ratio of snow,
which minimises radial expansion (in case on an unconfined specimen) or radial stress (in
case of the confined tests) thus reducing the differences between the tests. One interesting
observation occurs in some unconfined tests close the brittle ductile transition. Here,

multiple shallowly angled slip planes became visible at the specimen boundaries, indicating
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Top left: confined compression, showing ductile
behaviour (A) and brittle (B).
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snow (A), weakly bonded snow (C) and an
intermediate (B). Dashed lines (o¢) | refer to as
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softening (in the formation of said plane) and subsequent recovery (preventing failure of the

whole specimen). This is indicated in Figure 10.

Yong and Metaxas (1985) explored the effect of age hardening. They reported that the force
required to compact snow in confined compression (zero lateral strain) is initially low, but
rises abruptly when a critical strain or density is reached. This critical strain did not vary
with aging, but the stress increased with age. The initial low strain period should be seen as

analogous to the plateaux behaviour described above.
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Figure 10: Multiple slip planes appear in unconfined compression (followed by disintegration
of snow in contact with the lower platen). Reproduced from Fukue (1977)

Microstructural changes brought about by compression have been examined by Fukue
(1977) and in more detail by Agrawal and Mittal (1995). In both cases, the testing was
confined compression®. Grains do not simply become closer together, but also rotate to place
their longest axis normal to the direction of loading. Co-ordination number rises, pore length
reduces, and bond diameters increase (though bond diameter changes may in part be

attributable to post-strain sintering).

When compression testing data was reviewed by Mellor (1975) a strong correlation between
density and compressive strength was observed. Abele and Gow (1976) conducted further
experiments on pre-compacted snow and found a similar trend. Other authors (Fukue 1977)
assert that density alone is not sufficient to predict strength by providing a counter example:

snow is known to sinter at constant density leading to increased strength.

6.2.Shear testing

Avalanches have often been assumed to begin with shear failures. Whilst recent work calls
this into question (see section 3.1), there has been a considerable effort to understand shear
strength in snow. As with compression testing, there is a transition between low speed

ductile deformation and higher speed brittle failure. (Fukue 1977) conducted direct shear*

3 Fukue defines confined as zero lateral strain. Agrawal and Mittal do not specify the nature of
confinement but it is thought likely to be zero lateral strain.

“ In a direct shear test a column of snow is placed in an assembly of two aligned rings. The rings are
then displaced to force shear deformation along in the plane between the rings. A load normal to the
direction of movement may be applied.
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tests with normal loads up to 40 kPa, defining ductile behaviour as defined as having an
increasing strength as shear proceeds, whilst brittle behaviour is that which shows a drop in
force, corresponding to fracture. He attempts to fit his data to a Mohr-Coulomb relationship
and finds that the friction angle depends heavily on shear velocity. de Montmollin (1982)
provides a good summary of work up to that date alongside his own results. He used a torque
shear apparatus known as a Bevameter with normal loading from O to 4.3 kPa. He observed a
shear zone less than the full sample height, but did not define its thickness, and gives his
results in terms of velocity not strain. The transition from ductile to brittle was found in the
range of 1-5 mm s!. Fukuzawa and Narita (1993) conducted their experiments using a
simple box apparatus (in the manner of a direct shear test with no normal load) on snow with
a known weak layer. They define a brittle to ductile transition in terms of strain rate, at

8 x 10 57!, Schweizer (1998) conducted experiments in simple shear’ with a normal stress of
470 Pa, and gives a transition according to strain rate, at 10~ s”!. The wide variation (more
than an order of magnitude) is presumed attributable to differences in the snow used for the

experiments, though also possibly due to differences in technique and specimen size.

More recently Reiweger et al (2010) developed an apparatus for testing simple shear in snow
and examining the deformation distribution using digital image correlation (DIC). Specimens
were spray painted to provide texture for the DIC system to track. This work noted the
localisation of shear failure in a band, and the apparatus has since been used to examine

shear failure in thin weak layers in the snowpack (Reiweger and Schweizer 2010)

Shear force _

SNOW

MO CRANERSRANY

Figure 11: Direct shear test failure modes reproduced form Fukue (1977) described by him
as tensile (right) or irregular (left). Irregular failure attributed to specimens which are too
shallow, with tensile failure occurring when normal loads are low.

5 In a simple shear test, a volume of snow is attached to a plate at the top and bottom which are then
displaced. Shear stress is expected to be evenly distributed through the specimen, as opposed to the
direct shear mentioned above, where it is concentrated around a plane. A load normal to the direction
of movement may be applied.
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Fukue (1977) also remarked that direct shear tests on snow do not necessarily result in
failure on a well-defined plane, as illustrated in Figure 11. He proposes to avoid these modes
by increasing normal load and specimen height, though other authors resort to adding extra

transverse webs to their shear boxes to reduce the stress in proximity to the boundary.

That some authors quote strain and others velocity is understandable. It is in general
desirable to be able to consider deformation behaviour in terms of stress and strain, as it
provides for scaling of results. This is only appropriate however when stress and strain are
evenly distributed through the volume over which they are calculated. Once strain starts to
localise, regions of the specimen become inactive, but still contribute to the dimensions used
to calculate strain. It is therefore more appropriate to express results in terms of velocity
once deformation has localised. An alternate view is that neither velocity nor strain is
sufficient: the experimental results are only properly described if spatial structuring of the

deformation is described. This is the option I will pursue later in the thesis.

6.3.Indentation testing

The practice of using penetrometer instruments to discern layering in snow, disused in
section 5.2, has driven demand for laboratory experiments to look at how such devices

interact with the snow.

Indentation testing of snow has been performed with a range of different sized indenters.
They can be divided into two general forms: large flat plates, and smaller tipped rods or
blades. Yong and Fukue (1977) examined plate loading, and found that it could be
adequately described by shear zones at the edges of the plate, with compression beneath it.
Smaller tipped indenters show different results, with material pushed aside the indenter

proceeds.

Fukue (1977) used a thin blunt blade. He defines slow deformation (up to 0.2 mm s') as
ductile, with force linearly related to speed. In this regime a plug of material develops ahead
of the indenter and to both sides, but the experiment was not continued for long enough for a
steady state to develop. At higher speeds he described the behaviour as brittle, with speed
having little effect on force. Deformation in the brittle region was almost confined to a
column below the indenter, and penetration force was found to be linearly correlated with

unconfined compressive strength. Floyer and Jamieson (2010) also conducted rate
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experiments using a hand driven penetrometer with rounded 12mm tip, and found little

difference in force for speeds of 0.1 to 1.2 m s™!.

Floyer and Jamieson (2006) used digital image correlation to track the movement of snow
ahead of a range of tips. They found that a thin 40 mm by 2 mm blade disturbed the least
material and a rounded or conical 12 mm tip the most, with little difference between the
rounded and conical tips. Johnson (2003) noted that a build-up of material can occur in front
of the tip, which does not further deform but is instead pushed ahead of the device. He terms
the edge of this zone the penetrometer effective surface. This phenomenon is stronger with

round tipped indenters than with conical ones.

Penetration testing has been explored in more detail for testing in other materials, this is

covered in section 9.

7. Models of snow mechanics

The rapid changes in microstructure and properties of snow, along with the wide range of
possible forms are cited as an obstacle to the development of models for snow (Nicot 2004).
Despite this models have be developed with some success, at least for a few snow types and

strain rates.

Modelling of snow can be broadly divided into two categories: models which describe snow
as a continuum, and those which attempt to derive bulk properties by examining processes at
the granular scale. I will look at these microstructural models first, with continuum models

after.

7.1. Modelling microstructural processes

Real microstructures, derived from X-ray Microtomography, have been modelled using
finite element method (Schneebeli and sokratov 2004, Chandel and et al 2014, Hagenmuller
et al 2014). By this technique microstructural morphology is fully accounted for and the
constitutive model for snow is replaced with that for ice. The behaviour of ice is relatively
well understood, but computational limitations require the authors to simplify the

constitutive models by assuming only either brittle (in the case of Hagenmuller) or plastic
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(Chandel and Mahajan) behaviour rather than rate-dependent behaviour. The original
mirotomography does not resolve the direction of the crystal axes in the ice particles, so the

anisotropy of ice must also be ignored.

Even with these simplifications the computational load is significant. Chandel et al (2014)
reported that 2 x10° elements were required to model each cubic millimetre of snow. This
computational cost prohibits modelling of large volumes. At large strains it would be
necessary to track changes in geometry and repeat the meshing process to account for the
formation of new interparticle bonds. Bond growth would need to be characterised
experimentally or else a model developed to include sintering phenomena (vapour transport
and liquid-like layers playing a significant role at higher temperatures). This is not viable

with current computational resources but could become so in future.

In summary, this technique shows promise in light of increasing computational resources,
but is currently limited to small specimens where deformation is relatively small or where

failure occurs in tension (where formation of new bonds would be minimal).

To substantially reduce computational loads, one can consider the ice particles as discrete
elements (Johnson 2005). Little work has been done in this direction, possibly because of the
difficulty of describing the ice particles in a way that offers appropriate densities,
coordination numbers, and contact characteristics without having to model the complex
shape of snow crystals. To pursue this option, knowledge of time-dependent contact
dynamics and bond formation is also required. Limited experimental data is available for
tensile failure of freshly formed bonds (Szabo and Schneebeli 2007) but equivalent data for

bending or shear of interparticle bonds is not currently available.

7.2. Modelling snow as a continuum

Given the difficulty of modelling accurately the microstructural processes, significant effort
has been spent on the development of more phenomenological continuum models. In some
cases these models are informed by — or even derived from — microstructural considerations.

In others they are purely an attempt to replicate observed phenomena.

Snow exhibits three different phenomenological deformation cases: At high strains it is

brittle, with evidence of strain softening. At lower strains it is ductile, and at very low strains

-45 -



Chapter II: Literature review

it exhibits creep. It is the nature of phenomenological models that they tend to address only

part of that spectrum.

The simplest case is for creep, as no yield criterion is required. A Maxwell model placed in
series with a Voight model (as shown in Figure 12) has was parametrised by several authors
in the 50s and 60s°, and is accepted to work well, though parameters do vary with different
mountain ranges and climates around the world. In some circumstances it is reasonable to
neglect parts of the model (for example 12 would dominate the strain response in a low-stress
long-time environment) (Shapiro 1997). Models of this type are applied to low strain rate
scenarios such as the downslope creep of snowpack against structures over the course of a

winter season.

11
Ll
n,
’\;W s
~ ~ ~
Voigt Model Maxwell Model

Figure 12: Maxwell and Voight models attached in series. The model requires two elastic
parameters (here as E) and two dissipative parameters (here as n), though it is reasonable
to neglect parameters in certain circumstances (Shapiro 1997).

More rapid deformation, where defined yielding is present, requires different models, most
of which are solved for real applications in a finite element environment. By treating snow as
a continuum the need to resolve the mechanical processes on the microstructural scale is

avoided.

Meschke et al (1996) proposed a rate-independent model using a modified Cam-Clay yield
function. Deformation was elastic up to the yield point and plastic thereafter. This model was
improved upon by Cresseri et al (2005, 2010) who introduced a viscoplastic behaviour and
attempted to account for intergranular bond changes by including a bond strength variable.

This bond strength rises according to age and falls according to local strain, both volumetric

® Yosida et al (1956), Bader (1962), Mellor (1964), Shinojima (1967)
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and shear, positive or negative. The manner in which this variable is abstracted provides for
breaking of bonds but not for the formation of new bonds, which could be seen as a
limitation for cases where densification occurs and coordination number rises. This
weakness is addressed in part by linking strength to density. The model shows promise
because it captures to a degree the time dependent nature of deformation, but bond formation
would need to be included if it is to be applied to large strains other than in tension. The
model includes strain softening, but no length parameter is provided, which could make

mesh-independent modelling of deformation localisation difficult.

An alternative model including a length parameter was put forward by Borstand and
McClung (2011). In this case damage is driven by non-local deformation history, related to
the principal stresses. This the model was applied to beam bending experiments on natural
snow with good results, but can only realistically be used in cases where failure is in tension,

as no healing or sintering process is provided for.

An option with a more obvious connection to the real microstructure is that pursued by
Gagliardini and Meyssonnier (1997) for firn and later applied by Nicot (2004) and Nicot and
Darve (2005) to snow. They describe snow using an orientation-dependent bond density
function. A representative volume element contains a distribution of bond directions and a
parameter providing for number and strength of said bonds. Bonds are assumed to show
viscoelastic behaviour up to a certain limit of normal (to the surface of the grain) stress, at
which point brittle failure occurs. This system of bond distributions and strengths is
homogenised to derive a macroscopic stress-strain behaviour. In his later paper (Nicot and
Darve 2005) the bond number is linked to volumetric straining (with compression therefore
increasing strength). Once again, strengthening of bonds with time is not considered, and the
model may also be criticised for excluding the possibility of bond failure under tangential
stress. Examples are presented showing good results for creep under constant load, but the

applicability at higher strain rates has not been demonstrated.

Some authors attempt to relate observed behaviour to microstructural parameters. Mellor
(1975) described the dependence on density of several properties (including stiffness and
strength in shear and compression) but noted that density alone is not sufficient to predict
other properties. Golubev and Sokratov (2004) provided a list of no less than 6 parameters’

which they felt fully characterised snow. Even if their characterisation were shown to be

7 The histogram of the grain sizes; the histogram of the bond sizes; the histogram of the quantity of
bonds per grain; number of grains per unit of volume; the dominant crystal form and the histogram of
the crystal forms; stereograms of the snow-crystal optical-axes orientation
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universal (it has not), there remains a question of how these parameters can quickly and
reliably be measured, especially given that some were expressed as distributions
(histograms) rather than constants. Further, whilst such correlation based approach can be
used to estimate the outcome of specific mechanical tests, it lacks the generality of properly
formed constitutive models. (One might be able to estimate stiffness from measuring density,
but one could not, for example, conduct comparative simulations of different penetration test

tip shapes using this approach).

There also exist models such as SNOWPACK (Bartelt and Lehning 2002, Lehning et al
2002a, 2002b), which seek to predict the morphological evolution of the snowpack over long
timescales with varying temperature, additional precipitation, overburden, insolation etc.
These models are beyond the scope of this work, but there may be interesting opportunities

to use such models as a source of parameters for the aforementioned mechanical models.

7.3. Summary of models

Good results have been obtained from finite element models which apply the constitutive
equations of ice to the microstructure of snow, but this method is too computationally
intensive for either large specimens or cases where bond formation and time dependent bond
growth play a significant role. Continuum models address this problem but none of the
models put forward to date address all the features of snow deformation (vis: bond breaking,
bond formation, time dependent bond growth, internal length scale) and thus all fall short

when applied to certain deformation cases.

Both techniques can (and most probably will) be developed with time to provide viable
universal models of snow. There arises a problem of parameterising both types of model —
knowing the microstructure of the relevant snow. For snow in the laboratory this can be
achieved by various routes, with x-ray tomography the current leader. For snow in the field,
the development of long period morphological models is promising, but it may also be useful
to look at the relationship between common field test results and the required parameters,

perhaps by modelling the field tests.

A good model should be able to reproduce localisation patterns observed in experiments.
This test cannot currently be applied as strain localisations have not been imaged. The work

presented later in this thesis will address this need.
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8. Artificial snow

Snow has been artificially produced for two main applications: as a substitute for natural
snow in snow sports, and as a model material for snow science. Some of the work
mentioned in section 5, including Yong and Fukue (1977) and Yong and Metaxas (1985)
made use of artificial snow produced by crushing ice, but the method of production is not

entirely clear and the resulting snow was not characterised or described in any great detail.

Nakamura (1978) proposed a method of producing snow from vapour, and his concept has
been further explored by Schleef et al (2014). In both designs, air from a refrigerated
laboratory was blown over a warm water bath to achieve supersaturation. The air then flows
over strings or wires where ice crystals nucleate and then fall (Nakamura) or are bushed off
(Schleef) into a collector. Schleef reported a range of densities and grain forms were

possible, but there is not yet a significant body of work utilising these artificial snow types.

Artificial snow is produced very extensively for use in snow sports. Fauve et al (2002)
provides an overview of the technologies in use. Snow for sports is almost invariably
produced by spraying water into the air, often assisted by compressed air or fans. Small
particles may be added to encourage nucleation of freezing (Liao and Ng 1990) but droplets
usually freeze from the outside inwards. This results in broken hollow spheres quite unlike

natural snow forms, but acceptable for snow sports.

9. Similar materials

Snow is not alone in being a cohesive granular material, and also has similarities to brittle
foams. Experiments and models similar to those discussed above have been applied to other

materials, but there are differences.

9.1.Foams

It is appropriate to make comparisons between snow and foams. Unlike sands and soils
discussed later, foams can be produced to high porosities, however the rapid formation of

new strong interparticle bonds found in snow is still not present. Gibson and Ashby (1997)
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provide a very thorough examination of foams and other cellular solids. Their work draws on
others to describe the state of the art, and the models they put forward are now widely

accepted in the field.

Within the field of foams, it is natural to look most closely at open-celled brittle forms, as
snow is an open—pored matrix of ice, which is brittle (at relevant strain rates). Compression

results for brittle foams are quite similar to those for snow, as illustrated in Figure 13.
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Figure 13: Compression test result for brittle foams, reproduced from Gibson and Ashby
(1997). Note similarity with Figure 9.

Gibson and Ashby begin their analysis with either honeycombs or a hypothetical array of
staggered cubic cells (illustrated in Figure 14), but the models are later generalised to other
cell forms by eliminating constants related to cell geometry. They build up a model based on

rigid beams undergoing bending, buckling and failure.

An interesting discussion arises that when load bearing members in such models attach to the
middle of beams (as is the case in the cubic cellular model) the direction of buckling of said
beams can have a big influence on Poisson’s ratio. If the direction is random (and a large
proportion of members are so connected), Poisson’s ratio will be small. If the direction is
spatially structured — perhaps as a result of some lateral prestraining — the Poisson’s ratio can
be large, or can be negative. Ratios as low as -0.8 have been demonstrated in real foams by

this technique.
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Figure 14: Offset cubic cell arrangement used by Gibson and Ashby (1997) to develop
models (undeformed, top, and under vertical compressive loading, bottom)

From this proposed cellular structure, relationships between bulk properties of the foam and
those of the constituent material can be derived, and a good correlation between this theory
and experimental stiffness data in shear and compression from numerous experimental
studies is presented (for list and citations see Gibson and Ashby 1997 fig 5.10 and 5.11,
p192).

Up to this point the model is applicable only to small strains, but several collapse processes
(recoverable and irrecoverable) are presented. The relevant one for snow is open cell brittle
crushing. A modulus of rupture can be applied to each of the beams in the cellular model,

and a crushing strength thus derived, though the correlation with experimental data is not as

good as for stiffness.

Crushing will lead to densification, deformation will be arrested by the formation of new
contacts between cell walls, and the (local) stiffness and strength of the foam will start to

rise. If these crushing events occur serially at similar stresses throughout the material, the
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Figure 15: Stress-Strain behaviour for brittle open celled rigid foam, derived from the model
discussed in the text. Stress normalised by that of the constituent material. Reproduced from
Gibson and Ashby (1997). Entitled for plastic rather than brittle failure, but indicated in the
text as applicable to both.

resulting bulk behaviour will be a stress plateaux followed by steep rise in stress as stiffness

approaches that of the constituent material, as illustrated in Figure 15.

The only remaining difference between the theoretical curves and those observed (see Figure
13) is the presence of spikes or short term oscillations in the experimental data. This may be
understood as an effect of specimen size in relation to the size of the collapse features (which
may be larger than individual cells). If they are very different, the spikes will be smoothed
out by averaging across the specimen, if the sizes are more similar the spikes will be visible.
(Of course, if they are the same size only a single large spike will the recorded in place of the

plateaux.)

Models of penetration testing in snow lean heavily on models developed for brittle foams,
particularly those set out in Gibson and Ashby (1988), which are very similar to those
presented in their 1997 work and to those discussed above in section 5.2. The similarity to

section 5.2 is so great that I do not repeat the model here.

-52-



Chapter II: Literature review

9.2.Geotechnical materials

Sands and soils are of great interest to geotechnical engineers, and have been extensively
researched. The very rapid formation of strong inter-particle bonds found in snow is absent
from sands and soils. This prevents them from reaching the high levels of porosity found in
snow, and in turn excludes large volumetric compactions (though volumetric changes in soils

can still be much greater than, for example, in metals).

Cone penetration tests (CPT) are frequently used to investigate soils in situ, and have
similarities to the penetrometer instruments described in section 4.2. There is a large body of
literature on the topic, and the technique has long since made the transition from academic
study to widespread real-world application. As part of this transition CPT has been subject to
formal standardisation, such as BS EN ISO 22476-1 or ASTM-D5778, which set out (among
other things) the geometry and tolerances of the cone, the test speed, common designs of
devices, positions for pore pressure measuring ports and general requirements and
procedures for satisfactory testing. It also provides methods for calculating basic parameters
of cone resistance, friction sleeve resistance and friction ratio and adjusting them for pore

pressure effects.

A noteworthy difference between penetrometers used in snow and in geotechnical
applications is the almost universal presence of friction sleeves on geotechnical
penetrometers. These sleeves, riding behind the cone as illustrated in Figure 16, measure the
friction between the instrument and material under test. This provides for adjustment of the
cone resistance to account for friction between the cone and material, as well as being used
for soil classification and to calculate other parameters. This innovation may have some
benefit if applied to snow penetrometers as the friction coefficient does feature in some of
the models presented in section 5.2. Measurement of pore pressure is also very common, but
less applicable to snow which is rarely waterlogged or impermeable to the extent where this

would be useful.

Mainstream use of CPT concentrates on extracting bulk properties — principally shear
strength — rather than microstructural characterisation as is the case in snow. This difference
in aims is reflected in the tendency to use bigger cones in geotechnical applications than in
snow, with 10 and 15 cm? frontal areas being most common (Robertson and Cabal 2014),
compared to 0.28 cm? for the SMP. Smaller devices are available, but the emphasis seems to

be on portability and reduced thrust needs, rather than a desire to approach the
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Friction | Cone
sleeve penetrometer

Cone

Figure 16: Typical CPT device. Both the friction sleeve and cone are subject to force
measurement in the vertical direction.

microstructural scale. The vertical resolution is also lower — the minimum set out in the

standards is 50 mm, compared to 4 pm for the SMP.

From the three initially recorded parameters (cone resistance, friction sleeve resistance and
pore pressure) a broad set of parameters are claimed to be extracted. Robertson and Cabal
(2014) suggest relationships for 14 parameters. Clearly one cannot extract 14 independent
variables from three measured variables and indeed many are simply empirical maps of these
parameters to the measured variables, based on commonly encountered soil types and
calibration experiments. Whilst this approach has been useful in soil mechanics, it seems
unlikely relationships derived way would apply to snow. There may be merit to performing
calibration experiments on snow to develop relationships or classifications, but pore pressure
and friction measurements in snow may not show such significant variation as in soils,

leaving only cone resistance as a useful measurement.

A few mechanical properties can be reliably linked to measured parameters however, most

significantly the (undrained) shear strength (S.), which is calculated thus:
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Equation 3

Where q; is the cone resistance, oy is the vertical stress (generally due to the weight of
overlying material) and N is a ‘cone factor’, typically 10 to 18 (Robertson and Cabal 2014).
This approach is both empirically successful and supported by some of the models discussed

later.

Classification of soils by CPT could be seen to have parallels with the classification of
stability by ‘texture’ of snow, but the methods are entirely different. Classification usually
approached by use of soil behaviour type charts such as the one in Figure 17. The variables
required are the cone resistance (cone force divided by frontal area) and friction ratio (the
ratio of the vertical force on the cone to that on the friction sleeve, adjusted by the difference
in areas for the two measurement devices). Charts of this sort are of empirical origin, rather
than being derived from microstructural considerations (Robertson and Cabal 2014). The
resulting type is a behavioural type — the soil is not guaranteed to have the physical
characteristics of the detected type in terms of appearance, constitution, or microstructure:
rather it will have mechanical characteristics of that type. This is in contrast to the stability
classifiers described in section 5.2, where features of the force record are directly related to

microstructural characteristics known to be risk factors.

The concept that deformation is limited to a small area local to the tip, presented in the snow
models above, is absent in models of CPT in soils. This assumption is only possible in cases
where the volume of the penetrometer can be accommodated by local volumetric strains, and
thus where porosity is reasonably high. Where the propensity to volumetric straining is
lower, the volume with which the penetrometer interacts must be larger — and in the extreme
case of incompressible medium the space required for the penetrometer to advance must be

provided by upward displacement of the free surface, known as heave.
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Figure 17: Soil classification according to cone resistance and friction ratio, reproduced from
Robertson and Cabal (2014).

One approach to modelling CPT is known as bearing capacity theory, so called because it
used a similar mathematical approach to that used to describe the load bearing ability of
foundations. In the simplest case, a failure surface is assumed and analysed as an equilibrium
problem. Example failure surfaces are illustrated in Figure 18. A more rigorous approach
combines a failure criterion of some sort with the equilibrium analysis. By this method a slip
line network can be produced, avoiding the need to assume a deformation shape at the outset.
Both approaches can be solved analytically, and yield cone factors for use in Equation 3. The
bearing capacity approach has been criticised for assuming failure modes not generally

observed in experiments (Yu and Mitchell 1998).
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Figure 18: examples failure modes for bearing capacity analysis, reproduced from Yu and
Mitchell (1998)

An alternative approach recognises that inserting a penetrometer into a substrate requires the
formation of a void of equal volume to the device, to be occupied by it. So called cavity
expansion models therefore model CPT in terms of the pressure required to expand a cavity,
usually cylindrical but occasionally spherical, within the soil. Once again a cone factor can
be derived analytically, though to do so requires some relationship between cone resistance
and cavity pressure to be assumed, nonetheless Yu and Mitchell (1998) consider this

approach superior to bearing capacity theory.

A final option is to pursue finite element methods. This route cannot lead to exact analytical
solutions but avoids the need for the assumptions involved in the previous models. A

constitutive model is required, and friction between the soil and cone must also be included.

A variety of constitutive models have also been put forward for soils, which were reviewed
by Collins (2005). A wider variety of failure criteria have been explored for soils than for
snow and models are generally more advanced. Models applied to soils have provided

concepts and ideas which have been adapted for some of the models described in section 6.

Shearing in soils is able to cause volumetric changes (positive or negative), depending on the
existing degree of compaction. Material which is sheared continually will approach steady
density, known as a critical state in literature. This is a useful concept because once this state

is reached the material properties can be assumed not to change with further shearing.
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Unconfined compression tests in geomaterials generally lead rapidly to shear failure. When a
confining pressure is applied the strength is increased but shear failure is still the norm (for
example Alshibli and Sture 1999 or Wolf et al 2003). This type of well-defined failure in or
near the plane of maximum shear is not observed for snow. When confinement is rigid, some
geomaterials can be brought to failure in crushing, but this relates to the breaking up of
particles rather than collapse of bonds between particles as would generally be assumed in

Snow.

Shear testing in geomaterials is often undertaken in order to capture parameters for
constitutive models. Results from direct shear tests are commonly used to determine the
values of ¢ and 0 in the Mohr coulomb failure criteria, which is one of the more popular

failure criteria used for granular materials.

10. Summary

There is an extensive body of work on snow, including field observations, experimental
results, and models. The wide range of observed properties is caused by differences in the
microstructure of the snow. Some microstructural properties (such as density) are correlated
to certain phenomena or physical properties (such as strength and stiffness), but the
relationship between such macro-mechanical properties and the underlying microstructure is
not fully understood. Large changes in deformation rate can cause phenomenological
changes in deformation (i.e. from brittle to ductile to creep) but small changes in rate may

not lead to different behaviour within any one regime.

The development of penetrometer instruments has highlighted a need to understand snow
deformation on the centimetre scale, but such understanding would be more widely
applicable, as it could help to provide the link between microstructure and macro-mechanical

properties.

Strain localisation — which implies strain softening — is clearly present in laboratory shear
tests and there are strong indications that it occurs in compression testing also. The concept
is not well explored in the literature surrounding testing. Some models do incorporate a
mechanism of softening or damage, and in some cases a basic strain hardening mechanism is
present also. The models fail to fully capture the time dependent nature of bond formation

and growth.
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To understand the deformation of snow it is necessary to understand the strain softening
phenomena. This thesis aims to experimentally characterise this strain softening and the

deformation patterns that result.

Armed with this information it will be possible to develop new models, and to test them
against observed behaviour. Only if the models can reproduce observed deformation patterns
can they be considered successful. Observations of deformation patterns are therefore
required for further advances in the field. Knowing the size of localisation features will be

especially useful for future models based on fracture mechanics and the flow of energy.

-59 -



Chapter III: Artificial snow

Chapter 111:

Artificial show

Aim

The aim of the work described in this chapter was to provide artificial snow for the

experiments described later, and to provide a laboratory environment suitable for conducting

the experiments.
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1. Introduction

Natural snow exhibits a huge range of forms. For those wishing to work with snow in a
laboratory this presents a problem: no two samples of natural snow can be guaranteed to be
the same. This leads to experiments which cannot be reliably repeated. This is the motivation

for the use of an artificial snow type in snow science experiments.

1.1. Natural snow, its formation and evolution

Before looking to produce artificial snow for experimental use, it is first necessary look to

understand the natural snow.

Snowflakes start out as tiny particles of ice that are heterogeneously nucleated. This may
occur at altitude in the atmosphere or directly on the ground. A small particle may be
included in the growing snowflake, having provided the original nucleation point. The
subsequent growth of the snowflake depends on humidity, temperature and pressure, all of
which may change with time (Libbrecht 2005). These variables may even show gradients
across the individual snowflakes. An example of this would be rime (a surface frost) forming
in the wind: the air temperature is different to that of the substrate, and the wind produces

pressure differentials around the growing grains.

The formation of the snow particles is only the start. Once lying on the ground, the snow
pack undergoes constant change (Colbeck 1982, Blackford 2007). When a strong
temperature gradient is present, vapour transport and grain growth dominate. Under
isothermal conditions, sintering and rounding take over. Snow may even be picked up and

broken by the wind, or crushed by an overburden of new snow.

Small variations in these processes lead to many different snow types. When designing
artificial snow, this brings advantages and disadvantages. It would be very difficult to
exactly reproduce all these processes (and therefore all possible snow types) in a laboratory.
On the other hand, it means that the definition of snow is quite wide, making it easier to

produce a material which can reasonably be described as ‘snow’.
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1.2. Existing demand for artificial snow

Snow is artificially produced for two main reasons: snow sports and experimental use.

For snow sports, the main requirement is low cost. Large quantities are needed, and a high
density is preferred to resist melting. The largest consumer is outdoor ski resorts, but there is
also demand from indoor snow domes. No particular requirement is placed on grain form or
size, save that the end product should resemble natural snow to the satisfaction of the end

users.

Conversely, snow for experiments is often only needed in small quantities. The principal
requirement is the consistent and repeatable nature of the snow. A realistic grain form is

desirable, and ideally range of grain forms should be possible.

This chapter will concentrate on meeting the need for snow in experiments described in this

thesis.

2. Specific requirements for artificial snow in this study

Whilst general requirements for artificial snow in experiments are discussed above, the
requirements of the experiments discussed in later chapters were more specific. They would

require:

e Snow production all year round.

e Snow that was repeatable: one freshly made batch should be indistinguishable from
any other freshly made batch, even if years have elapsed between manufacture.

e Auvailable on demand, or to a reasonably short lead time.

e Available in quantities around 1 to 10 kg per day.

e Have a microstructure which may realistically be found in real snow.
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3. Possible methods of creating artificial snow

Artificial snow may be created by three methods: it may be deposited from vapour, frozen

from liquid or mechanically processed from a solid form. Each option is discussed in turn.

3.1. Creating snow from vapour

Natural snow forms from vapour, so creating artificial snow from vapour has clear appeal.
Snowflakes grown in this way are very sensitive to conditions of pressure, temperature and
humidity. Libbrecht 2005 has demonstrated the ability to grow single crystals or small
quantities of snow in laboratory conditions, and showed an ability to control the grain forms

thus created. This method would be difficult to apply on a larger scale.

A simpler method, where only supersaturation and temperature are controlled, has been
demonstrated by Nakamura (1978) and improved upon by Schleef et al (2014). Shleef
reports reasonably large volumes being produced by this method. A significant amount of
specialist equipment is required, and producing snow in this manner releases humid air into

the cold laboratory.

3.2. Creating snow from liquid

Creating snow from a liquid is a familiar process to on-piste skiers. Water droplets are
sprayed into cold air and allowed to freeze. In some cases compressed air is used alongside
the water, to aid dispersion, nucleation and freezing of the droplets (Fauve et al 2002). Small
particles may also be added to encourage nucleation of freezing (Liao and Ng 1990). The
droplets frequently freeze from the outside in and may burst as they freeze, due to water
having a higher density than ice. This method is impractical for use in a small laboratory, as
it depends on a large supply of cold ambient air to remove the heat of transition. It also
results in broken spherical grains which may be hollow and are not particularly similar to
natural snow. Variants on this technique exist for use in snowdomes, where the water is
misted and blown onto a collector of some type (Clulow and Winnett 2000), thus providing a

more compact machine.
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Blackford et al (2007) also described a process where water was sprayed into liquid nitrogen.
While this proved useful for certain microstructural studies, it is not suitable for making the

larger quantities required for the experiments.

3.3. Creating snow from solid

A final option, pursued in several studies (Fukue 1977, Yong and Fukue 1977, Yong and
Metaxas 1985) is to crush ice from a solid form to provide artificial snow. It is a scalable
process which can provide suitable quantities for most laboratory experiments. Only one
snow type can generally be produced by this method, but it is consistent, as the method is not

sensitive to ambient conditions. This was the option which was pursued in this project.

4. Process for making snow

4.1. Existing process for making snow

At the time this project began, a method of producing artificial snow by crushing ice already
existed (Skouvaklis 2010). Ice chips from a commercial ice machine (Scotsman AF80) were
placed in containers and cooled to -80 °C. These where then broken up and crushed in a food
processor (Robot Coupe Blixer 6 V.V.) until it went quiet. The resulting snow was aged for 4

hours to allow the temperature to rise to that of the cold room.

4.2. Improved process of making snow

This process was reviewed and the influence of batch size and processing time was
investigated. Batch size was found to have no significant effect unless the processor was
overloaded. Longer running times were found to favour smaller grain sizes and lower
densities up to a certain limit (depending on fill level), after which it made no difference, as

illustrated in Figure 19.
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Figure 19: Influence of time in mixer on density of snow produced. Longer running times
favour lower densities, up to 50 seconds, after which, there is no change. (2 kg fill)

The process for making snow was thus:

e  Weigh out 2kg of ice chips into a nylon bag

e Place nylon bag in freezer at -30 °C for 24 hours

e Place nylon bag in freezer at -80 °C for 24 hours

e Break up fused mass of ice chips with a hammer and pour into crusher

e Start the crusher at minimum speed (300 rpm) and increase to full speed (3500 rpm)
in3s

e Allow to run for a total time of 60 s

e Place in a container within the cold room and allow to warm up for 4 hours

e Sieve through 1.68 mm nominal aperture sieve. The snow should not be disturbed
again, so if it is required to be in a certain container or apparatus, it is sieved directly

into it at this stage.

Technical information about the components used, with additional photographs of the

process, are located in appendix 1.
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5. Characterisation of the artificial snow

In order to draw comparisons with natural snow, and to allow confirmation that the material
was repeatable, it was necessary to thoroughly characterise the artificial snow.
Characterisations were carried out for freshly made snow and at times of 1, 2 or 4 hours
before being sieved (in accordance with the procedure set out in the previous section) and
then again at 1, 2, 4, 7, 10 and 14 days. For each sample, the snow was allowed to develop

isothermally in closed containers at -10 °C until needed for examination.

5.1. Methodology

The artificial snow was characterised by traditional field techniques, optical microscopy and

by low temperature scanning electron microscopy

5.1.1. Characterisation by field techniques

Hardness was assessed by an experienced avalanche observer according to the International
Classification for Seasonal Snow on the Ground (Fierz et al 2009). To do this, an object is
pressed into the snow, the rating then being determined by the largest object which may be
inserted with only moderate force. As is standard practice, this will be either: a knife; a

pencil; a finger; four fingers held flat; or a clenched fist.

Density was measured with a “Hydrocutter” type rectangular density cutter with a 100 cm?
volume. Mass was measured to the nearest 0.1 g. For measurements with this tool, an error
of up to 4% is assumed, this being the level experienced in a thorough assessment of density

cutters conducted by Conger and McClung (2009).

Snow samples were classified by an experienced avalanche observer according to the
morphologies described in Fierz et al 2009. This was done with a small number of grains
spread onto a slide, which were also photographed with a Canon 7d SLR camera fitted with a

Canon 65 mm MP-E macro lens.

Grain size was assessed manually, using the method described by Fierz: the practitioner
disregards any anomalously large or small grains and then records the characteristic size (or

range of characteristic sizes) of those that remain. The characteristic size of any one grain is
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defined as the largest measurement across it in any given direction. As all our samples

show a range of grain sizes, this provides an upper and lower value for each sample.

5.1.2. Characterisation using low temperature scanning electron

microscopy

Samples were imaged in a Hitachi 4700 II BioSEM low temperature scanning electron
microscope (LTSEM). This instrument is nitrogen cooled and features a cold field emission
electron source and Gatan Alto cryo-preparation system. Cylindrical samples of 7 mm
diameter and 10 mm high were removed from the centre of the larger containers with a
circular cutter and placed in two-part copper capsules. The capsules were sealed with thin
copper sheets and placed in the vapour portion of a liquid nitrogen dewar for storage and
transport, as indicated in Figure 20. This acted to quench the microstructure at specific times.
Each capsule was removed from the dewar and placed in the cryo-preparation chamber of
the LTSEM before being split open at its centre, fracturing the sample and revealing a new
surface for imaging. A thin (c.1 nm) gold-palladium coating was applied by sputtering, to
provide the electrical conductivity required for imaging. The temperature was maintained
low enough to restrict sublimation into the instrument’s vacuum and an acceleration voltage
of 2 to 5 kV was employed. Imaging was stopped once delamination of the conductive

coating, caused by sublimation, was observed.

Figure 20: Copper capsule with foil cover. The capsule was broken at the half-height
horizontal join to expose the sample for imaging in the SEM. Capsule outer diameter 10 mm.
Image credit James Floyer.
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5.2. Results

Hand hardness was initially classified as “1 finger” and increased, reaching “pencil” after

four days, with the rate of hardening decreasing with time (Figure 21).

The density of the artificial snow was around 350 kg m™ when first produced, within 1 h
increased to approx. 390 kg m?, and then remained constant within the measurement error

(Figure 22).

In the freshly made snow, particle sizes showed a range from 0.01 to 0.5 mm. The larger
grains remained as the material sintered while smaller grains were eliminated, with the lower

bound for grain size reaching 0.15 mm after 7 days, as shown in Figure 23.

The freshly made snow has a frosty appearance in the optical image. This is revealed by the
SEM image to be a profusion of small flakes or shards from the crushing process. At the
scale shown in Figure 24 these appear angular and broken but at a finer scale rounding and

sintering have already begun, as shown in Figure 25.

Within an hour this frosty appearance is reduced. After four hours the minimum grain size
observed in the SEM images has risen from 0.01 mm to 0.05 mm, whilst the grains in the
optical images take on a more glassy appearance. In SEM images, numerous examples of

grains being consumed by their larger neighbours are found, as shown in Figure 24.

After sintering for 48 h the small shards are completely absent. After sintering for a week,
the grains become progressively more fused to their neighbours - this is apparent both

through the hardening of the snow and in the micrographs.

The snow classifications, according to Fierz (2009), were as follows: when its manufacture
is taken into account “machine made crushed ice (abbreviation: MMci symbol: 4 )”,
though the standard does not include a reference appearance for this snow type. If classified
by appearance, it resembles “wind broken precipitation particles (DFbk, .- )” when new,

becoming “rounded grains (RG, - )” or “polycrystals (MFpc, ® )” when older.
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Figure 21 Variation in hand hardness of artificial snow with time
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Figure 22: Variation in density of artificial snow with time
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Figure 23: Variation in particle size in the artificial snow with time.
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Continued overleaf...

Figure 24: Low temperature SEM (left) and optical (right) images of artificial snow. As-made
(a); and after sintering at — 10 °C for 1 h (b), 4 h (c), 2 days (d), 7 days (e), and 14 days (f).
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Continued from previous

200 pm

Figure 24: Low temperature SEM (left) and optical (right) images of artificial snow. As-made
(a); and after sintering at — 10 °C for 1 h (b), 4 h (c), 2 days (d), 7 days (e), and 14 days (f).
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Figure 25: LTSEM image showing rounding and sintering of fine particles, in as-made snow.

6. Discussion

The density of the snow is higher than average for natural snow but still lies well below
levels typically expected for random packing, and within the naturally occurring range (and
within the range of field observations presented later). Snow does not normally reach typical
random pack levels because bonds between particles prevent settling. The artificial snow has
a higher density than many types of natural snow because its coarse round grains pack better

than more complex shapes such as dendrites or stellar crystals.

The grain sizes found in the freshly crushed snow are not what would typically be found in
natural snow, but even in the 4 hours required to bring the snow up to room temperature
many of the smaller grains are lost. By the time the material is ready for use, the grain size is

within the range expected for natural snow.

Sintering proceeds in the typical manner for an isothermal environment. Grains round and

grow, with smaller grains being lost.

The artificial snow has physical properties lying within the range of those expected for
natural snow (Shapiro et al 1997, Petrovic 2003). The snow has been thoroughly

characterised by the described methods, provision of this information allows:

e  Other scientists to confirm that they have created identical material in future.

e Analysis or modelling of experiments with accurate information about the snow.
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7. Laboratory conditions

The Laboratory was installed in 2006 and was of a similar design to other cold laboratories
worldwide. It consisted of two main rooms with temperature control nominally from -20 °C
to 0 °C. Both rooms were protected from outside air by a small entrance chamber. Inside air
was continually circulated over the evaporators of the refrigeration system while
refrigeration compressors were cycled on and off to control the temperature. Every 4 hours
the system entered an automated defrost cycle, with heating of the evaporator to remove any
build-up of frost. The fans were automatically stopped during the defrost procedure to
prevent warmer air being circulated, and the position of the evaporators in the ceiling of the
laboratory minimised heat transfer by convection. The laboratory was vented by small tubes

entering near the evaporator and remained at local atmospheric pressure.

7.1.Temperature of the laboratory

At the start of the project the temperature was found to vary according to figure 14. This was
considered too large a variation for the planned research and the refrigeration control was
modified to produce a more consistent temperature. After the modification the air
temperature in the laboratory was found to be able to maintain a set temperature to within +
1 °C, with a typical standard deviation of 0.49 °C and typical period of temperature

oscillation of c¢. 5 minutes.
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Figure 26:Laboratory air temperature variation before and after modification,
Set point -10 °C.
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For the purpose of the presented work, these conditions have been considered as isothermal

for any enclosed sample or specimen not in contact with a wall or floor of the laboratory.

7.2.Humidity in the laboratory

Humidity in the laboratory was controlled by the temperature of the evaporator, with excess
humidity from sublimation or respiration being deposited on the evaporator, and
subsequently disposed of during the automated defrosting. This has the overall effect of

maintaining a relative humidity close to 80%.

7.3. Temperature and humidity within a specimen

Throughout the period of the project, samples and specimens were kept in covered
containers, and any further sampling or analysis of specimens was conducted using
specimens from the centre of the container. The additional insulation afforded by the
container and surrounding snow served to keep the centre of a typical sample at a constant

temperature to within 0.1 °C.

The covering of containers also restricted sublimation and allowed the samples to achieve a

natural equilibrium humidity at a higher level than that of the laboratory as a whole.

8. Conclusions

A process has been developed which will provide artificial snow suitable for the planned
experiments. This snow has been characterised, allowing future comparison to other snow
types. The properties of the snow lie within the range typically observed for natural snow.

The snow can be produced to a 48 hour lead time and the process is scalable and easy to use.

The resulting snow has the following properties: when new, it has fragmented angular

particles ranging from 0.01 to 0.5 mm and a density of 350 + 20 kg m~. When aged, density
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increases to 390 = 20 kg m™ with grains from 0.2 to 0.5 mm in size. Rounding and sintering

produce the grain form known in snow science literature as polycrystals.

The laboratory provides a suitable environment for the described experiments: temperature
may be controlled from -20 °C to 0 °C and once set, it may be considered to have a constant

temperature and humidity.
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Chapter IV: Snow in Scotland and the SnowMicroPen

Chapter 1V:

Snow in Scotland
and the

SnowMicroPen

The aim of the work described in this chapter was to compare the artificial snow to natural

snow through the medium of a penetrometer instrument, and to determine if the artificial

snow was a suitable model material with which to investigate penetrometer-snow

interactions.
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1. Introduction

As has been discussed in the previous chapter, an artificial snow was available and had
similar characteristics to natural snow. This artificial snow had a very reproducible

microstructure.

Thorough scientific study of penetrometer instruments (and snow science in general) has
been hampered by the difficulty in finding, retrieving and preserving enough identical
samples to allow for repeatable experiments. Conducting experiments on artificial snow
provides for repeatable experiments, but only if the artificial snow is adequately

representative of natural snow.

One of the main fields which would potentially benefit from my work is penetrometery, so it
was necessary to confirm that the artificial snow described in the previous chapter would

behave the same way as natural snow when tested with a field penetrometer.

The SnowMicroPen (SMP) is an example of a modern penetrometer, which has been
introduced in Chapter II section 4.2. It uses a motorised rod to drive a 6 mm diameter 60°
cone into the snow at 20 mm s!. The Force required to drive the cone is recorded at 4 pm
intervals. This instrument was used to take measurements alongside traditional snow pits in
the Scottish highlands and in aged artificial snow samples in a refrigerated laboratory.
Comparisons are drawn between the two, with a view to using artificial snow for further

study of snow indentation.

2. Snow and the Scottish climate

Scotland has a temperate, maritime climate. The low altitude and notoriously changeable
weather mean that snow cover is restricted to the winter months, and temperatures can rise
above freezing at any time of year. High winds lead to significant snow mobility, even when
snow has hardened and densified significantly. The combination of these factors leads to a
prevalence of rounded and decomposed grains, often interspersed with crusts or ice lenses
and hardened by wind or freeze-thaw cycles. This is reflected in the observations discussed

in the next section.
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3. Snow observations in Scotland

Field tests with the SMP were performed between January and April 2010. In each case a
series of SMP measurements were made and the locations marked. A pit was then dug to
expose the tested snow and observations of grain size and type were recorded at 5 cm
intervals (measured slope normal). Density was measured using a 100 cm® Taylor-
LaChapelle density cutter and temperature was recorded with a type K thermocouple. A
conventional layer-based observation was also conducted to complement the 5 cm samples,
with hand hardness, grain type and grain size recorded according to Fierz et al (2009).

Fierz’s naming definitions are used here, with definitions available in the glossary.

Samples of natural snow discussed here originate from one of three snow pits. The first was
taken on the 5 of January 2010 in dry powdery snow on a flat field. Recorded average
density was 196 kg mwith temperatures just below zero as indicated in Figure 27a.

Fragmented and decomposed precipitation particles dominated.

The second test was performed on the 10th of February 2010. Density ranged from 244 to
384 kg m~with temperatures around —4 °C. The pit was dug on a 30° southeast facing slope,
in dry snow. Rounds and mixed forms made up the majority of the snow pack with several

prominent layers of graupel. Observations are presented in Figure 27b

The final snow pit was dug on a southwest facing 15° slope on 14th April 2010.
Temperatures were near zero and melting was evident. Recorded density ranged from 292 to
579 kg m™. The dominant snow types were rounded polycrystals and melt crusts.

Observations are presented in Figure 27c.

All samples were taken in the area near the Cairngorm Ski Resort in the Grampian

Mountains. The first one was at an altitude of 320 m and the other two at 1150 m.

The samples show less indication of hard windslab and melt-freeze metamorphism than

normal for Scotland. This is due to the exceptionally cold nature of the winter 2009/2010.

From the three field tests, six examples of different snow types were extracted as shown in
Figure 28. These six forms represent some of the most common snow types found in

Scotland.
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Figure 27a: Snow pit records for the 5th January 2010 field day, recorded in the traditional
observer’s style. Temperature and hand hardness (left), corresponding SMP records (right).
Form symbols after Fierz et al, a table of definitions is available in the glossary.
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Figure 27b: Snow pit records for the 10t Febuary 2010 field day, recorded in the traditional
observer’s style. Temperature and hand hardness (left), corresponding SMP records (right).
Form symbols after Fierz et al, a table of definitions is available in the glossary.
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Figure 27c: Snow pit records for the 14" April 2010 field day, recorded in the traditional
observer’s style. Temperature and hand hardness (left), corresponding SMP records (right).
Form symbols after Fierz et al, a table of definitions is available in the glossary.
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Figure 28: Samples of SMP data for six different snow types, extracted from data presented
in Figure 27.
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4. SnowMicroPen experiments on artificial snow

Artificial snow was made as discussed in the previous chapter. This artificial snow was
sieved through a 1.68 mm aperture sieve into cylindrical containers 300 mm high and 110
mm in diameter. These were covered before being allowed to sinter for 0, 1,2, 4,7, 10 or 14
days in a cold room at —10 °C. Samples were uncovered and tested immediately with the

SMP. The snow settled with time and did not bond significantly to the container walls.

Force-distance plots for the samples are seen in Figure 29. Ageing of artificial snow samples
leads to an increase in penetration force from 0.04 to 0.26 N. The standard deviation of the

signals also rose with age, with a coefficient of variation from 0.24 to 0.42.

In some of the oldest artificial snow, fracture of the entire sample within the canister was
observed. This caused a sudden drop in penetration resistance. The 10 day and 14 day old

samples in Figure 29 have been truncated at this point.

The distance travelled by the SMP before a steady state signal level was reached generally
increased with age of the sample, ranging from 10 mm in the fresh snow to around 50 mm in

harder, older samples.

0.1 0 day
T " 1

NasFivnr o - 1 day
T 1

0.1 1 2 day

02 4 4 day

0.2 7 day

Force (N)
o
w

0.2 i 10 day

0.3 14 day

. . . . - . ,
0 50 100 150 200
Distance (mm)

Figure 29: SnowMicroPen records for artificial snow at increasing ages. 10 and 14 day
samples are truncated due to specimen fracture.
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5. Discussion and comparisons

The windslab, graupel and powder snow produce the most homogeneous force-distance
series, as seen in Figure 28. This may be due to their relatively easily separated, dry grains of
a constant size. The meltcrust and polycrystalline wet snow show much more variation. This
may be indicative of forces being spread over a larger area and larger volumes of grains

acting as single units.

An interesting behaviour may be seen when the SMP strikes an ice lens or crust in the snow.
The penetration force builds up rapidly before collapsing and rising again. This behaviour
may occur three or four times over a distance of 3-4 mm. It is probable that this is caused
when the conical tip flexes and then punctures the ice crust. Subsequent peaks correspond to
enlargements of this hole until the probe may pass through. The force recorded over this
period may be much higher than in the surrounding snow pack and may make detection of

any thin layers above or below the ice crust difficult.

Artificial snow hardens with time if left to sinter in an isothermal setting. This sintering
process decelerates with time, as would be expected as the snow approaches an equilibrium

state.

Older artificial snow takes longer to reach a steady-state force under SMP testing, as seen in
Figure 29. This may be indicative of the time required for an interaction volume to build up

around the tip.

The range of mean forces for penetration of artificially produced snow covers the majority of
the SMP traces taken in the field with the exception of the very soft powdery snow tested on
the first day, and ice forms. The range of coefficients of variation from 0.23 to 0.42 also
covers the majority of the natural snow except meltcrusts and ice lenses (for which a
coefficient of variation cannot be easily defined). It could reasonably be assumed that by
aging the snow for longer, higher forces could also be reached, up to a limit defined by the

sintering processes.

The type of natural snow most similar to the artificial snow is wind slab. The SMP results for
artificial snow reach the same level as wind slab after four days, with similar coefficient of
variation also achieved. The artificial snow was denser, (380 kg m™ vs 300 kg m™ typical)
but the similarities are reinforced by the microstructures, which are visually similar (see

Figure 30)
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Figure 30: Low Temperature SEM images of wind blown natural snow (left) and 4 day old
artificial snow (right). Natural snow image credit: Electron and Confocal Microscopy
Laboratory, Agricultural Research Service, U. S. Department of Agriculture." Licence: public
domain

6. Conclusions

As discussed in the previous chapter, the artificially produced snow consists of irregular
angular fragments with a relatively wide grain size distribution. It is similar in appearance
and microstructure to decomposed, windblown snow and windslab. These snow types also
produce similar SMP results to artificially produced snow, with windslab (Figure 28) being

most comparable to 4 day old artificial snow (Figure 29).

As the structure of the artificially produced snow is similar to some forms of natural snow, it
is proposed that study of this artificial snow could lead to improvements in the understanding

the origin of the mechanical behaviour of snow.
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Chapter V:
Designing the

experiments

Aim

The aim of the work described in this chapter was to develop a machine capable of
deforming snow and visualising the strain fields present in one-dimensional compression and

indentation experiments in snow.
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1. Introduction

In order to understand deformation in snow it is necessary to know how the deformation
organises in space and time. In order to answer this question I conducted deformation
experiments on snow and used digital image correlation (DIC) to derive strain fields. This

chapter describes the development of the experimental equipment and techniques.

Two test geometries were required: a simple geometry where the sample should have an
approximately constant stress tensor throughout and a second geometry providing a more
complex stress field. It was envisaged that these two results would exhibit progressively
more challenging phenomena for models to reproduce. Test methods capable of providing an
approximately constant stress tensor can be broadly divided into two groups: shear and
compression (tension being excluded because interesting phenomena were not anticipated
for tension). For a material to exhibit train softening and strain localisation in shear is
somewhat unremarkable, such behaviour is less common in compression testing. Strain
softening in compression was anticipated due to the plateaux observed in stress-strain curves
(see chapter II section 6). Furthermore, recent research (Heierli 2009) indicates that many
avalanches may occur due to compressive collapse of weak layers, rather than shear failure
as has traditionally been assumed. Compression was therefore viewed as more interesting to

pursue than shear.

For a compressive experiment three options can be considered: hydrostatic, confined or
unconfined. It is difficult to envision how a hydrostatic test could be performed without
enclosing the specimen in a membrane or other apparatus, which would impede the DIC.
Furthermore, the strain localisation would probably exhibit complex 3D topography, which
would be difficult or impossible to interpret from surface observations alone. Unconfined
compression (i.e. unidirectional compression of a specimen open to air, with zero radial
stress at the surfaces) would be undesirable due to the formation of hoop stresses and the
possibility of failure in shear, which as mentioned above was considered less interesting

compression. The final option — confined compression — is most appealing.
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One-dimensional compression was selected to provide a simple case for analysis and
modelling, (that is to say applied strain in one direction with zero strain in the perpendicular

directions).

Indentation testing was selected as the more complex geometry because it would allow an
opportunity to investigate the behaviour of penetrometer instruments. Such instruments have
been put forward as potential methods for assessing avalanche risk or retrieving
microstructural information from the snowpack (see chapter II section 5.2). Numerous other
test geometries would have satisfied this requirement for complex strain fields, but none
other would have been as immediately applicable to current developments in the field of

Snow science.

2. Specification of the experimental equipment

2.1.Geometry options

Field penetrometers are mostly conical or hemispherical, providing an axisymmetric test
condition. The deformation zone is hidden within the snow, and cannot therefore be imaged.
An alternative geometry had to be found. Two geometries were considered, as illustrated in
Figure 31. The first option was a half-conical tip running in a semi-cylindrical volume,
resembling a field penetrometer split down its centre to provide a viewing plane. I will refer
to this option as pseudo-axisymmetric (it is not truly axisymmetric as it is not a full
cylinder). The second option a chisel-like tip running between parallel surfaces, referred to

here as two-dimensional plane strain.

The pseudo-axisymmetric option was geometrically the most similar to conical or
hemispherical field penetrometers. The two-dimensional plane strain was more similar to the
less common blade penetrometers. The deformation pattern may be different in the two
cases, and therefore if the results were to be directly compared to common modern
penetrometers the pseudo-axisymmetric option should be preferred. For reasons discussed
below, either option appears to be equally suitable for the one-dimensional compression

experiments.
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Figure 31: Possible experiment geometries: pseudo-axisymmetric (a), and two dimensional
plane strain (b). Coordinate axes (in red) as referred to in the text.
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2.1.1. Pseudo-axisymmetric option

The pseudo-axisymmetric option is intended to represent an axisymmetric situation. This is
most closely achieved if the viewing plane is smooth and stiff, ideally providing a
frictionless boundary with zero displacement normal to the plane of the boundary. For
indentation tests, the upper boundary should be a zero stress boundary (i.e. open). The nature
of the other (semi-circular and bottom) boundaries is irrelevant provided that they are
sufficiently far from the indenter. Sufficiently far in this context means that both stress and

strain (which are expected to reduce with distance from the indenter) should approach zero.

Ideally, for one-dimensional compression the curved rear boundary should, like the front
plane, approximate zero normal displacement and should be frictionless. The lower boundary
should be stiff, while the upper boundary is subject to the chosen test condition (e.g. imposed
displacement rate or imposed load). The specimen would therefore experience zero lateral
strain, and (for a completely homogeneous specimen) would have a constant stress tensor

throughout. If these ideal boundary conditions were achieved, the experiment would be
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equivalent to one where the specimen was infinitely wide in directions normal to the applied

load.

Attaining sufficient stiffness of boundaries is trivial for experiments on snow, given the low
stiffness of the specimen. Any common material from which the equipment may be made
(such as metals or polymers) can easily be manufactured thick enough to be stiff relative to

the specimen.

Snow, being made from ice, has a relatively low friction coefficient with most other
materials, especially when close to its melting temperature. Friction at the boundaries was
not therefore expected to disturb the deformation of the snow in the pseudo-axisymmetric

option.

The pseudo-axisymmetric form would cause deformation to the rear of the indenter which
could not be directly imaged, however, if the deformation is assumed to be axisymmetric, it

is be possible to fully describe the strain field using only observation of the exposed plane.

Referring to the coordinate axes in Figure 31a, direct observation of displacement in vertical
(z) and radial (») directions was possible. Strain components (using Cauchy’s notation) &,,,

&+ and &, can therefore be calculated:

duy , dugz
dur duz dz + dr

Equations 4,5 &6

Where u represents displacement, in the direction indicated by the subscript, and strain is

positive in compression.

If the experiment is axisymmetric, the circumferential displacement (ug) is zero throughout
(axisymmetric rotation is prevented by the viewing plane). Circumferential strain (gg¢9) is

then only a function of the change in circumference with respect to radius, thus:

Uy
Egg = ——
66 r

Equation 7

Conducting one-dimensional compression experiments in the same container was not

expected to provide any significant additional challenges.

- 88 -



Chapter V: Designing the experiments

The axisymmetric option was discarded for two reasons: (i) The assumption that pseudo-
axisymmetric boundary conditions would lead to axisymmetric deformation was considered
questionable. The aim of the experiment is to examine strain localising phenomena, which
may originate from random spatial fluctuations of strength within the snow. If these small
strength variations were to cause symmetry breaking, observations from the viewing plane
would inadequately describe the situation in the full test volume. (ii) In order to provide
good texture for DIC, I planned to light the specimen from the rear. (The concept of DIC
and texture is explored in chapter VI). Achieving even illumination of the viewing plane
with the pseudo-axisymmetric option was expected to be challenging, given the variable

thickness of specimen in the light path.

2.1.2. Two-dimensional plane strain option

The two dimensional option is illustrated in Figure 31b and will be described with reference

to the coordinate axes shown there.

For plane strain, displacements on the viewing plane are related to strain components by:

duy , duz
duy du, — dz ' dx

gxx - dx £ZZ dz 8xz 2

Equations 8,9 & 10

u,y is assumed to be zero, and &y, is therefore also zero.

The assumption that planar boundary conditions would lead to plane strain was considered
questionable. It was considered likely that random spatial fluctuations in the strength of the
snow could result in non-zero y-direction displacements and strains, which could make
interpretation and analysis of the system challenging. The risk of this occurring can be
minimised by choosing a small specimen length (/) in the y direction, as this would minimise
strength variation in the y direction. More importantly, the boundary constraint forces y
displacements to be zero at the boundary, and therefore close to zero throughout the sample

for small /.

A small [ value was also desirable from the perspective of illumination. As is discussed in
section 3.4.2, significant illumination levels were required at the front face. Given that I
intended to back-light the specimen, and that the snow would absorb some of the light, a

thick specimen would have required an extremely bright light source. This could have heated
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the specimen sufficiently to alter its behaviour, and to produce a temperature gradient across
the specimen. This is a serious cause for concern, given that (for a test temperature

of -10 °C) the snow is at 96% of its melting temperature. Even small temperature gradients
will cause vapour transport, leading to undesirable changes in morphology and mechanical

properties.

For indentation experiments, the two y-normal boundary planes (corresponding to viewing
planes) should ideally be stiff and frictionless. This situation would then approximate an
infinitely long blade type indenter. The upper boundary (z-normal) should be a zero stress
boundary, allowing for possible heave of the upper surface of the specimen, as this most
closely imitates actual field testing. The nature of the x-normal and other (lower) z-normal

boundaries is irrelevant, provided they are far enough from the indenter.

For one-dimensional compression, ideally all boundaries should be stiff and frictionless
(zero lateral strain and zero wall shear stress) with the exception of the upper (z-normal)
boundary, to which the chosen displacement rate for the experiment would be applied at all
points. If these ideal boundary conditions were achieved, the experiment would be
equivalent one where the specimen was infinitely wide in directions normal to the applied
load.

The advantages of choosing the container thickness / to be small have to be balanced against
the drawback that small / exacerbates the influence of friction at the front and back walls . |

discuss this aspect in detail for the case of one-dimensional compression:

Due to side wall friction, a shear stress is acting on the sample side faces. This has the effect
of reducing axial stress in the lower part of the specimen when compared to the top. By
considering the equilibrium of forces on a z-normal plane for a homogeneous specimen and
an infinitely wide experiment (in the x direction), the average stress at a given z position
(6,,) is governed by the equation:

— —0 Z
Ozz = Ozz — ZTsz +pgz

Equation 11

Where 72, is the stress applied at the top of the specimen, / is the length of the specimen in
the y direction, 7, is shear stress at the walls (which is initially assumed to be constant), p

is density (also assumed to be constant)and g is acceleration due to gravity.
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An assumption that p is constant is valid until the point at which strain localisation occurs.

An assumption that 7,,, is constant will introduce error, which is addressed below.
An alternate form of Equation 11, allowing for variation of t,,, with z, is:

do,, 21y,
az 1 P

Equation 12

Wall shear stress 7 can be attributed to friction, and assuming Coulomb friction, can

therefore be expressed as a function of normal stress (o ) and friction coefficient (£ ):

T = HO,,
Equation 13

If the snow is behaving elastically, and a simplifying assumption is made that o , o

xx 2 »y
and o_ are principal stresses (a reasonable approximation if 7 _ is small), the condition of

zero strain in the x and y directions can be used to derive:

v
o, = : (e
Equation 14
Inserting this in Equation 13 gives:
v
r.=t 0o,
l-v
Equation 15
Equation 12 then becomes:
do 2uv _
z — _ +
e 11—

Equation 16
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This can be integrated from z=0, where &_ =G :

F doc 2uv |
z [ d
f _ _peli-v) l(l—v)-(.: -
- 2uv

Equation 17

Giving the following result for & _ :

2uv

o =
z

Equation 18

This process makes two significant assumptions: coulomb friction and small (elastic)
deformation. Coulomb friction is probably reasonable, as basic calibration experiments
(discussed later) performed on the glass showed a linear relationship between normal and
tangential forces. The assumption of elastic strain cannot be applied to most of the
experiment. Not only will deformation quickly exceed the elastic limit but directional
deformation is likely to make the stiffness anisotropic. Given that strain localisation was
anticipated, it is reasonable to assume that plastic deformation would be confined to only
small sections of the specimen at any one time. To treat the majority of the specimen as
elastic is therefore reasonable, even if small volumes have previously undergone plastic
deformation. Although the value of E may change through the experiment, the equations
remain valid as long as local instantaneous vertical stiffness is the same as local
instantaneous lateral stiffness. This leaves the question of anisotropy. The effect of
deformation on subsequent stiffness is not known, but given that stiffness is closely related

to density, the vertical and lateral values cannot be too different.

In an ideal experiment, G, = G,,. For given values of p, g, z and 7, this can most closely be
approximated by choosing a large value of / relative to the height (%) (the maximum value of
of z). This is undesirable for reasons illumination, and to minimise out-of-plane

displacements and strains.

As observed in chapter II section 4 snow has a very low Poisson’s number. It therefore
follows, taking a typical value of , that 7,,, is much less than G,. In light of this, it was

expected that good results could still be obtained with a relatively small value of /, especially
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when considering that the self weight opposes the wall shear. Further, if 7, is much less
than a,, then 7,,, does not significantly disturb the stress tensor within the specimen. A

small value of / could be accepted if the value of p and v could be monitored during the

experiment to confirm that g, did not vary significantly.

The above discussion of course applies equally to the width (w) of the specimen in the x
direction. This dimension is not subject to the same design constraints as the y dimension (/),

and may therefore be chosen to be large without negative consequences.

2.2. Geometry selection

In light of the above discussions, a plane strain design was preferred to the axisymmetric
option. The principal issues driving the selection of the plane strain option in preference to
pseudo-axisymmetric were the ease of attaining even illumination from backlighting and the
reduced risk of hard-to-interpret results being caused by symmetry breaking strain

localisation.

Further, it was decided that length (/) should be less than height (%) but that the width (w)
should be greater than the height (%). This would strike the best balance between reducing
edge effects (caused by low / or w dimension) and the need to accommodate back lighting

and to minimise potential strain variation in the y direction.

Indentation experiments were intended to resemble the SMP, which uses a 6 mm conical tip
with an included angle of 60°. An indenter was therefore specified with a 6 mm width and
60 ° angle. Some penetrometers use hemispherical heads, and shapes without sharp edges are
generally easier to model, so a semi-circular tip was also specified. To allow comparison
with the sharp tip, this was also 6 mm wide (3 mm radius). To investigate the effects of size,

60 mm width rounded tip was also specified.

2.3. Specimen size

The general form of the apparatus being decided, size could be specified. The most
important dimensions being the length of the specimen (/), of the sample, and the size of the

section presented to the camera (w x /).
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As discussed above, / had to be small to constrain out-of-plane deformation, but should be
large to ensure an even stress distribution in the z direction. / must also be large enough to
allow any microstructural deformation mechanisms to develop unhindered. A thickness of 20
mm was selected, being about 40 times the diameter of the larger snow particles, and 100

times that of the smaller ones.

Height (%) was decided by looking at the distance travelled by the SMP before steady state

was established in the experiments in Chapter IV. This was up to 75 mm for aged snow. If a
further 75mm was required between the bottom of the indenter and the base of the machine,
and if 50mm of moving steady-state data was to be acquired, then the sample should be 200

mm tall.

As discussed in section 2.1, width (w) should be greater than height (h). Width was therefore

set at 250mm.

These dimensions were set with limited foreknowledge of how the experiments would
progress, and were believed to represent a good compromise between conflicting design
pressures, especially in selection of the specimen length (/). In order to confirm the
appropriateness of the design, the equipment was developed with a view to being able to
measure the outward force on the walls and the coefficient of friction of the snow with the
glass. This information could then be used to confirm that the influence of wall shear (as

described in section 2.1.2) was small.

2.4. Displacement rate or load rate control

The experiment could be controlled in one of two ways: the indenter or anvil could be driven
at a fixed speed (strain rate control); or the load on the indenter or anvil could be increased at
a set rate (stress rate control). Field penetrometers are almost exclusively driven at a fixed
speed, so displacement rate control is the obvious candidate in indentation experiments. For
the one-dimensional compression tests, strain rate control was required because the snow
was expected to undergo transient strain softening, so imposing a load might lead to large

deformation in a short time, leading to poor time domain resolution in the DIC.
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2.5.Speed

For indentation experiments, wide range of speeds were considered desirable. Field
potentiometers are likely to be driven at relatively high speeds. The SnowMicroPen is
motorised, providing a speed of 20 mm s!, but other designs (Bradley 1968, Mackenzie and
Payten 2002) are hand driven and thus likely to experience higher speeds.

On the other hand, the limitations of high resolution image acquisition mean that lower
speeds may be required for small enough deformations between consecutive images. It was
decided that for indentation the apparatus should be designed to operate at speeds from 1 to

20 mm s™.

For one-dimensional compression, speed would be set by the desired strain rate. It was
intended that the strain rate should lie in the brittle region (for discussion of the ductile to
brittle transition observed in snow and the transition strain rate see chapter Il section 6). The
transition strain rate varies between 2x10* and 2x10 s, For a specimen height of 200mm
this corresponds to a crosshead speed of 0.04 to 4 mm s™!. As with the penetration
experiments, high speeds were expected to lead to poor time-domain resolution in the DIC
data, so speeds only slightly exceeding the transition threshold should be selected (the brittle
nature of the test being confirmed by examination of the recorded force). The specified

speed range for indentation (1-20 mm s™') fits this requirement.

2.6.Measurement

2.6.1. Images

Image acquisition was intended to be the main form of measurement. It is often necessary to
trade off resolution of images for frame rate. For my experiments, a high level of resolution
was required to allow tracing of a texture provided by individual grains of snow, whilst still
allowing a reasonably large area to be analysed (the concept of texture is explored in chapter
VI). On the question of frame rate, it was anticipated that the strain rates could be reduced to
accommodate frame rates available from high resolution cameras. It was therefore decided

that still image cameras should be investigated in preference to video orientated devices.
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2.6.2. Forces

Alongside the image acquisition, force would also be measured. It was intended that events
or features in the force record could be associated with mechanisms detected through image
analysis. For one-dimensional compression, the force would be decided by the size of the
equipment along with the target stress. For indentation experiments, a much lower force

would be required.

Indentation experiments were intended to investigate behaviour similar to that shown by the
SnowMicroPen. This instrument has a 6 mm diameter conical tip and experiences a
measured force of up to 0.5 N when applied to our laboratory made snow. By scaling
according to the frontal area of the penetrometer, a 6 mm chisel tip indenter with a length of
20 mm should require approximately 2.2 N of force. By application of the same scaling

technique, the force required for a 60mm indenter would be 22 N.

Due to the difference between a conical tip and a chisel, the applicability of this scaling was
considered questionable. To ensure the experiments could proceed, a factor of safety was
introduced for the measured forces. The measurement requirements were therefore set at 5 N

for 6mm penetrometers, 50 N for 60mm penetrometers.

If the same scaling were applied to the anvil used in homogenous compression, the force
required would be was 90 N, however two geometries may not be comparable as the
homogenous compression experiment cannot push material aside. A simple deadweight
experiment was conducted to estimate the strength of the snow, and the force for one-

dimensional compression was thus set at 200 N.

2.6.3. Position

In the interest of accuracy, it was considered necessary to measure displacement of the

indenter separately from the position instructed by the control system.

2.6.4. Wall shear

Whilst not forming part of the principal experimental results, it was necessary to make
approximate measurements of the coefficient of friction between the snow and the viewing
windows and to measure the outward force on the viewing planes. These two measurements
taken together could then be used to confirm that the effect of wall shear on the experiments

was small. Neither of these variables needed to be measured of a high degree of accuracy.
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2.7. Control

It was considered desirable to have accurate speed or strain rate control and to have accurate,
simultaneous recording of force, position and image data. In the interest of safety and
equipment life, automatic detection of over-run and over-load conditions was considered

desirable, as was automation of the test procedure.

2.8. Preparing the experiment

To ensure consistent and complete filling of the sample space with snow, it would be sieved
into place. In the course of sieving it is possible to accidentally produce stratification of the
snow, and an age differential will exist between the top and bottom of the specimen. The
experiments aimed to test the properties of the underlying snow, not the properties of any
induced stratigraphy. To minimise the effect of age differential and stratigraphy on the
observed deformation pattern, it was considered desirable to sieve in the snow normal to the
direction of applied strain. To facilitate this, one of the two viewing planes should be
removable, and the equipment should pivot forward, placing the remaining viewing plane

horizontal to allow filling from above.

3. Detail design and construction

In light of the specification developed above, a final design was developed, as shown in
Figure 32. The remainder of this chapter explains the detail of the design and the reasons

behind each design decision.
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Figure 32: CAD drawing of the apparatus. Specimen area (A); anvil (B) which can be
exchanged for indenters; drive motor with check potentiometer (C); and load cell assembly

(D)
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3.1.Uniaxial test machine vs motor drive

Two options for overall drive and measurement were considered: either a test cell could be
constructed for use with an existing uniaxial test machine, or a complete system including

motor drive and force measurement could be constructed.

Use of an existing uniaxial testing machine would accelerate development of a suitable
experimental apparatus significantly. A machine was available: a J. J. Lloyd M30K uniaxial
tester which was surplus to requirement and available for installation in the refrigerated
laboratory. This machine had 1 kN load cells available, which would give acceptable
accuracy for the one-dimensional compression experiments (target 200 N) but a smaller load
cell would be needed for the indentation tests (target 5 N and 50 N). This system offered a
maximum speed of 16.67 mm s, below the target of 20, but similar enough to warrant

consideration. Basic data logging was possible via a 0 — 10 volt output, or chart recorder.

Custom design and construction offered the advantage of higher speeds and integration of all
control instructions through a single interface, as well as fully automated test procedures,
simultaneous data logging (force and images) and greater future adaptability. A custom

design would clearly entail greater commitment of time and resources.

It was decided that a uniaxial test machine based approach would offer the best option, as it
would allow more time to be allocated to experiments, however the machine developed an
electrical fault in early testing. It continued to operate but with a maximum speed of only

1.67 mm s,

The manufacturer was not able to undertake a repair due to obsolescence, nor could they

supply the technical information likely to be required for in-house repairs.

It was decided that the machine should be repaired, if possible, by the university technical
staff. The repair was unsuccessful, causing further damage to the machine. Further repair
work was considered uneconomical, and no alternative machine was available. It was
therefore decided that planned use of a uniaxial test machine should be abandoned and a

bespoke, motor driven apparatus should be designed and used instead.

-99 -



Chapter V: Designing the experiments

3.2. Selection of drive type

Following the failure of the tensile testing machine, a new drive mechanism had to be found.
Accurate speed and position were considered the main priority. Linear motors were
considered but cost and availability indicated the use of a lead screw or ball screw system

driven by a traditional rotating motor. Two motor types were considered: stepper or servo.

Stepper motors offer very reliable speed and position responses for given electrical inputs,

provided that the load does not approach the stalling torque of the motor. Stepper motors do
move in finite steps, resulting in torque peaks at lower speeds, but this effect becomes much
less significant at higher speeds, where the inductance and inertia of the motor act to smooth

the motor output.

Servo motors produce a smooth application of torque, but speed regulation requires

continuous monitoring of position and application of a control regime. Control methods such
as P.I.D. (Proportional Integral and Derivative) increase the control system overhead or may
require designated servo control hardware, which may need to be tuned to the characteristics

of the individual experiment to achieve reliable results.

In the interest of accurate and reliable speed and position response, a stepper motor based
system was chosen. The actual motor and control electronics selected are discussed under

section 3.6.4.

3.3. Measurement

Two principal measurements were required; force and position. Force was a desired
experimental output whilst position was required only to check the motor drive was

performing as expected.

3.3.1. Force

Two means of force measurement were considered: either the use of strain gauges on an
appropriate calibrated part of the structure or incorporation of a small load cell. The use of a
commercially manufactured load cell was preferred as it was expected to yield more accurate

results and simplify construction.
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Load cell selection was limited by the requirement that the cell must fit inside the thin
experimental volume. This set an upper limit of 20 mm across the axis of the force. Several
small load cells were available from a previous experimental campaign, these being
Measurement Specialities ELFS and ELFF type. These load cells had ranges of 250 N and
25 N and had been thermally compensated for use below 0 °C.

The ultimate accuracy and sensitivity of the load cells would depend on the supporting
electronics, being analogue devices there is theoretically no lower limit to resolution of a
load cell. In reality, resolution for high frequency force components is limited by system
noise. The load cell’s own noise floor (Johnson-Nyquist noise) was calculated at ¢. 0.5% full
scale output up to 100 Hz. (noise of this type can be reduced by filtering, and is therefore

less at lower frequencies).

Accuracy was considered less important than sensitivity (the detail and shape of the force
results was more important than the absolute value of force). These cells had a quoted non
linearity of 0.5% full scale, and hysteresis of 0.5% full scale, which was considered to
represent adequate accuracy and repeatability, given that snow is a highly disordered
material where sample-to-sample variations of strength can easily been in the range of tens

of percent for identically prepared samples.

Without being able to fully quantify system performance in advance, it was anticipated that
the load cells could be operated down to 10% of their full range with reasonable results. The
two cells therefore gave a usable range of 2.5 N to 250 N, covering the requirements set out
in section 2.5.2 These cells had performed well in their previous use so were adopted for this

project also.

3.3.2. Position

Position measurement would be used only for ensuring proper function of the experiment. A
simple three wire potentiometer was considered adequate for this use.

3.3.3. Wall shear

To measure the wall shear between the snow and the viewing planes directly would be
challenging, so I opted instead to measure the normal force and coefficient of friction. These
measurements were not needed for every test, but only for a single ‘proof of concept’

experiment.
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In order to measure the normal force during a test, it was considered sufficient to measure
the deflection of the viewing planes as the experiment progressed. Two dial gauges were
used for this purpose (front and rear). The stiffness of the glass was measured by means of a
calibration experiment using the same clamping arrangement as in the actual experiments

and was found to be ¢ 290 N mm™".

3.4.Imaging and illumination

To enable tracking of particles, high resolution images were required. High frame rates,
whilst desirable, were considered secondary to resolution. It was therefore decided to pursue

still image cameras in preference to video cameras.

3.4.1. Resolution requirement

The area to be photographed and tracked was 200 mm wide. The grains to be tracked vary in
size from 0.1 to 0.5 mm. Allowing 2 to 10 pixels per grain width and assuming a little extra
image area to cover the boundaries, a horizontal pixel count of around 4200 was required.
For a typical 3:2 aspect ratio image sensor this corresponds to a minimum requirement of
11.8 Megapixels. Actual images would of course be impaired by lens capabilities and image
processing such as Bayer deconvolution and jpeg compression (if required), so a higher

resolution would be preferred.

3.4.2. Illumination and shutter speed

For the avoidance of motion blur in the images, a high shutter speed was required. If the
acceptable motion blur is set at 0.05 mm, the pixel pitch in the suggested resolution above,
then for a 20 mm per second test speed the shutter speed would need to exceed 1/400 s.
Realistically, a higher speed would be desirable, particularly if smaller areas were to be

imaged at a higher resolution.

To maximise the resolution of the lens and offer reasonable depth of field, it was considered
desirable to avoid use of a wide lens aperture. For a typical camera sensitivity, this requires
extremely bright illumination. This was identified as a risk to the sample’s thermal stability.
To avoid this risk it was decided to use flash photography. Whilst the cameras discussed

below cannot synchronise their shutters with flashes at speeds above about 1/250 s, a typical
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flash lasts only about 1 ms, and thus can freeze motion adequately for these experiments.

Due to the short duration of the flash, it was not considered a risk to the specimens.

3.4.3. Lenses

Alongside the requirements of the camera, a suitable lens must also be selected. To
maximise the resolution of the finished images, the lens must be sharp. Field curvature,
distortion and chromatic aberration were also considered undesirable. Lenses deigned or
marketed for macro use were preferred, as they were expected to offer better performance

given relatively small planned image area.

3.4.4. Imaging equipment selected

In light of the above discussion, it was decided that a consumer SLR type camera would be
most suitable. Two brands dominate this market: Canon and Nikon. GeoPIV, (which will
be discussed in chapter VI), had been validated with a range of Canon cameras and neither
brand seemed to offer significant advantages over the other. It was therefore decided that

Canon products should be further investigated.

The three main driving factors in selection of the specific model were resolution, frame rate
and cost. The Canon 7D was selected. This camera offers an 18 megapixel sensor with a
maximum frame rate of 8 per second, though images must be compressed (JPEG standard) to

achieve this speed.

Canon and third party lenses were considered based on independent testing available through
semi-scientific internet reviews as well as data published by the manufacturers. The main
driving requirements were high resolution, low distortion, low optical aberration and cost.

The lens selected was a Canon EF-S 60mm macro.

Having made the above selections, equivalent systems from other manufacturers were
compared to the final Canon selection but found no to offer any significant advantage in

price or performance.

3.5. Data acquisition and system control

A data acquisition system was required to record the electronic output of the load cell and

potentiometer. A system was also required to drive the motor and trigger the camera. In the
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interest of convenience, cost and system automation, it was decided to combine these

functions into one control system. For clarity they are discussed sequentially.

3.5.1. Data acquisition options

A load cell requires a voltage excitation and provides a small (mV level) differential signal.
It is necessary to record the excitation voltage in order to compensate for any variation in it,
which will cause a linearly proportional change in output. Rather than considering these
parts separately it was considered desirable to use an integrated strain gauge/load cell data
acquisition device, which would combine all three requirements (excitation, excitation

measurement and signal measurement) in one product.

A potentiometer also requires voltage excitation and excitation monitoring, but returns a
voltage signal up to the full excitation voltage. Such a voltage cannot be attached directly to
a dedicated load cell measurement device as the returned signal will be out of range. Two
options for connecting the potentiometer were considered — either the signal could be
attenuated with resistors to allow connection to a vacant channel in the load cell module or a
specific 10 V module could be used. As the potentiometer was only to be used to confirm the
correct motor action, the reduction in accuracy caused by the introduction of resistors was
considered acceptable, and the cost and complexity of additional acquisition hardware
avoided. The potentiometer was connected as shown in Figure 33. This method increased
Johnson-Nyquist noise in the system, but the resulting signal to noise ratio was considered

acceptable.

Data Logger

Excitation + I_]l]

Signal +

Potentiometer

Signal - +—

Excitation -

Figure 33:Electrical connection between potentiometer and data logger used to attenuate the
potentiometer signal to 25 mV/V so that its output may be read by the load cell module
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3.5.2. Equipment selected for data acquisition

Due to the differing specific requirements of data logging and output control (as discussed
below), a modular system was required. This could either consist of either: basic logger with
external signal conditioning and electrical interfacing components; or an integrated modular
logger with specific modules for each application. The second option would be preferred for

ease of assembly and control integration.

As discussed in section 3.6.2 the university had a subscription to National Instruments
LabView software, making their products the default choice unless other options were
demonstrably superior in some way. Following consultations with National Instruments and
an onsite demonstration, a system consisting of a NI-9174 chassis with NI-9237 Bridge
module was selected. The bridge module had an advertised accuracy of 0.0375 mV/V and 24

bit DAC, corresponding to a 0.2% accuracy over the full scale output of the load cells.

3.6. Motion control options

3.6.1. Motor drive electronics

A stepper motor, as selected in section 3.2, requires a current to be supplied to certain coils
make one step, and then to different coils to make the next. The inductive nature of the coils
means that current cannot flow instantaneously but will rise from zero in a finite time. The
higher the driving voltage, the faster the design current, and therefore the design torque, is
achieved. A suitable motor for this application would require 2 A nominal current and have
a nominal 4 mH inductance. For a target speed of 50 mm/sec and a lead screw pitch of

3 mm a step speed of 3333 steps per second would be required. Thus to reach a 2 A current

in the required 3x107 s, a voltage in excess of 27 V was needed.

Two arrangements of drive electronics were considered. Either an integrated controller
allowing control from a computer, or a step and direction controller which could be

separately controlled by a digital output on a data logger.

An integrated driver offers a simple and convenient package which would typically be
supplied with software. Whilst this would be convenient to assemble, integration of the drive

software with the experimental control programme could be difficult.

A step and direction controller requires a signal to set direction and a separate pulse train to

trigger steps. If these could be supplied from the data logger it would make program
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integration significantly easier, at the cost of increased wiring complexity. This option was

also expected to have a lower cost.

It was decided that a step and direction controller linked to the logger would offer the best
solution overall. A module would be required for the data logger which would allow rapid
switching of three external outputs, two for connection to the motor controller and one for

the camera.

3.6.2. Triggering the camera

It was necessary to acquire photographs at specific intervals. The camera provided a 3.3 V
contact designed for passive external triggers. The shutter would operate if these contacts
were shorted together. A module selected for motor drive (as discussed below) offered 5 V
terminals which could be switched as required. A suitable interface was implemented using a

transistor and resistor as shown in Figure 34.

Data Logger Camera
Shutter
Signal — K Focus
Ground Commaon

Figure 34: Electrical connection between camera and data logger used to trigger the shutter
by converting from 5 V signal to 3.3 V signal

3.6.3. Programme and control

The university has a site licence for national Instruments LabView. As both the drive and
data acquisition could be controlled from the data logger, the use of platform independent
programming offered no advantage over programming languages provided specifically for
the data logger. It was therefore decided to develop the control system in LabView. The
programme followed a loop as indicated in Figure 35. The effect of this loop was that the
potentiometer and load cell were continually monitored for overload or overextension, whilst
the motor ramped up to the desired speed and then ran until the intended distance was

complete. The loop iterated at a fixed interval of 5 ms.
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Calibration (Offset nulling)

v

Parameter input (speed, /

START )

distance, and image frequency)

v

Input file name or select a
file to overwrite

v
Initiate data logging
| Start motor |
v

44 Increase motor speed ‘

Check for overload of load
cell or overextension of
potentiometer

Yes

¥

Stop motor, stoplogging,
save data file, issue error
message

Yes

Check if camera is
due to fire

“heck if motor has been
stepped enough times to
complete the experiment

A

Stop motor, stop logging,
save data file, issue test
complete message

Check if target speed is No

attained vet

Figure 35: Block diagram of program control sequence used for conducting the experiment.
Loop execution (upward arrows) ran at a 5 ms interval.
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Figure 36: Expected motor performance for lead screw of 3mm pitch with polymer bearings
and drive nut. Curves indicate the maximum achievable force (stalling force) Based on
manufacturer provided torque-speed data.

3.6.4. Equipment selected for motion control

Taking into account the previous sections, a final product selection could be made. For
motor selection, no particular manufacturer or supplier was expected to outperform any
other, so a motor was selected from an existing university supplier. The motor was selected
in unison with the stepper motor controller, as the properties of both affect the selection of
the other. The selected motor was a Mouser HT23-400 with Applied Motion PD02035
controller. Both were supplied by Mouser, who provided expected performance curves.
When used with a 3 mm pitch lead screw this combination was expected to give a
performance as shown in Figure 36. Friction in the bearings and on the lead screw were
estimated using manufacturer quoted values for friction coefficient in dry polymer bearings

and leadscrews.

For control of the motor driver, an NI-9401 digital input/output module was added to the
logger. This module offers eight 5 V input/outputs with internal clocks to ensure accurate
rapid switching. The maximum current sourced by this device is only 2 mA, slightly below
that recommended for the optio-isolated inputs of the stepper controller but found to be

sufficient in testing.
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3.7. Custom made parts

Once components had been selected it was necessary to design and make the main frame and

other custom made parts for the experiment.

3.7.1. Frame

An overall frame was required to mount the relevant parts and to confine the snow under
test. In the interest of high stiffness and dimensional accuracy, especially parallelism of the
main slide, it was decided that the frame should be cut from a single part. A bolted or
jointed frame was considered, but would have introduced unnecessary opportunity for
misalignment or play. A welded frame was also considered, but offered no advantage over a
monolithic structure when the requirement for machining was taken into account.
Aluminium alloy was selected as the preferred material due to corrosion resistance and the

availability of appropriate machining capacity and skills.

The frame forms part of the boundary for the experiment. As discussed in section 2.1.2 it
should be stiff and have low friction. Being made from aluminium alloy and 30 mm thick in
the direction of loading, it was clearly much stiffer than the snow specimen, and offered a

reasonably low coefficient of friction with snow.

3.7.2. Viewing panes

The viewing panes had to be transparent. Two materials were considered: glass or clear
polymers (known as Plexiglas, Lexan, Perspex etc). The viewing pane forms part of the
specimen boundary, which needed to be stiff and have a low coefficient of friction with
snow. The stiffness should not, however, be too great, or the intended measurement of

normal force by observing deflection of the front and rear panes would be frustrated.

Friction was expected to be similar for both materials, but glass was preferred for flatness,
optical quality, scratch resistance and surface finish. The final material chosen was float
glass which was then toughened for safety reasons. A thickness of 6 mm was chosen to give
a reasonable balance between the need for stiff boundary conditions whilst still providing
enough deflection for measurement. The clamping arrangement of the frame was designed to

accept different thicknesses should this initial estimate prove incorrect.
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3.7.3. Slide

It was necessary to ensure that the load cell measured only the loads due to the experiment,
and not friction or momentum changes in the drive parts. To achieve this it needed to be as
close to the snow sample as possible. Two positions were considered: either in the frame at
the base or on the slide, supporting the indenter (or anvil). Incorporating the load cell into
the slide was simpler than into the frame. The load cell was incorporated into the slide as
shown in Figure 37. To avoid any risk of off-axis loading of the cell, a small spreader was
incorporated into the slide. This spreader was free to rotate and move horizontally whilst

transferring force vertically to the slide.

The slide provides both the running surface for the drive parts and a running surface for the
small displacements which would operate the load cell (Figure 37). Low friction between the
indenter and slide was imperative to accurate measurement, whilst low friction between the
slide and frame or glass was desirable to reduce the load on the motor. To avoid
contamination of the samples, lubricant would not be used, so a material with a low ‘dry’
friction against aluminium and glass should be selected. PTFE was selected as an

appropriate low friction material with adequate machinability. This introduced an issue of

Figure 37: Photograph of load cell mounting arrangement (region D in Figure 32). The
spreader is free to move horizontally and to rotate about its axis, thus reducing off axis
loading or bending of the load cell.
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differential thermal expansion between the PTFE slide and aluminium frame, which was
combated with set screws at the corners of the slide which had the effect of swelling the slide

to take up any play generated as the device cooled.

3.7.4. Indenters and anvil

An anvil was required for one-dimensional compression tests and indenters for indentation
tests. These needed only to be hard and stiff relative to snow. Aluminium alloy was selected

for corrosion resistance and availability of relevant machining capacity and skills.

3.7.5. Drive screw assembly

The drive screw assembly consists of the drive screw and nut, plus a suitable bearing to
position the shaft and react the main drive force to the frame. For ease of manufacturing a
steel drive screw and an unlubricated polymer nut were bought in from Igus. The nut was
pressed into the slide and the screw attached to a boss, thus providing a suitable flange for
the bearing and allowing easy attachment of the motor. The bearings required to react the
drive force to the frame and position the assembly in the frame were of a dry polymer type,

supplied by Igus.

3.7.6. Ancillary parts

Feet, props and a pivot were required to allow the frame to fold forward to be filled with
snow. With the exception of the pivot these parts were made from aluminium cut from
standard sections for ease of manufacture. The pivot was made from ground steel rod, as this

was easily available with a good surface finish and accurate dimension.

4. Acceptance experiment for wall shear

In order to confirm that the influence of wall friction on the experiments was small, an initial
acceptance experiment was conducted, providing numerical values which could be input into

Equation 18.

As will be discussed in the following chapters, strain was observed to be heavily localised.
This localisation meant that stress applied to the glass would not be evenly distributed. There

were however points in experiment when the strain was approximately constant though out
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the specimen. These were (a) up to the first appearance of strain localisation, and (b) at the
end of each wave of compaction. No measurable deflection of the glass plates occurred
before the first occurrence of strain localisation. This analysis of wall friction is therefore

based on snapshots of the experimental condition at the end of the first compaction.

The deflection of the glass plates at this point was 50 microns each side. For a measured
stiffness of 290 N mm’! this corresponds to a load of 15 N. The area of the specimen
impinging on the glass at this stage is 0.042 m? so the stress applied to the glass is therefore
340 Pa. The force recorded by the load cell at this point was 60 N, so the vertical stress 0,

is 6 kPa. Poisson’s ratio is therefore estimated at 0.054.

Coefficient of friction could be measured using the force measurement components from the
one-dimensional compression experiment. The equipment was placed horizontally and the
drive system used to push a block of semi-compacted snow along the glass plate, recording
the force required to do so. Masses were added to the block of snow in order to adjust the
normal force. The driving force and normal force were found to show strong correlation (as

would be expected for coulomb friction) and to have a coefficient of friction of 0.34.

The numerical values presented above can be used, with Equation 14, to estimate the
variation of vertical stress with height through the specimen. This is illustrated in

Figure 38.

The variation in G, between the top and bottom of the specimen is thus estimated at 28%.
As will be described later, the strain localisation features observed are of the order of a few
mm in size. The strain variation across such features is therefore only c. 1%. Given the
natural small-scale heterogeneity of the material (and attendant heterogeneity of local stress)
it is implausible that the strain gradient across the specimen would alter the nature of such
features, however it may affect their location within the specimen, favouring deformation

near the top.
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Figure 38: Variation G, resulting from wall shear.

5. Summary

An experimental apparatus, shown in Figure 32, was designed and developed. It was
designed to offer confined (zero lateral strain) compression and indentation experiments with
speeds from 1 to 20 mm s™! and to expose the deformed snow to a camera. It had a maximum
measured force of 250 N with sub-newton resolution and c. 2 N accuracy in one-dimensional
compression mode or 25 N maximum force with c. 0.2 N accuracy in indentation mode. It
had a sample size of 200 by 250 mm. Final engineering drawings are available in

appendix 2.
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An acceptance experiment was conducted which showed the experiment functioned as

intended and that the variation in stress due to friction with the walls was small.

A method of interpreting the images to provide strain fields was also required, and is

described in the next chapter.
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Chapter VI:
Analytical

methods

Aim

The aim of the work discussed in this chapter was to develop a method to process the
data from the experiments in order to provide displacement and strain visualisations,

and to remove artefacts from the data.
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1. Introduction

A series of experiments were conducted with the apparatus described in chapter V. Each
experiment provided a time-series record of the force experienced by the indenter or anvil

and also a series of images showing the sample as it deformed.

Experiments were chosen to explore speed effects in one-dimensional compression and
indentation with the sharp tipped indenter. The range of speeds was chosen to be
representative of the drive speeds of penetrometer instruments, speeds were close to the
brittle-ductile transition outlined in chapter II, but remained in the brittle region according to
most classifications. Experiments with the round tipped indenters were only performed at

one speed, as little speed effect had been observed in earlier tests.

2. Validation of results

Before analysis began, the data sets were checked to confirm that the experiment had
succeeded and the data was valid. To be accepted, the data was required to pass the tests
described below. Data that passed some tests but not others (for example, if the force data
were missing or unreliable due to a frozen load cell) could still be useful and was classified

as partially valid.

2.1.Position validation

The instructed position and recorded position of the indenter or anvil should be the same
throughout the test. To confirm this, the instructed position and recorded portion were
plotted against time and manually compared, as seen in Figure 39. Small differences in
gradient (as visible in this example) are not considered significant. They are attributed to
gain drift in the potentiometer due to temperature changes. This process confirms that the

motor did not slip or stall during the test. No datasets were excluded for failing this test.
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intended position and recorded position as a function of time
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Figure 39: Example position data used to validate the test. The test is accepted as valid if the
recorded position is straight and within 10% of the instructed position.

2.2. Force validation

The force record was plotted against position and manually checked for unrealistic results,
such as spurious full-scale readings or indications that the sensor may have stuck. 6 datasets

were excluded for failing this test.

2.3. Image record validation

The image sets were inspected to ensure that all images were present, in focus and correctly
exposed. 14 datasets were rejected for having missing or unusable images, including all

those illuminated from the front of the specimen.
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3. Summary of valid results

22 tests were accepted as valid and 11 as partially valid. The accepted tests were distributed
across 4 geometries and 5 speeds as indicated in Table 1. Tests accepted as partially valid are

shown in brackets.

One- 6mm sharp | 6mm round | 60mm round
dimensional | indenter indenter indenter
compression

1.125 mm/s 7(1) 1

5 mm/s 3(5) 2(1) 2(1) 4(2)

10 mm/s 1(1)

15 mm/s 1

20 mm/s 1

Table 2: Summary of valid results by speed and geometry, additional partially valid results in
brackets

4. Filtering the force record

The motor used was of a stepper design. This brought advantages in control of the
experiment but introduced noise into the force record. Each time the motor stepped, a force
peak was recorded by the load cell. As the frequency of the motor steps was known, this

oscillation could be filtered out. An example of this is shown in Figure 40.
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Figure 40: Force record detail before and after filtering to remove motor frequency.

5. Processing the image record

Each experiment yields a sequence of images. These images were analysed in two ways.
Firstly, directly viewing the images yields qualitative information about the density (and
therefore strain) of the specimen. Secondly, the images were analysed using digital image

correlation (DIC).

5.1. Direct viewing of images

The samples appear to exhibit a difference in transmissivity according to density. The
sample was flash-lit with diffuse light from the rear, so these differences appear as lighter or
darker areas in the photographs. An example image is shown in Figure 41, with a
compressed region at the top. (The darker regions towards the edge of the snow are not
interpreted as denser areas; this instead represents areas where light has been lost by

absorption to the frame or anvil).
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Figure 41: An example image from a one-dimensional compression experiment.

These darker areas represent areas of compressive strain. Tensile strain would in theory be

shown as lighter areas, but significant tensile strains are not present.

The extent to which this technique reveals the state of the snow at the surface or presents an
average through the thickness of the specimen is somewhat unclear. Macroscopic light loss
is presumed to be related to through-thickness average density, but it must be noted that
snow is an effective diffuser of visible light, and therefore fine detail will not be projected
through the specimen from the rear plane. Fine detail in the images is therefore attributed to
surface or near-surface features, whilst macroscopic features are attributed to a through-

thickness integration of density.

5.2. Digital image correlation

Digital image correlation (DIC) is a branch of digital image processing applied to tracing
moving objects in a series of digital images in order to derive displacement. These

displacement vectors can then be used to calculate strain. Because DIC tracks the movement
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of visible (i.e. exposed) particles, it should be interpreted as providing observations of the

surface of the snow only.

5.2.1. DIC - principal of operation

DIC works by taking a small section of an image (a ‘patch’) and comparing it to the
subsequent image. The patch from the first image is moved around the second image pixel
by pixel, and the image data for the patch is checked for correlation with the overlapping part
of the next image. The point at which it is best correlated is taken to be the location of the

patch in the next image. The principal of operation is illustrated in Figure 42.

To avoid excessive computational loads, the area searched in this way is usually only a small

part of the full image. The area to be searched is known as the search zone.

Whilst this method gives a location to the nearest pixel, some DIC software (including
GeoPlV, discussed later) claims to offer higher accuracy. This may be achieved by looking
for trends in strength of correlation, and interpolating to locate a theoretical point of highest
correlation. An alternative method of achieving sub-pixel accuracy is to fit a curve to (or
perform a furrier transform on) both the patch data and candidate image data, and try to

correlate these curves.

As the analysis progresses, it may become harder to locate the patches if their appearance
changes. To avoid this, the patch data from the first image may be updated with data from a

later image.

5.2.2. Applying DIC to snow

DIC has been applied to snow in past studies: Reiweger et al (2010) describe an apparatus
using DIC to track shear deformation in spray-painted snow; Foyer and Jamieson (2010)
used chilli flakes as a tracer particle to investigate penetrometers in snow; Herwijnen and
Heierli (2009) utilised a regular grid of markers to analyse snow slab movement at the point

of initiation of an avalanche.

In all past studies a tracer substance or array of tracer objects have been added to the snow.
This was done to improve the texture of the images. DIC depends on being able to recognise
shapes from one image in the next - the ability to do this is a function of the contrast and

shape of features in the image. The combination of contrast and shape is known as texture.

- 121 -



Chapter VI: Analytical methods

Figure 42: Principal of operation for DIC A patch (64x64 pixels in this case) of data is
selected from the first image (top, in red). In the second image a searchzone (160x160 in
this case) is defined (blue). The searchzone is completely filled with overlapping candidate
patches at 1 pixel intervals (9216 in this case) which are checked for correlation with the
patch in the first image. The best correlated patch (yellow) is kept, and the distance between
it and the original patch is the displacement vector for that patch in that image interval (green
arrow).
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A homogeneous snow sample has almost no texture at large scales, appearing plain white. At
a smaller scale the texture is better due to the visibility of individual grains, but the contrast

remains poor.

The potential disadvantage of the technique of using tracers is that the tracers do not
accurately represent the behaviour of the underlying snow. This could occur because the
tracer has disturbed the behaviour of the specimen, or because the tracer has not moved with
the specimen. The application of a tracer also becomes a matter of balance: too little and the
DIC resolution will be low, as large patches have to be used to guarantee the inclusion of a

tracer particle. With too much tracer and the risk of upsetting the experiment would increase.

For the experiments described here, a high resolution was required, but the avoidance of
tracer particles was considered desirable. After a series of practical tests, it was determined
that a light placed behind the specimen coupled with a slight underexposure would provide
sufficient contrast for the DIC programme to track the natural texture of the snow. Examples

of the texture are shown in Figure 43.

5.2.3. Software selection

The software package used for this work was GeoPIVS. GeoPlV is a matlab-based DIC
package (White et al 2003). It is available directly from the authors for academic research

and is not available for sale to the general public.
GeoPIV was selected because it was already in use within the department and had produced

good results.

5.2.4. Software configuration

GeoPIV has a number of options, which must be adjusted to give optimum performance.

Patch Size is the area of the image which will be taken and searched for in the next image.
Larger patches are in general easier to find in subsequent images, but are also more likely to
be significantly deformed, which could prevent detection. After some experimentation a

patch size of 64 pixels was found to work well, corresponding to an area of 4.5 x 4.5 mm.
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Figure 43: Examples of image texture. Snow in normal illumination (top) results in poor
texture. With back lighting and slight underexposure (bottom) the texture is much more
pronounced. The red box indicates the size of a patch. (Imaged area c. 35 mm wide).
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Search zone size is the area of the image which will be searched when looking for a given
patch. If the search zone is too small, the patch will not be found and a false displacement
vector will be recorded. Computational expense is related to the square of the search zone
size, so a large search zone should be avoided. Search zone size was adjusted by starting
with a small value (leading to failed analysis) and increasing it until the analysis was
consistently successful. This threshold was found to be slightly above the maximum distance
a given patch was expected to travel between images (defined as the speed of the indenter or
anvil). The search zone was therefore set at 110 % of the distance travelled by the indenter or

anvil (converted to pixels).

The leapfrog variable relates to the frequency with which patch data is refreshed. If the
patches from the first image are used to search all the later images, it is likely to fail due to
changes in the appearance of the patch over the course of the experiment. This could be
caused by deformation or rotation of material in the patch, changes in illumination angle or
changes in viewing angle as the patch moves past the camera. Refreshing the patch with data
from a later image, however, reduces the accuracy of the analysis. Due to high local strain

rates, it was found necessary to refresh the patches in every image.

5.2.5. Calibration and noise reduction

Two sources of noise were present in the output data, firstly: stray displacement vectors from

failed search attempts, and secondly: rigid body translations.

Stray displacement vectors occur when the program fails to find a patch within the search
zone. A false vector will be recorded, usually extending to near the edge of the search zone.
Such vectors may be hard to automatically identify but are easy to pick out by hand. An
example is shown in Figure 44. These vectors were manually removed from plots using

vector viewing software included with GeoPIV.

Rigid body translations affect all locations in the sample equally. They are caused by
vibration or movement of the camera relative to the sample. Rotation of the camera will
present as translation in the results with relatively little distortion due the long viewing
distance of the camera. Because these translations affect the fixed frame as well as the
sample, they can be calculated and removed from the results. A paint-speckle was applied to

the frame which was then tracked with GeoPIV. As the speckle was not expected to move,
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Figure 44:Example displacement vector field showing erroneous large displacement vectors.
Displacements are magnified to 3x relative to the position scales

the search zone was reduced and leapfrog was turned off (see section 5.2.4 for explanation of
these settings). The translations recorded by this method were then subtracted from the

dataset. An example is shown in Figure 45.

5.2.6. Deriving a Strain field

Data from GeoPIV was converted to VTK format using a python script written by Stefan
Liebenstein. The data was then loaded into visualisation programme paraview, which was
used to calculate the gradients of the incremental and cumulative displacement fields, thus

producing incremental and cumulative strain fields, such as those seen in Figure 47.

5.2.7. Assessment of Accuracy of GeoPIV

An assessment of the accuracy of DIC used in similar circumstances to those described
above is available in Hoult et al 2013. He found close agreement with other measurement
techniques even at strains much smaller than observed in my experiments. Nonetheless, it
was felt necessary to confirm the tracking ability and accuracy specifically for my

application.
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Figure 45: Correction of displacement fields for rigid body translations. Example
translations. Displacements are magnified to 30x relative to the position scales.
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A set of 10 images of an undeformed specimen were taken, with a small displacement
between each. These images were analysed using the same GeoPIV settings as were used for
the main analysis. 2576 patches were generated, and were then tracked across 10 frames,
giving 23185 displacement vectors. To remove the rigid body translations, an average
displacement vector was calculated and subtracted from each frame. The remaining
displacement recorded was presumed to represent the typical error in the GeoPIV tracking.
The errors in x and y directions were distributed as shown in Figure 46. The mean error was

0.37 pixels in x and 0.43 pixels in y. This corresponds to 26 um and 30 um respectively.

These errors do not appear random, but are instead related to uncorrected rotations of the
camera relative to the specimen. It would probably be possible to correct for them using
more advanced calibration techniques. Improvement in accuracy was not considered worth
the cost. It would require more processing resources and more of the image frame would
need to be devoted to calibration markers. Errors due to rotation should affect neighbouring

patches almost equally, and thus should affect strain data less than displacement data.

This method of assessing accuracy may have given an underestimate of error, as the
undeformed specimen will be easier to track than a deforming one. Nevertheless, this result

was considered excellent.
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Figure 46: Error distribution for 23185 patch-searches in an example PIV analysis. Errors
correspond to falsely recorded displacements in horizontal (top) and vertical (bottom)
directions.
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Chapter VII:
One-Dimensional

Compression

Results

Aim

The aim of this chapter is to present the results of the one-dimensional compression

experiments and discuss the observed deformation patterns.
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1. Introduction

A series of one-dimensional compression experiments were conducted and analysed using
the methods set out in chapters V and VI to track deformation and strain. In all cases,
compaction was localised, with narrow bands straining sequentially rather than

homogeneously all throughout the specimen.

In all cases compaction began at the top of the specimen and propagated downwards, as a
horizontal band or front. An example of this behaviour is illustrated in Figure 47. In order to
consider the evolution of this front with time, one can take an average of incremental strain
across the specimen (relying on the front being horizontal) and plot this against time, thus
observing the changing vertical position of the front with time. This representation is

presented in Figure 48.

Once the front had passed through the whole specimen and compacted it, the process started
again, with a new compaction front initiated as seen in Figure 48. This second front often
began at the top of the specimen (7 out of 11 experiments), or at the bottom (3 of 11). In
some cases a third front was observed (4 of 11). It is considered likely that a third front, and
possibly subsequent fronts, would have been observed in all cases had the experiments
continued to higher strains. In a small number of cases the compaction front appeared to
stall, with a new one then initiated, such as in Figure 48b. Later fronts were more likely to

show this phenomenon than the initial one (2 of 11 for initial front, 6 of 16 for later fronts).

As will be explained below, the force required to progress the deformation of the specimen
has components relating to the stress required to deform the compaction band and an
additional force required to displace the upper part of the specimen against wall friction. This
in turn implies that the stress in the upper part of the specimen is at times significantly higher
than the lower part, and yet the lower part may experience greater strains. This effect cannot
be explained by self-weight, but is instead attributed to the interplay of age hardening and

front propagation.

In some cases, small areas remained uncompacted as the compaction front passed over them.

These areas tended to be compacted, at least partially, in the next compaction front.

The mechanisms and implications of these observed behaviours are discussed in the

remainder of this chapter.

- 131 -



Chapter VII: One-Dimensional Compression Results

1 250 mm 1

The darker area at
the top of the image
indicates the area
which had been

compacted

From the

incremental

N
o

displacement field it
is apparent that the

compacted region

o

incremental displacement (magnitude)

was moving and the
rest of the sample

was stationary

o

The strain was

©
N

concentrated at the
boundary of the

compacted region;

©

o
HIIII“IIIIIH

this phenomenon is
referred to here as

the compaction

Incremental strain (magnitude)

front.

Figure 47: compaction is localised as front stretching across the sample. Shown here as a
photograph (top), corresponding incremental displacement field (middle) and the incremental
strain field (bottom).
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Figure 48a: Vertical position of compaction activity as a function of global strain (time) with
corresponding force records. Global strain rate 2.56x102 s, velocity 5 mm s-1. In this
example there are three consecutive compaction fronts, each beginning at the top and
requiring a near constant force to propagate downwards.
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Figure 48b: Vertical position of compaction activity as a function of global strain (time) with
corresponding force records above. Global strain rate 2.56x102s! velocity 5 mm s. In this
example the first compaction wave stalls, and begins again at the bottom of the specimen.
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Figure 48c: Vertical position of compaction activity as a function of global strain (time) with
corresponding force records above. Global strain rate 5.77x103 s, velocity 5 mm s'. In this
example the second compaction front begins at the bottom, but stalls and begins again at
the top.
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2. Localisation of compaction: snow is a strain softening
material

In most materials, the force needed to deform a small arbitrary volume increases as strain
increases. This leads to an even distribution of strain across the material. In some materials, a
deformed area may weaken: this is known as strain softening. Examples materials which
strain soften in compression include some metal and ceramic foams and some cohesive
granular materials. Strain softening has the effect of concentrating any further strains into
the deformed, weakened region. The observed localisation of compaction in the one-

dimensional compression experiments implies that snow is strain softening.

Strain softening behaviour in snow is not unexpected. Snow may be considered as hard
particles connected by brittle necks. Breaking the brittle necks will soften the material, as

illustrated in

Figure 49. Strain softening in the presence of compressive volumetric straining cannot
continue indefinitely. At some point the force required to compact an arbitrary volume must
rise and the deformation will move on to a new area (otherwise, an infinite density would be
attained). In snow this most likely occurs due to an increase in packing density. Increasing
density leads to increasing number of contacts per particle (increasing coordination number)
and thus causes the instantaneous yield stress to increase above the applied stress and

irreversible straining is arrested.

It is useful to consider these behaviours from the perspective of instantaneous yield stress
and strain, as irreversible strain will occur whenever local applied stress exceeds local

instantaneous yield stress.

The behaviours illustrated in Figure 50 will result. The shape of each curve is not known

exactly, but general concepts can be described, and shapes assumed:

e For the elastic section linear behaviour is assumed, as no significant bond breaking
or change in coordination number occurs.

e For the strain softening curve, a sharp drop in stress resulting from bond breaking is
expected, but this curve does not fall to zero, as I elect to include inter-particle
friction with the stronger mechanical bonds.

e For the strain hardening curve, an exponential or asymptotic increase is anticipated,

as coordination numbers rise towards a close pack, or else jamming occurs.
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1. The initial state is a porous assembly of ice
particles joined by solid ice necks.

2. The snow compresses elastically.

3. Yield and softening occurs due to failure of the

ice necks

4. Particles or (groups thereof) move and rotate,
allowing straining. Stress may be diverted to
neighbouring volumes, which are momentarily
stiffer (they are at point 2 or 5 in this process).
Deformation stops due to increasing coordination

number.

5. New ice necks quickly form, restoring strength
and stiffness in a time dependent way. The process

may repeat if high enough stresses are applied.
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followed by time dependent hardening.
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Figure 50: Contribution to instantaneous yield stress from elastic, strain softening and strain
hardening phenomena (top) combine to give an overall hardening-softening-hardening
response (bottom). The exact form of the curves is not known.

- 138 -



Chapter VII: One-Dimensional Compression Results

When the elastic, strain softening and strain hardening behaviours are taken together, the

overall behaviour of a small volume of snow is as indicated by the purple line in Figure 50

It should be noted that strains in these experiment are almost entirely compressive and the
graphs are drawn with this in mind. Shear strain would lead to a softening behaviour not
unlike that illustrated, but strain hardening by increasing coordination number would not be

present in the absence of a significant volumetric strain component.

Other shapes for these curves could be proposed, but it is difficult to foresee an overall
description not leading to an “N” shaped curve for the combined behaviour illustrated in the
lower graph of Figure 50. Such N-shaped curve is a requirement for the occurrence of the

strain localisation, which has been observed.

The porosity of the artificial snow is around 0.60 before compaction falling to 0.50 after the

first front of compaction has passed (corresponding to a critical strain of 0.2).

3. Nature of the deformation front

The strain localisation in one-dimensional compression takes the form of bands of
compacted material normal to the applied load. Rather than occurring at random locations,
this band generally progress down the specimen in the form of a moving deformation front.
The reasons for this are discussed in section 3.2, but first I seek to characterise the formation

of the deformation front.

3.1.Formation

A compaction front begins with the yielding of an arbitrary small volume. As snow is strain
softening, the stiffness of that volume decreases and the volume rapidly deforms. This has
the effect of transferring stress to neighbouring volumes, which then also yield. Quite
rapidly, this mechanism will lead to a horizontal band forming across the specimen. This

band formation process is illustrated in Figure 51. Because small volumes yield sequentially,
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The specimen is initially free of stress and strain.

Elastic strain is distributed throughout the specimen

Yielding occurs at a random location in the top row.

The yielded volume softens, causing stress to be
distributed to other parts of the same horizontal
plane. Another volume in the same plane yields.

The process repeats until the whole top layer has
yielded.

Once a critical strain is reached, the top layer begins
to harden.

The process begins again (from point c) in the second
layer. The first layer continues to harden.

Once all layers have hardened, the whole-specimen
stiffness rises. A new band may form, as state h is
analogous to state b, except that a gradient in yield
stress will exist due to differences in hardening time
across the specimen.

Figure 51: formation of horizontal bands. Self weight and wall friction are ignored.
States (1-5) as follows: 1: relaxed state, 2: elastic strain, 3: yield point, 4:softened
state, 5. age hardening state
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the peak in force implied by Figure 50 will not be observed in the whole-specimen force
record. This broadening of the force peak will be further exaggerated by the spatially

fluctuating mechanical properties of the specimen.

3.2.Propagation pattern

The pattern of propagating fronts and the force recorded by the load cell may be explained

by an interplay of the developing material properties of the snow and friction with the walls.

3.2.1. The first front

The first compaction front consistently occurs at the top of the specimen. It may seem that
the front ought to form at a random location — wherever the specimen is weakest. This does

not occur for two reasons:

Firstly, there will be some degree of friction or adhesion between the walls and the
specimen, even from the very beginning of the experiment. Elastic straining of the specimen
will produce lateral expansion, leading to further friction with the walls. This effect
encourages yielding to begin at or near the top of the specimen. Self weight would oppose
this effect, but as all fronts began at the top, the effect of friction and adhesion must be
greater than that of self weight. The equations governing the variation in stress distribution
with height through the specimen were explored in chapter V, section 2.1.2. Taking typical
values (density 380 kg m?, friction coefficient 0.34, Poisson’s ratio 0.054, measured load
20 N) for this stage in the experiment (and including self weight) the stress at the top of the
specimen is c. 4 kPa, whilst at the bottom it is only c. 3.4 kPa.

Secondly, the specimen will encompass spatial fluctuations in strength and stiffness. In the
bulk of the specimen, stress is diverted away from weak regions towards stronger ones, (as
stronger regions are also likely to be stiffer). The anvil is much stiffer than the specimen, it
does not deform to accommodate such redistributions of stress. Stress concentrations in the
very top layer of the specimen are therefore greater than elsewhere, and the compaction front

therefore initiates immediately below the anvil.

3.2.2. Subsequent fronts

At the end of the first compaction front, the specimen has experiences a lateral stress

according to Poisson’s ratio. This causes friction between the specimen and the walls and,
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taking account of self weight, causes the stress at the upper part of the specimen to be

significantly higher than at the base.

Referring again to Equation 18 in Chapter V Section 2.1.2, the stress at the top and bottom of

the specimen are estimated at 14 kPa and 10 kPa respectively.

It is therefore expected that subsequent compaction fronts would start at the top of the
specimen, however, a significant proportion (3 of 11) of fronts start at the bottom of the
specimen. This is because the material at the base of the specimen has been more recently
deformed than that near the top. It has therefore had less time to age harden (sinter). The
difference in yield stress between the top and bottom must exceed the difference in stress

caused by wall friction.

The shape of the hardening curve for snow at such short timescales is not well understood,
but is accepted to have a shape generally as illustrated in Figure 52, with rapid initial
strengthening, the rate of which reduces over time. When this curve is compared to the
projected stress variation with height as derived from Equation 18, it is clear that the
compaction fronts should begin at the top (where stress and strength are high) or bottom
(where both are lower) but not in the centre, where the difference between the two is
greatest. Further, the greater separation of the curves at the centre of the specimen may
explain the tendency of compaction fronts to stall, before initiating again at the top or bottom

(observed in 6 of 16 cases).

The presence of two converging fronts in such circumstances is unlikley, as such situation is
unstable. If either of two such fronts is softer than the other, deformation will favour that
front. The material consisting the other front, deprived of ongoing deformation, will rapidly

harden and the front will extinguish.
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Figure 52: General indication of the change in yield stress of snow with respect to time since
the last deformation.

3.2.3. Proposed propagation pattern in the absence of friction

In the absence of friction or gravity, the deformation could be expected to start at the top of
the specimen where the hard, stiff indenter comes abruptly into contact with the softer snow.
A compaction band would form, and would propagate downwards at a constant force, the
material being at this stage homogenous on the macro scale. Upon reaching the bottom of the
specimen the band would ‘reflect’ back up. The force recorded would increase during this
second transit as the band encounters progressively more aged material, having the same
general form as illustrated in Figure 52. The band would then proceed to ‘bounce’ up and
down the specimen, with increasing macro stress, for an unknown maximum number of
repeats. Figure 53 expresses this hypothesised behaviour in the same format as the previous

Figure 48.
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Force

Initial Vertical Position
Local Strain Rate

Global Strain

Figure 53: hypothesised behaviour of the compaction band in the absence of gravity or
friction, in the same style as Figure 48.

The proposed behaviour is similar to the observed behaviour, but not identical. The curvature
of the force record in non-initial compaction fronts is not discernible in the experimental
data. This may be because the degree of curvature is not known and is potentially quite
slight, it may also be because of the apparent ‘noisiness’ of the data. This ‘noise’ is probably
not noise as such, but is a genuine result of the deformation process: the result of the
building up of stress and subsequent relief as local collapse events occur, in the manner
described for brittle elastic foams in chapter II section 9.1. It therefore seems reasonable to

presume that larger experimental apparatus, accommodating a larger specimen, would have a
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reduced noise effect and more closely approach the hypothesised behaviour set out in Figure

53.

A further difference is that the presented theory shows constant force during the propagation
of the first compaction front, whilst experimental data shows rising force. This difference is
due to friction between the walls and the specimen. As the front propagates downward a
zone of compacted material develops in front of the anvil and grows linearly in size, thus
causing a linear growth in the contribution to measured force originating from friction. To
understand this better it is informative to look at Figure 48b. In this experiment the first
compaction front stalled and initiated again from the bottom of the specimen. With the front
propagating upward from the bottom the zone of compacted material in front of the anvil

remains of constant size, and thus the force recorded is constant.

A final difference of note is that the experimental data shows a drop in force when
compaction band propagations begin and end. This is simply attributed to the presence of a
compacted zone in front of the anvil. If a compaction band jumps to a higher location in the
specimen the contribution due to friction between said zone and the walls is abruptly

removed from the measured force.

3.3.Deformation front propagation speed

Assuming that no volumetric strain occurs out with the moving front, the speed of
propagation of the damage front may be derived from the speed of the anvil and the
difference in density across the front. By conservation of mass entering and leaving the band,

it must be true that:

p1Vr = po(Vr — Vo)

Equation 19
And thus

V.
sza_Pz
P2 — pP1

Equation 20
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Where p | = initial density, p» = compacted density, V, = the velocity of the anvil, V¢is the
velocity of the front.

The assumption of zero strain out with the moving front will not be entirely true. At the very
least, creep will occur throughout the specimen. It may be observed that the assumption is
reasonable, as the paths described but the fronts in Figure 48 are virtually straight. In the
early part of the experiment, with a front moving downwards, deformation occurring below
the front would cause the band to move faster than predicted. In contrast, at the end of the
first compaction front, deformation occurring above the band would cause it to move more
slowly that predicted. Thus, if significant deformation were occurring out with the front the

paths in Figure 48 would be curved.

It should be noted that front propagation speed is independent of the size of the specimen,
and therefore of the global strain rate, but depends only on the velocity of the anvil and
density change. It is commonly accepted that strain rate may be used to classify deformation
of snow into brittle and ductile regions, but it may be more appropriate to use boundary
displacement velocity to describe the kind of behaviour observed here. The boundary
displacement velocity and the global strain rate are of course related by specimen size. It is

therefore reasonable to describe the observed behaviour as specimen size dependent.

3.4. Quantifying local strain rates

Deformation behaviour in snow is sometimes categorised by global strain rate (chapter 11
section 5). Low strain rates are generally described as ductile and high rates are brittle with a
transition range in between. Knowing local strain rates may allow a similar categorisation

within the transitional region.

The photographs, taken at 0.25 s intervals, provide snapshots of the deformation only. It is
possible to state that a given local strain has occurred between consecutive images, but this
sets only a lower bound on the strain rate. It is not possible to know for how much of the
window between images any given strain zone was active, with lower proportions of time
corresponding to higher strain rates. Local image-to-image strains of up to 0.20 were

observed, corresponding to a local strain rate not less than 0.80 s™'.

It is theoretically possible to infer strain rate by measuring the width and speed of the

propagating compaction front (thus inferring the time active for any given volume, and from
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that the strain rate). The width of the front could not reliably be inferred from these

experiments.

4. Small volumes that resisted compaction

As the compaction front propagates through the specimen, small undeformed areas are
sometimes incorporated into the compacted region. This was more common and the regions

were larger at lower speeds. An example of this is shown in
Figure 54.

These undamaged zones may be explained by random variations in local strength, or may be
an inherent feature of the compaction process. One possible mechanism is as follows: the
compacted band below the preserved region propagates as an anticrack, and then quickly
hardens (Szabo and Schneebeli 2007) to form an arch, which protects the undeformed
region. An anticrack is a term given to a rapidly progressing collapse feature, where energy
required to break inter-particle bonds is provided by relief of local strains. It is equivalent to
fracture propagation in classical fracture mechanics, but occurring in compression of a
porous material instead of tension. The concept has been explored on a larger scale as a

means of avalanche release by Heierli et al (2008).

5. Effect of strain rate

Strain rates tested ranged from 5.77x107 s (corresponding to a speed of 1.125 mm s™) to
7.69x10% 57! (15 mm s™!). This range remained in the brittle region with all experiments

showing the same fundamental behaviour.
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Figure 54: Example photograph of a small volume which resists compaction shown at point
of at formation (top) and the same volume at point of collapse (bottom), after the lower part
of the sample has been strained.
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5.1.Strain rate or velocity?

Whilst strain rate is an appropriate method of categorising deformation in to brittle or ductile
(which can also now be understood as strain-softening and non strain-softening
respectively), crosshead velocity is perhaps more relevant once strain has localised. As
illustrated by Equation 19, the propagation speed of the front is related only to the crosshead
velocity not to strain rate. The critical strain achieved within the compaction front seems to
be independent of strain rate (see below) and one can imagine that any other characterisation
one might apply to the front would be similarly decoupled from strain rate. Nonetheless,
there are still features which are better described by strain than displacement, which leads to
the somewhat uncomfortable position of using strain, strain rate and velocity to describe

experiments.

This is best evidenced by a thought experiment: imagine two specimens identical except that
one is twice the height of the other. They are compacted by anvils moving at identical
velocities. Assuming that both show brittle deformation (a strain rate consideration) the
deformation patterns will be identical (related only to crosshead velocity) until the
compaction band reaches the bottom of the shorter specimen. The shorter specimen shows a
rise in stress and a second compaction band forms. The same will occur in the taller
specimen when its compaction front reaches the boundary, having taken twice the time and

displacement but occurring at the same strain.

This situation is inevitable, and is most pragmatically addressed by using velocity, strain and
strain rate according to which option most usefully characterises the phenomena under

discussion.

5.2.Rate effects

Imaging of the deformation showed some small regions which survived undamaged as the
compaction front passed. These volumes appeared to be both larger and more common at

lower speeds.

A slight tendency for the first compaction front to achieve a greater strain at lower velocities
than at higher ones was not considered significant (for a linear fit, R>=0.46). It may be an

artefact of the relatively small sample size.
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The force required to propagate a compaction front appears slightly higher at lower
velocities (and this difference is visible in Figure 48) but, across the full set of results, this

trend is not significant (for a linear fit, R?>=0.16).

The range of speeds tested does not exclude significant speed effects at other speed ranges.
At lower speeds, snow is known to display ductile behaviours (see chapter II section 5.1)
whilst at higher speeds, issues such as momentum exchange and pore pressure will come into
play. The strain rates explored here are widely considered to fall close to the brittle to ductile
transition for snow. Local strain rates, however, are much higher and fall within the brittle

region.

6. Conclusions

Snow shows strain softening characteristics when deformed at rates above the brittle-ductile
transition, it therefore displays deformation localisation. Snow may undergo more than one

softening and subsequent hardening sequence as it is compacted.

In one-dimensional rigidly confined compression, damage takes the form of a front
perpendicular to the load, which propagates parallel to the direction of the load. Such fronts
may propagate in either direction through the specimen several times, and the sequence of
propagation can be explained by considering age hardening of material behind the fronts.

Deformation out with this band is insignificant.

Strain softening in snow causes local strain rates much higher than the global strain rate.
These effects will also be scale dependent, as a larger specimen will require a lower strain

rate in order to equate to the same damage front propagation speed.

Strain rate may influence the stress required to propagate the compaction front and level of

strain achieved by the compaction front, but this study is inconclusive in this regard.
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Chapter VIII:

Indentation

Results

Aim

The aim of this chapter is to present the results of the indentation experiments and

discuss the deformation patterns present.
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1. Introduction

A series of indentation experiments were conducted and analysed according to the methods
set out in chapters V and VI. Different shapes of indenter were found to cause significantly
different behaviour, with sharp tipped indenters pushing material to the side and round tips
tending to push it down. Tip shapes tested are indicated in Figure 55. Large plugs of material
were observed to form around the round tip, extending asymmetrically to the side of the
indenter. Speed was found to have only minor effect in the case of sharp tipped indenter and

only one speed was tested for the round tipped indenters.

6 MM SHARP TIP 6 MM ROUND TIP 60 MM ROUND TIP

Figure 55: Tip shapes used in the indentation experiments. All indenters were 20 mm thick.

2. Behaviour of the 6mm sharp tipped indenter

The sharp tipped indenter was observed to push material aside as it progressed, forming a
band of compacted material to both sides of the indenter. Material did not flow smoothly but
instead was displaced as discrete chunks, as illustrated in Figure 56. The observed width of

the volume of interaction was c. 35 mm or 6 times the width of the indenter. The maximum
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Figure 56 Chunk of material pushed down and right by the chisel tipped indenter.
Photograph (top) and local incremental strain (bottom). The moving chunk has negligible
internal strain. Speed is 5 mm/sec image interval 0.25 sec, indenter 6mm width.
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height of the volume of interaction from the tip of the indenter to the lowest strained volume
was ¢. 18 mm, or 3 times the width of the indenter. This lowest point occurred to one side of
the indenter, corresponding to the bottom of one of the chunks of material being pushed

aside.

Deformation does appear to be confined to a process zone immediately around the indenter.
There was no detectable heave (upward flow of material leading to displacement of the free
surface) except for at the very start of the experiment where the process zone could be

interpreted to overlap with the free surface. Movement of the free surface was arrested after
¢. 7.5 mm of indentation at which point the shoulder of the indenter is c. 2.3 mm below the

level of the undisturbed surface. Nor was there measurable strain of material away from the
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Figure 57: Volumetric strain components to at the same point as Figure 56. Deformation
around the moving chunk can be categorised as two high-shear low-volumetric planes (A)
and a high-volumetric low-shear (B) zone. Large dilatational strains in the centre (red) are
clipped (calculated values exceed colour map), this area corresponds to now ruptured
elements being separated as they pass to each side of the indenter, strains in this region are
therefore a function of mesh size and indenter shape rather than corresponding to real strain
in the material. Scale 2 mm per pixel.
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indenter elsewhere in the specimen, (although it should be assumed that elastic strains are

present in this area but are merely too small to observe).

To better understand the nature of the deformation around the mobile chunks of material
illustrated in Figure 56 it is informative to look at the volumetric component of the
deformation, as in Figure 57. Here we find that the volumetric straining associated with the
phenomenon is predominately located in a low-shear zone at the end of the rectangular
moving chunk, with relatively little contribution from the high shear zones at the sides of the
moving chunk. As the deformation progress the boundary of the compressive zone extends
further from the indenter, as illustrated in Figure 58: consecutive frames showing
incremental volumetric strain, as in Figure 57. Note a similar phenomenon occurring to the
left of the first two frames. Cropped with cross added as a visual reference (same location in
each frame). 0.25 s interval 5 mm s™! indenter velocity. Scale 2 mm per pixel.. This is
behaviour interesting because it shows a considerable similarity to the compaction fronts

exhibited in one-dimensional compression.
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Figure 58: consecutive frames showing incremental volumetric strain, as in Figure 57. Note a
similar phenomenon occurring to the left of the first two frames. Cropped with cross added
as a visual reference (same location in each frame). 0.25 s interval 5 mm s! indenter
velocity. Scale 2 mm per pixel.

It stands to reason that the energy invested in maintaining the two shear planes at the side of
the moving chunks is not very great, or else damage would occur closer to the indenter.
These shear planes are perhaps best viewed as consisting of material softened by compaction
and subsequently kept soft by continuous shearing as the compaction band propagates away

from the indenter.

This observed phenomenon is surprisingly similar to the observations of Fukue (1977), who
conducted penetration experiments with a flat-faced penetrometer, except that he observed a
compaction zone directly below of the indenter rather than to the sides. This difference in

position is attributable to indenter shape. His experiments were not continued long enough to
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reach a steady state, nor is it clear how this would happen if the compaction zone is in the

path of the indenter.

2.1.Width of volume of interaction

In the absence of heave, and assuming no deflection of the boundaries, the volume occupied
by the indenter must be provided for by volumetric strain in the material. Given the
observations in the previous section it is reasonable to compare these volumetric strains to
the compressive strains investigated in chapter VII. If we assume that this volumetric
straining is contained entirely within a volume of interaction we can calculate the width of

said volume thus:

Equation 21

With W, as the width of the interaction volume, W; as the width of the indenter, €, as
volumetric strain, positive in compression. The geometry of this situation is shown in Figure
59. Expressed in this way, &, must be constant throughout the deformed margin and no voids
may form, though these assumptions can be relaxed if €, is viewed as an average (£,). The
Assumption of no heave is borne out by the observations, whilst the assumption of no
deformation at the boundaries is reasonable given their high stiffness relative to the snow

and the observations of deflection in chapter V section 4.

It was observed in the one-dimensional compression experiments that the artificial snow
used in these experiments was strain softening, and exhibited a critical strain (under one
dimensional compression) of 0.2 before hardening in the first instance. For &,= 0.2 the

width of the volume of interaction predicted by Equation 21 is four times that of the indenter.

The observed width of interaction is larger than predicted by this simple theory (c. 6 times
the width of the indenter) but the difference is not very great. The observed width

corresponds to €,=0.17.
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Figure 59: Nominal geometry of interaction volume. Indenter in white (width Wi), undeformed
material in light blue, deformed margin in dark blue (width Wm), and arbitrarily shaped
volume of interaction in red (width Wv).

The difference between the critical strain in the one dimensional experiments and the value
of €, calculated above can be attributed to differences in strain regime (that is to say
volumetric strain in areas under significant shear strain may be different to that under one-
dimensional compression). There is also significant deformation occurring very close to the
tip of the indenter which is inadequately resolved. The difference is relatively small
however, (some 15%) which implies that there may be benefit to developing penetration

theories according to this interpretation.

2.2.Force required to drive the indenter

The force delivered to the load cell was very low: Variation of about 0.2 N was observed,
compared to an estimate at the design stage of 2.2 N. This level of force should have been
just within the measurable range of the 25 N load cell but useful results could not be

extracted. This is attributed to three main factors:

1. Friction and possible binding due to icing between the inventor and slide
attenuated/damped the mechanical signal (displacement) delivered to the load cell.

2. Slight misalignment of the drive screw or whirl thereof caused a small oscillation in
force to be recorded, which obscured the results

3. The measured load was too close to the noise floor of the load cell.
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Point 1 and 2 combine to make useful examination of mean force impossible (as might be
useful to the type of interpretation applied in geotechnical engineering, see Chapter 11,
section 9.2). Points 1 and 3 make examination of high frequency components impossible (as
would be described in penetrometer analysis models presented in Chapter II section 5.2 or
models for foams in section 9.1) as the attenuated force cannot be separated from the

Nyquist noise.

2.3.Effects of indenter speed

Speeds of 1.125, 5, 10 and 20 mm s! were tested. The macroscopic deformation flow pattern
remained the same, but the lower speeds tended to produce more visible tearing around the

indenter, as indicated in Figure 60. The size of the chunks pushed aside was smaller at higher

speeds.

Figure 60: Tearing of snow at the sides observed at lower speeds (left) was absent at higher
speeds (right). Left image speed 1.125 mm/s right 20 mm/s.

2.4. Comparison to the three dimensional case

The experiment was conducted in a thin slice of snow. Neglecting wall effects, the sharp
tipped indenter is equivalent to an arbitrarily long sharp blade of 6 mm thickness. It may be

useful to consider comparison to a 6mm conical tip.

For this case, the Equation 21 may be derived instead as:
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Equation 22

Thus, for £,=0.2, W, becomes 2W;, or for £€,=0.17, W, becomes 2.4 W;, indicating a much

smaller diameter for the volume of interaction.

The change in geometry would also change the way that forces are distributed in the volume
of interaction. (For example, if a force were to decrease linearly with distance from the
indenter in two dimensions, it may decrease with the square of distance in three dimensions).
This may lead to a change of mechanism of deformation which cannot easily be predicted. It
is thought possible that deformation zones highlighted in Figure 56 Chunk of material
pushed down and right by the chisel tipped indenter. Photograph (top) and local incremental
strain (bottom). The moving chunk has negligible internal strain. Speed is 5 mm/sec image
interval 0.25 sec, indenter 6mm width.and Figure 57 would form differently (or not at all) in
three dimensions. If the deformation were axisymmetric such zones would have to assume
an annular (as opposed to rectangular) form when viewed from above, though a non-
axisymmetric deformation, with mobile zones and static ones radially interspersed is also
possible. Hypothesised shapes are set out in Figure 61. Boundaries between such zones
would be shear planes, formed in a similar manner to those shear planes above and below the

compaction zone discussed in Section 2.

a)

[

b)
i) iii)

. J( .

Figure 61: Hypothesised deformation zones (Blue) viewed from above. In my experiments
(a) they are assumed to be rectangular, in 3d (b) they could be annular (i), rectangular
radially distributed (ii) or two opposing zones (iii)
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In the case of annular, axisymmetric deformation, radial displacement implies
circumferential tensile strain, which could have an unpredictable influence on deformation,
possibly leading to radially aligned fractures. In the absence of void formation, Equation 22
would apply to this case, but the value of &, under this different strain environment might be

rather different to that observed in my experiments.

In the case of the non-axisymmetric deformation modes hypothesised in Figure 61:
Hypothesised deformation zones (Blue) viewed from above. In my experiments (a) they are
assumed to be rectangular, in 3d (b) they could be annular (i), rectangular radially distributed
(i1) or two opposing zones (iii)Equation 22 would not apply. The distance the deformation
zones would extend from the indenter would instead be similar to that found in my
experiments. In case of two opposing zones forming, it is virtually identical to my
experiments, except that such zones must always form in the plane of the apparatus in the
experiments, whilst in 3d space they would probably form at different orientations as the

indenter progresses.

3. Behaviour of the 6mm round tipped indenter

The round tipped indenter was observed to form large asymmetric bodies of compacted
material, referred to here as compacted masses. These compacted masses rotated as they
expanded and were associated with the formation of fractures in the snow as the compacted
material was driven down by the indenter and parted from the material above. This is

illustrated in Figure 62.

3.1. Formation of compacted masses

The compacted masses formed by the round tipped indenter are much bigger than the small
chunks pushed aside by the sharp tipped indenter. As nothing else was changed, the
difference must be down to the shape of the tip. In the case of the sharp tip, the active
surfaces are at 30° to the direction of motion, while the round tip presents a large central area
approximately perpendicular to the direction of motion. The angle of this area is not
sufficient for material to be pushed aside, so it is instead carried down with the indenter. The

growing volume of material driven in front of the indenter is asymmetrical, presumably due
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Figure 62: Process of formation of the compacted mass. The mass initiates as a small
volume at the tip of the indenter (top) and expands to the side and rotates anticlockwise
(middle and bottom) before breaking off from the indenter, at which point it stops moving
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to random fluctuations in physical properties at the micro scale. The offset between the
position of the indenter and the bulk of the compacted mass causes it to rotate and expand
laterally, increasing the volume of material which has to be compacted for the mass to move.
Eventually the force exceeds the strength of the connection between the mass and the
indenter, the mass separates and stops moving while the indenter continues. This process is
illustrated in Figure 62. The larger compacted masses extended 60 mm from the indenter, or

10 times its width. As with the sharp tip, no heave was observed.

3.2.Force required to drive the indenter

As with the 6 mm sharp indenter, the recorded force was too low to draw reliable
conclusions about the 6 mm round tipped indenter, or to link features in the force results to

those observed in the images.

3.3. Comparison to the three dimensional case

The observed behaviour may be less likely to occur in a 3D experiment (which is to say, if a
hemispherical tip were used). In this case the central, high-angle area makes up a smaller
proportion of the frontal area of the indenter and it is not clear what shape the compacted
mass would adopt. It is considered likely that the phenomenon would still occur but that the
compacted mass would extend in three directions instead of two. This would result in the

force rising more quickly and probably cause the mass to detach sooner.

4. Behaviour of the 60 mm round tipped indenter

The volume of snow in the tests was too small to allow the 60 mm round tipped indenter to
establish a ‘steady state’ condition. Instead, the process went through three distinct phases,

as illustrated in Figure 63.

e Initially the indenter built up a compacted zone below its tip. This zone expanded

downwards to produce a column of compacted material.
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Figure 63: Evolution of the specimen with the 60 mm indenter. Initially a column of
compacted material formed under the indenter (top), when this reached the base of the
specimen chamber, material was instead pushed aside from the front of the indenter
(middle). Eventually the whole specimen broke up and started to move (bottom).
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o  When the column reached the bottom of the specimen, material began to be pushed
out to the sides of the tip of the indenter. The material behaved in a similar way to
the compacted masses identified in section 3.1, extending outwards and downwards
with some rotation and causing tearing as they separate from the material above.

e Once the compacted masses began to reach the bottom or sides of the specimen, it

began to break up and flow upwards at the side of the indenter.

4.1.Force required to drive the indenter

The larger size of the 60 mm round tipped indenter lead to larger forces than the 6 mm
indenters, and the results were thus greater that the instrument noise. An example force result
is shown in Figure 64. The force during the first phase, when the vertical column is
established, remains low and relatively stable, not exceeding 1 N. Once the column of
compacted material reached the base of the specimen chamber, the force rapidly rose. The
formation of fractures as the material breaks up acts to relieve the force, but not entirely. The

overall rise in force continued to the end of the experiment.
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Figure 64: Force results for the 60mm indenter. The initial column of compacted snow was
formed at relatively low force (a), Pushing material aside at the front of the indenter required
a higher force (b) but fractures act to relieve some of the force (c).
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5. Discussion

Straining of snow was observed up to a radius of ¢. 3 times width of the 6 mm sharp indenter
from its tip. This is much further than is anticipated in snow penetrometer models (Johnson
and Schneebeli 1999, Marshall and Johnson 2009, Léwe and Herwijnen 2011). While the
2D nature of the experiments may increase the size of the volume of interaction, the volume
found in a 3D experiment is still likely to be significant. Furthermore, the stress field will
extend beyond the strain field measured here (as elastic strains are too small to observe). It is
likely that a more heterogeneous specimen (such as layered seasonal snow) would
experience a larger volume of interaction as stresses seek out the weakest part. Speed was
found to have only minor effect, reducing the size of the chunks of material being pushed

aside and reducing the associated tearing.

The 6 mm round tip exhibits unstable behaviour. Its failure to push aside compacted and
hardening material lead to the rapid growth of very large compacted masses which move
with the indenter. This phenomenon is less likely for 3D application, but is still cause for

concern in penetrometer design. A conical tip should be preferred to a hemisphere.

The moving compacted masses bear a passing resemblance to the deformation shapes seen in
geotechnical applications, but as these are transient, asymmetric features the related models
will not apply. Nor is it possible to look at the type of equations put forward above for the
sharp tipped indenter, as significant void formation is present and the width of the volume of

interaction varies significantly.

For the 60 mm round tipped indenter, it is important to note that after the column of
compacted material reaches the base of the specimen, the behaviour is dominated by edge
effects. If the indenter were run in a much larger specimen, the results would be different. It
is not impossible that a situation similar to the 6mm round tipped indenter could develop,
though the tall column of compacted material observed under the 60 mm indenter was not

observed for the 6 mm round tip.

All three tested geometries provide insights into the behaviour of the snow, and could

provide interesting test pieces for future models of the snow behaviour.
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6. Conclusions

The sharp tipped indenter pushed material aside, disturbing a region 6 times its own width.
The material did not flow continuously, but rather moved as discrete chunks of denser
material proceeded by compaction fronts similar to those seen in the one dimensional

experiments.

The 6 mm round tipped indenter caused the formation of large compacted masses which
were driven downwards and outwards by the indenter, causing deformation to an area more
than 3 times the width of that deformed by the sharp tip. This phenomena is transient and

irregular, it is very undesirable from the perspective of penetrometry instruments.

The 60 mm indenter suffered from wall interaction, but the initial stages of the test appeared
to develop differently to the smaller round tipped indenter, highlighting the importance of

scale.
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Chapter IX:
General

Conclusions

Aim

The aim of this chapter is to draw general conclusions from the proceeding work and identify

their implications for the field of snow science
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1. Artificial snow

Artificial snow was reliably and repeatably produced by processing solid ice chips at low
temperature. Artificial snow thus produced was found to have density, grain size, and
microstructure falling within the range of found in natural, seasonal snow. It was most
similar to a wind-beaten and melt-altered spring snow forms or to windslab. The artificial
snow was also found to respond to penetrometer experiments (with an SMP) in a similar way

to natural snow.

The artificial snow has been characterised, both when fresh and after isothermal ageing, by

applying the following techniques:

e Low-temperature SEM
e Optical microscopy
e Standard field classification
To extract the following characterizations:
e Hardness
e Grain form
e Density
e Qrain size distribution

e Micrographs (optical and SEM)

A detailed method of production has been presented, which would allow identical snow to be
produced for future experiments at Edinburgh or elsewhere. The artificial snow is considered
a good candidate for use in experimental investigations of snow properties, because it is

reproducible and reasonably representative of natural snow.

2. DIC and experimental method

Digital image correlation techniques were used to track displacement and strain in snow
without the application of tracer particles or substances. For this to succeed the camera must
be capable of resolving individual ice particles within the snow. Texture in the resulting

photographs is greatly improved by transmitted light illumination. Tracking of image
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features still occasionally fails but the results are sufficiently good for strain fields to be

derived and analysed.

Experiments were conducted in rigidly confined compression and indentation using three
shapes of indenter (6 mm 60° sharp tip, 6 and 60 mm rounded tips). The “thin” nature of the
experiments effectively restrained deformation to 2 dimensions, but wall interactions were
significant. These interactions altered the defamation patterns in the one-dimensional

experiments but there is no reason to believe they significantly affected the indentation tests.

3. One-dimensional compression experiments

One-dimensional compression of snow was found to cause strain localisation. This implies
that snow is a strain softening material. Localisation was found to take the form of moving
fronts, which lay normal to load and propagated through the specimen. Material was
compacted as the front passed over it. In some cases the front did not pass through the whole

specimen contiguously, but rather stopped at some location and began again elsewhere.

The sequence of compaction was found to occur more than once, and may occur many times.
Each successive compaction front achieved lower level of strain than its predecessor. No

significant rate effects were observed.

Boundary effects (wall friction) altered the front propagation pattern. A proposed behaviour
without these effects is presented. The boundary effects are not thought to have influenced
the formation or micro-scale movement of the compaction fronts, but only the large scale

pattern.

The observed behaviour is explained by an interplay of strain softening (corresponding to
bond breaking) and strain hardening (due to volumetric straining) followed by age hardening

once straining is arrested.
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4. Indentation experiments

Indentation experiments were conducted with one sharp tipped indenter and two sizes of
round tipped indenter. Round tipped indenters were found to deform a much larger area than

sharp tipped ones.

Deformation around the sharp tipped indenter seems to be characterised by compression
fronts, similar to those observed in one-dimensional compression, moving outward
approximately parallel to the surface of the indenter. This invites comparisons between the
two geometries, though the critical strain achieved be the fronts is different (by ¢ 15%), and

some deformation occurs outside these areas.

The failure of force measurement on the smaller two indenters prevented interpretation
according to the current leading edge models, but observations cast doubt on some of the

assumptions intrinsic to these models. The implications for future models are discussed later.

The two different sizes of round tipped indenter caused different deformation patterns. This

highlights the fact that scale is important when considering snow deformation.

5. Further experimental work

There may be some benefit to constructing a more sensitive version of the experiment in
order to investigate the relationship between penetration force and deformation events for
small indenters. Without force measurements from my experiments it is impossible to relate
the penetration force to the observed deformation patterns but it seems likely that the
existing assumption that the force would be a superposition of many small peaks related to
individual element ruptures (Chapter II Section 5.2) is oversimplistic. The implications of

this work for future penetration models are discussed later.

There may also be benefit to exploring other snow types, strain rates, and temperatures in
order to define a parameter envelope where the observed behaviours could be expected to
occur. It is thought likely at this point that the observed compaction fronts in one-
dimensional compression would be present throughout the brittle region, but this has not

been confirmed by experiment.
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It would be useful to repeat the indentation experiments in an axisymmetric environment in
order to make the results more applicable to field penetrometers. If the resulting deformation
is symmetry-breaking it may be difficult to fully image it, but phenomenological
observations could help develop an understanding of penetration testing in snow. In
understanding the differences between 2D and 3D cases, it may also be useful to conduct
plane strain cavity expansion experiments (representing a horizontal slice through traditional
vertical penetration experiment) to investigate the axisymmetric (or otherwise) nature of the
deformation. This could resolve the discussion of potential deformation shaped hypothesised
in Figure 61 in chapter VIII, though it should be noted that penetration through a slice and
cavity expansion within it are not exactly the same thing. A fully 3D experiment could be
conducted using X-ray computer tomography but, given the typical speed with which
penetration tests are undertaken, together with the need to acquire multiple X-ray images
without any deformation in between, this may not be possible with current technology.
Another approach would be to advance a penetrometer and then withdraw it and section or
CT the resulting specimen, but without the benefit of consecutive (in time) images strain
would have to be inferred from density rather than differential movement. I suspect the

random nature of the microstructure may make such inference difficult.

6. Implications for constitutive modelling

It is clear from the work presented here that snow is a strain softening material: that is to say
it not only softens in the usual circumstances (tension, shear) but in all probability will show
softening in all irreversible deformation cases. Strain softening introduces an implicit scale
(which could be viewed as the characteristic size of spontaneously forming deformation
features). This limits the scalability of some models or experiments: these deformation
features do not scale with specimen size. In the case of continuum models solved in a finite
element framework, this characteristic size will naturally derive from the mesh density. This
is generally viewed as undesirable, solutions should be mesh independent (particularly if
mesh density will vary across the simulation, or mesh-size convergence studies are to be

conducted). To address this models must include their own internal characteristic length.

For cases where this characteristic length is larger than the mesh size, it can be viewed as a
need to take into account the state of neighbouring elements when calculating the stress-

strain response. Where the mesh is larger, the required action is less clear.
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The behaviour of the one-dimensional compression experiments can be explained by careful
consideration of the microstructural processes underway in snow (vis: strain softening, strain
hardening and age hardening). Good models must include all three effects if they are to
reproduce the observed behaviour. This requires models to take account of strain history and
(real) time as well as the momentary stress and strain states. It should be noted that the
degree of strain softening and strain hardening must relate to the strain tensor: compressive
volumetric straining leads to both hardening and softening, whilst tensile volumetric
straining or shearing leads only to strain softening (though of course any type strain not

taking particles out of contact will be followed by age hardening)

If deformation is understood as an interplay of these three phenomena, it may be possible to
develop models which span the ductile to brittle transition. Brittle deformation (now
understood to be strain softening or deformation localising) is simply a case where strain
softening exceeds the combined effect of strain hardening and age hardening. Ductile

behaviour is the reverse.

The experimental results presented here provide test pieces of progressively greater
complexity. A well formulated one-dimensional model ought to be able to reproduce the
results of the one-dimensional compression experiments. A two-dimensional model should
reproduce the one-dimensional compression tests and the sharp tipped indentation tests,
whilst modelling the round tipped tests will require models which can exhibit failure in

tension and significant void opening.

7. Implications for penetrometer instruments (and models
thereof)

The rounded tips used in the experiments disturbed a far greater amount of material than the
sharp one. In the field of penetrometry, where a small interaction volume is required in order

to resolve thin layers, sharp tips should therefore be preferred to rounded ones.

The observed deformation is considerably more complex than is assumed in current models
of penetrometer-snow interaction (these models were described in Chapter II section 5.2). It
seems that the assumptions underlying current penetration theory in snow may be violated:

peaks in recorded force cannot be assumed to relate only to the brittle rupture of elements
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local to the indenter, but might relate to distant tearing or compaction events. Certainly the

observed zone of interaction is much larger than allowed for in these models.

Direct application of models from the field of geotechnical engineering is probably not
viable, as the deformation flow patterns for snow appear different to those typically used to
formulate geotechnical models. Geotechnical models tend to relate penetration force to shear
strength, neither of which were measured in this study, preventing any direct assessment of
their accuracy. Nonetheless, it may be possible to make use of modified versions of
geotechnical models in future, perhaps by substituting observed deformation patterns for the
assumed patterns present bearing capacity type geotechnical models (see chapter 11 section

9).

Application of models from foams has already been attempted, but must now be criticised
for assuming that deformation is limited to elements touching the indenter or to a vertical
column of material below it. The apparent success of this approach should not be
disregarded, however. It is possible that the deformation process in the mobile deformation
zones observed in chapter VIII are sufficiently similar to that hypothesised in the models that
they do still apply, all be it that the location of the deformation is different. It is clear that the
size of the interaction zone ought to feature in some of the equations set out in Table 1% in
Chapter 11, but given that the thresholds for these parameters (used in classifiers) are
determined empirically, adjustment of the equations might not yield very great

improvements in the avalanche stability classifiers.

8 All except element rupture strength rely on the frontal area of the penetrometer, which is effectively
treated as the plan area of the zone of interaction.
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Remember! Working in the cold room is subject to health and safety restrictions.
Refer to the current version of the risk assessment. Wear gloves and warm over

clothes when preparing snow.

1. Ice chips are produced by a Scotsman AF 80 ice chip maker. Up to three bags may
be filled at any one time without using the very wet chips from the base of the
machine. Chips enter the machine from a refrigeration unit at the back of the

machine and then continually melt whilst sitting in the insulated vat.

o [ ‘
B e
— Scotsman - ["AF 80 |
' ' —
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3. The ice chips are placed in polymerised nylon bags, 2kg per bag, + 0.1kg. It is
helpful to slightly flatten the bags to assist step 6.

4. The bags are placed in a freezer at -30 °C for a minimum of 24 hours (no maximum

time)

5. The bags are moved to a freezer at -80 °C for a minimum of 24 hours (no maximum

time)

6. The bags are removed from the freezer and the contents broken up with a lump

hammer (2kg) until chunks are no bigger than 80 mm
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7. The ice chips are poured into the blender any solid ice chunks are disposed of. Large
quantities of solid ice imply that the chips were too wet, and the batch is abandoned.

The blender is a Robot Coupe Blixer 6 v. v.

8. The mixer is started at minimum speed and accelerated to full speed over 3 seconds.

9. The paddle/scraper is agitated to ensure no unprocessed chips are caught behind it,

and ice is flowing smoothly.
10. The mixer runs for 60 seconds total.
11. The snow is placed in black polymer buckets in the cold room and covered. They

must not be placed on the floor as it is heated to protect the foundations from

freezing.

Continued overleaf...
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12. Snow is scooped out of the buckets and sieved through the 1.68 mm sieve. A 100 g

mass is used to agitate the snow and prevent the sieve clogging up.

13. Wear thick gloved to prevent heat transfer to the sieve. Take care to avoid placing
your hand under the edge of the sieve as this can catch and then drop chunks of snow

into the experiment.
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| 401 133 €Y NO YN W35 RE L
przAiowassy JuyN 714 | ISIMAIHLO SSTINN Wil SI 3INVHI10L
_mm. ﬁDz Lo SYILIWITIW NI 35V SNOISNIWID TIV
ATAW3SSY W4 YIN

JILL

VIV

HONOTJvdYE WOL
AG N

LA E

L1 1¥vd

1108 8W X9

21 1avd

£l 14vd

9l Livd

71 Ldvd

1 1dvd

£l Lavd

10N 8W X9

- 189 -



ings

draw

Engineering

Appendix 2

L4011 L3S EY NO YIN 3w 03V
355y JlyN 774 | ISUMEIHLO SSTIND WL SI INWETI0L
mw_ o iwd  SHIIATIN N 39 SNDISKIWID T SW X7
ATEHISSY I N

JUIL TYIY3LYW

HIND TV 4uve EEE v |_<Z _ H_ SIS

£¢ Livd

CZ 14vd

L' 1avd

¢ 1dvd

7 1dvd

. N
%7 147

57 L4vd "

- 190 -



Appendix 2: Engineering drawings

| 401 133HS EYND 21 IWIS [3NeYI
ppawndd N 14| 3SIMYIHLO SSTIND Wil SI3INVY310L
2 Wowid  simmim w3 soisvanio v e
[=} =)
Fnlvdd WIINIWMY =~ 52
535 |
JLIL TYI3LYIW ] M 2 |=
=52 WWOZ 0L BW
HINOTIVYE WOL |_<Z_ n_ =
A8 WA SIS = [
114 SS34d 404 Wi 02072 0L L861Z 3ZIS =3 e e (\u \\\\\\ T Nk =
JI0H S3141734S H3UNLIVANNYI TNy C ] [ | 'l |
v 10N E—= ety ' el ar———————— =T === = |
0} T
X9 €1 Ldvd HILYW 0L Na3LLvd JT0H
, 00z 00z
65
FHT B ) ! o .
A= S
(Y —
|
| |
[ =
[
I a7
AOREE RN 0¢ 0% N
A_,o _ =
&/ } -] =
7] | I =
| L | =
w Ny, o =
2 =i
- - - 2 .
P & =
P i e
= | O - =
= g — 118 TIW 0L -
Ll - ONIOY0IDY SNIOY 118 TlIW 0L s
& P INITYOIY Sniovy
2|, _ _
v ] | g
L @
Sy - Y M .
C 1) o o 1l o 11 =
0¢
EIS 065

- 191 -



Appendix 2: Engineering drawings

L 401 1338 SYNO Z1awas e
TSoD I 19| 3SIMU3HL0 SSTINN Wik S1 FINVATI0L 19¥d NI-LHIn08 ¥ S| SIHL
Nm Ch vl SYAMIA N R SNOISNAID TIY
SSY19 SSY19 DINTHINOL
JILIL TRV

HIND¥edva WoL
LR

TN .

99

a
/m

-192 -



ings

draw

Engineering

Appendix 2

| 401 133HS EYND 21 W3S

O34V

7| 3510 SSTNN WL 51 TNRTOL
It € id ST N T soiSNIMID TV
W WONIWNTY

JILL

VIV

HONOTJvdYE WOL
AG N

LA E

-

0¢

©

O

Ll 18¥d HILVIW 01 N43L1Yd 310H

=}
~

c®

-193 -



ings

draw

Engineering

Appendix 2

| 401 133 mq.z: N._..u._Sm RE L W 0Z 0L NMOD 17 38
HRZDNS T TS| FSIMAHIO SSTIN WL STINRITTOL | oy oy 4313610 SI0 WWEZ L D3NddNS S1 LN ¥ JLON
& T sd s W R svosawo v
IS 31

JILL

VIV

HONOTJvdYE WOL
AG N

LA E

0z

JAvdES OLNI OFTHNISSY NIHM
S3L¥1d SSY19 HLIM LI ININNNY 35017 404

L1 18¥d HLIM AY1d WNWINIW ¥04

0¢

Sk

AdVHS JId3NY
31877 404 3099 —_|

02l

Sl Ld¥d HLIM 11
ININNMY 35073 804

06

Y 310N 335 "IN M34ISOV3T L43SNI

WWSZ0 - 0 + 01

wwzlgp 4}

o= — - 1
_1/@_ L

L1 Lavd HLIM L4 ONINNNY 35070 404

052

- 194 -



ings

draw

Engineering

Appendix 2

L 401 133HS WNO Ll WIS OHYI
Hplunow)T JWyN 3714 ISIMYIHLO SSTINM WL SI3INVETT0L
mm m—Dz Tl SYFLIWITIIW NI 38V SNOISNIWIT TTV
MJ0T8 LNNOW T14] OVO1 WNINIWNTY
TILIL TVIYILYIW

HINOTIVYAvE zE; - |_<Z _ H_ SALvLS

7L LYvd HLIM LIS
™ ONINNNY 35070 404

S

0l

0c

82

9

- 195 -



Appendix 2: Engineering drawings

L 401 133K WND | WS N
14p123 pooT JWyN 314 | ISIMAIHLO SSTINA WL SIINVIF10L
- I o ivd  SHILIAITIN NI Y SNOISNIWIO TV
131 0v01 N
TLIL TVIYILYI
HONOTIVRAEYE WOL |_<Z _ u_
A8 NMyd[ SNLYLS

14

Lavd NI=1HUN0E vV Sl SIHL

56

S

- 196 -



ings

draw

Engineering

Appendix 2

L 401 133HS WY ND - Z) TS IENRAT
Lpydaiuapul JuyN 3141 ISIMEIHLD SSTIND WIWL ST 3INYE10L
mm WLV o v SYILINITIW NI 347 SNOISNIWID TIY
Y 43INIONI WNINIWNTY
TILIL TYYALYW

HINOTIVYAYE WOL

A8 NMYHT) I_<Z _ H_ SNLYLS

M
11

0¢
S31Vd SSYT0 N3IML3E

0318IWISSY NIHM AV TYWINIA 04

WIWZL 0L S

71 1dvd OINI AV1d TVIWINIIN 804

Sl

T1

0S

0¢

-197 -



ings

draw

Engineering

Appendix 2

L 40} 133HS Y NO 2 TS IENY
1prgdatuapul JuyN 3141 ISIMEIHLD SSTINN WIWL ST 3INYE10L
mm @ LV oy vd  SURLINTIN NI 39V SNOISNIWID TIY
g ¥3INIONI WNINIWNTY

JLIL

TYIH3LYW

HINOTIVYAYE WOL

NI ...

AG Nyl
6%¢
~ T
o Sl
Mn Mn
11 I
0¢

SALY1d SSY19 NI3mML3A
OF18W3SSY NIHM AV1d TIWININ ¥04

71 1avd OLNI AVId TVWINIW 404

[a=]

WWZL 0L SW

SI3YYI0 2L 0L 8 FTUNY d34IWVHI

S

- 198 -



Appendix 2: Engineering drawings

L 40} 133HS Y NO 2 TS IENY
1pr3da1uapul JuyN 3714 1 ISIMEIHLO SSTINM WIW L0 SI JINVET0L
mm ULV o v SUILIAITIW NI 347 SNOISNIWID TIY
J 43INIONI AOTTV WAINIWNTY
J1LIL TVIYILYIW

HINOTIVAYYE WOL
A8 NMvD

NI ...

g9l

05

I

0c

%’))

02

M

WiW G 0¢ 0L W

- 199 -



Appendix 2: Engineering drawings

L 401 13348 HY N0 Z1 IS ORIV
Hppdaiuapul N 3714 | ISIMEIHLO SSTIND WW L0 ST IINVY10L
mm O LV o d  SU3LIITIN NI 397 SNOISNIWID TIY
0 ¥3LNJONI ADTIV WNINIWNTY
J1LIL TVIYILYI
HONOTIVAEYE WOL |_<Z _ u_
A8 Ny SNLYLS

SLL

08

Mn

0¢

Mn

WW G * 02 0} G

- 200 -



Appendix 2: Engineering drawings

L 301 1335 EYND Ll WS IRV
ppdojow JuyN T4 | ISIMEIHLO SSTINN WL ST IINVYFI0L 00%-€ZLH7E8 - YIAWNN Lavd
. SIIND&LIZ13 ¥3SNOW ¥11ddNS
o Vs SH3L30mIW N 33 shoiswawio T
YOL0H ” 14vYd NI LH9N0G v SI SIHL
JILL TVIEILYW
HINOTVavE WOL |_<Z _ n_
A8 NMVHOY SNLYLS)
T
T 9L
]
E N
o) © [ © O
- -~ =
v ~
/ \
- ! \ . ,
= [ o | o _ I i ]
= \ ) ‘ |
\ / ,
~ - 7 9l
J a i o /J ‘\ -~
M /) 4 Nl s
75

-201 -



ings

draw

Engineering

Appendix 2

d0L0W HILYW 0L
AYMATN 40 3dVHS

8l

L 40| 133HS HYNO 1L WIS e
Lpmadas JuyN 314 | 3SIMAIHLO SSTINN WIWL ST 3INYEF10L
! CE oy iwd  SYILIWITIN NI 34V SNOISN3WID TTY
MIHIS IAND 13315 SSTINIVLS
TLIL TVI¥ILYIW
HONOTIVAEYE WOL |_<Z _ n_
A8 Ny SNLYLS
Wi G20 - 0 +
S [ 09l
WNIAINIA
[ R 0€l
o B L
N O = [Z3

LdVd DLNI 03LYH0dI0INI

39 01 4v8 030v34HL NI-LHIN0od

MIFISOVAT € X 0L oL

-202 -



Appendix 2: Engineering drawings

| 401 133HS £YND 21 WIS
HPA2018 VN 114

) -

A3 £ ON Livd)

O34V

JSIMYIHLO SSTINN WKL ST IINVIT0L

SYILIAITIIW NI 38 SNOISNIWIO TV

%2079 ENIINNOW Y010W
EITT

WNINIWNTY
TIHILYH

HONOTJvdYE WOL
AG N

LA E

59

59l

)
T

6t

JAS

Ll L¥¥d HLIM LI 1HII1 404

591

WW 50 - d0 ¢E\

001

7
I |
I |

—_ =

,

,
r
L
,

,

,

,

F— 4 — 1

L

-
-

|
I
|
|
1L
|
I
|
|

._
_
_
_
1

J10H W48 X2
L1 14vd HIIW 01 Nd3L1Yd 310H

08

VA

WWZL 0L 7W 310H X2 A

R /,,%@%,/
A

3o

VLY
4010W HILYW 0L N¥3LLYd 310H

d0L0W HILYW OL NdALLVd J10H

-203 -



Appendix 2: Engineering drawings

0L 7YND L1 3 D3R S0~9E0Z-WLT ONY SL-ZZ94=WAT SYFBWNN Lavd

Hpsbuiusng JuyN 3741 ISIMEIHLD SSTINN WIWL ST 3INYE10L NS

e LE9C  wd  s3amIa N v snoisawio v S1MVd NI LHINog 3¥Y ISTHL
SONIHSNg

JLIL

JIWAT0d LSIWITIS
THRHLYN

HINOTIVAYYE WOL
A8 NMvD

NI ...

&N

aZ

HSNE WIXY = L'¢ Livd

@mmv

@

HSNE LSNYHL = ¢ 1avd

-204 -



Appendix 2: Engineering drawings

7401 L3HS EY N0 Z1 3s [IENEL
psburunow ey 314 | ISIMYIHLO SSTINN WKL SI IONVHII0L
mm_ T owowd  SHLWITIN NI 3 SNDISN3WID TIY
1334 WNINIWNTY
L TIELYW
HINOTIVAE WOL |_<Z _ n_
JRRVAL | Si1vs)
02l o 0¢
Bop s
J P /
& Q % a3
3
o S
06 Sl
13 05
9
©
& =

47 lavd

i

J9VINT d08dIW NI SLavd OML

[¥a)

06

[=}
LA
LN,
o

A4

V7 Ldvd

- 205 -



ings

draw

Engineering

Appendix 2

%40 £ 133HS Y NO 21 JWIS 03NV
pprsbuiiunow JuyN 374 | 3SIMAIHLO SSTIND WIWL ST 3INVE10L
9
A3 5 on v SHILIWITIW NI 38Y SNOISNIWID TTV
Nid JINH THLS ¥3IATIS
TILIL TVIYILYIW
HONOTIVRAEYE WOL |_<Z _ u_

A8 NMyd[ SNLYLS

WWZL 01 9W 310H X2

r

0l

- 206 -



Appendix 2: Engineering drawings

%40 € L3HS Y NO 21 JWIS OHYI
pprsbuiiunow JuyN 374 | 3SIMAIHLO SSTIND WIWL ST 3INVE10L
9
A3 L on v SHILIWITIW NI 38Y SNOISNIWID TTV
d0dd WNINIWNTY
TLIL TVIHILYIW
HONOTIVRAEYE WOL |_<Z _ u_

A8 NMyd[ SNLYLS

0sl

0¢

-207 -



drawings

Engineering

Appendix 2

40 7 133HS WNO L WIS OHYI
pprsbuiiunow JuyN 374 | 3SIMAIHLO SSTIND WIWL ST 3INVE10L
a@m @Dz Tl SYFLIWITIIW NI 38V SNOISNIWIT TTV
MIYIS JONIH WIINIWMTTY
TLIL TVIHILYIW

HINOTIVAYYE WOL
A8 NMvD

NI ...

W

Qv

- 208 -



Appendix 2: Engineering drawings

L 401 133HS HYND L TS e
Lpdwoa jod JuyN 3741 ISIMAIHLO SSTIND WL SIJINYEF10L
mm T o iwd  SHILINITIN NI 38 SNOISNIWID TIV
dWY13 ¥3LIW0IINILOd WNINIWNTY
J1LIL TVI¥ILYIW
HONOTIVAIYE WOL il ._.u_<W__”_
T SNLLS
R 1
- L1

&Y

0¢

- 209 -



ings

draw

Engineering

Appendix 2

| 401 133HS €Y NO 1 IS

030V
17100 SN T | FSIMA3HLO SSTINA Wil ST INVET0L
mm_ ST ovuwd  SHRLIWTIN N 39 SNoiSWID TV
¥3LIW0ILNILOd WiN
JILL TVIEILYW
HINOTVavE WOL |_<Z _ n_
A8 NMVHOY SNLYLS

90-%08d1 43GWNN La¥d
YIIW0 * d311ddNS

1d¥d NI LHINOYG v SI SIHL

Wi 291 JINVY
W 6L "LX3 NIW
WIW LLL LXT XYW

Z8l

68

8%

-210 -



	cover sheet
	Tom Barraclough Thesis

