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ABSTRACT

- <

A; a basic concept in snow mechanics, the adhesion theory
was developed. The ;dhesion theory requires assumption that contact
area between ;now grains increases with the local floﬁ defarmation of
solid near the contatts and the adhesion at contacts increases with
the size of contac; area. The results obtained from the microsconic
and macroscopic experiments sﬁéé that the adhe;;on theory s applica-

. ble tp snow. . .
The deformation mechanisms’ of snow under confiped comoression
were microscopically studied by using a microscope and thin section
method. The experimental results showed that the type of deformation
depends ‘upon the deformation rate applied.
For the requirements in snow mechanics, simple testing tech-

i niques, i.e., unconfined compression, single load confined\éompre;s1on,

increment load confined compression, progressive load confined compres-

'~ sion, direct sbear, thin blade penetration and rectangular rigid plate

. penetratioﬁ tests ‘were examined by usinﬁ various types of snow. In

addition, the mechanical response characteiistics of various snow were -

- . ’ .
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\ - . .
studied hy performing the mechanical tests. The exporlmental results
Showed that the behaviour of snow under the mechanical tests was weII
explainnd by the adhesion theory developed in this study. ,
The test results obtained from confined compressron testing,
and'obsgrvatlons made in regard to phys1cal performance 6f the test
specimens, il]ustrateé the need for establishment of crit&cal densﬁtv

and threshold density These quantities give the significant chanues

in the behaviour of snou,below and beyond these points.

The failure modes depend on'the type of testing, snow type
and size of specimen. The experlmental results show that the con-

ventional shear theory is not always applicable to snow.

-

-
On the basis of the ‘present research, snow classification

. "

based on the irportant, factors governing snow properties for engi-

neering purposes was proposed.

-
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s‘accroit\aves la dimension de la surface du contact. Les résultats
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0 FONCTIONNEMENT DE LA NEIGE SOuS PRESSION
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RESUME

»

A - —

_ .

La théorie de 1'adhésion fut développeéd comme concept de base

-

la récanique de 1a neige. La théorie de 1'adhésion requiert la
-

. 1 -
avec étreinte Natérale fut étudiée par 1'usage du microscope et de 1a

La‘\fcqn:que de 1a déformation de 1a neige sous cﬁfpression

réthode de la—éection nance. Les résultats des expériences mantrent
que le type de déforwation dépend de 1° allure de la déformation utilisée.

Pour les ex1qences de 1a mécanique de 1a neige, de sirples

techniques ¢'essal, telles que la compression simple, 1a comprqssion

avec &treinte latérale a charge unique, la cowpressiog avec 6treinte

latérale a cﬁarge augrentée, la corpression avec étreinte latérale a
- ‘ = Py

charge progressive, le cisail]eméhp\gjreit, la pénétration de Ja lame

mince et 1a pénétration de 1a plate rigide rectangulaire furent

LY
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exaninges ‘fns TotTiTSationdedrvers—types -de neige. De plus, les

Caractéres \Je 1a réponse mécanique des différents genres de neige

5

furent étudiés rar les essais récaniques. Les résultats des expériences

montrent QUé le conportement de la neige dan§(fes essais mécaniques

pouvait bien s'espliqueé par la théorie de 1'adhésion developée dans ]

-

¢

cette recherche. e - .,
Les résultaté obtenus lors dé la compression avec étreinte
latérale, et les observatlons al’ égard du fonctionnement physique des

échant1llons ont zllustré le besoin de 1'établissement d'une dens'ité

£
critigue et d'une densité du seux] Cés quantités produisent des ’vb

change ents ,Ignlftcatlfs dans le caractdre de la neige a 1'intéieur
et au de 13de ces densités.

-tes ranigres de la rupture dépendent du type d'essai, du

tyce de neige et de la ddnension de 1'&chantallon. Les résultats des

esnériences rontrent que la théorie cnnventionnelle du cisaileemelt

n'ert pas toujours applicable & 1a neige.
Ryant pour base 13 présente recherche, une classification de
o SN
la neige établie sur les faéhggrs importants contrdlant les caractéris-

haY _ -
tique, est proposée pour-laes.firs.de 1'ingéniérie.

n
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£n adhesion theory for snow has been developed using both

ricroscopic and racroscopic evidence -obtained fron "this study.
’ |

- -

The defory ation rechanisms of snow were studied using a .
racroscope and thin section techniques to aid in provision
of expignations regarding the basic mechanical behaviour of

SN0,

- -~ .

”

The analysis of results from sirple mechanical testing techmiques

4

applied to several types of snow shows Tiat-Joading rate is of
utrost significance. loading Rate can change the total character

of both raterial property and response performance. , .

-
LR
-
»

The mechanical ?éépggie characteristics of varicus types of snow

have been examined iising sirpie mechanical tests and the results
expand the present kmowledge of the mechanical response charac-

teristics of snow, *

Y
Since the diffigylty in the study of snow lies in the varied
nature of snow, the classificatioq of snow for engineeriAg

“purposes has been proposed in this study.
H

)



_For field testing, the thin blade penetrating techmique was -

=

developed :q';hls §¥6dy. By'szng.the thin blade" penetrating
technique with other factors, such as grain characteristics,”
densit} and esternal ;actbrs, the approxiFate rechanical )
ﬁfopertles aid behaviour of snow Fay be pred{cted using the
classification proposed in this éiudy.

=3 : ' ‘

- -

The contribution of this study includes th® presentation of nicw
preble~s which will be encountered in scos -2chanics in the

future. The entire study indicates that further engineering
- .

) sfbdy bf snow should be undertaken.

%

.
*
.Y ”7 \
. - - - = -
- - *x
- ks

' The establishrent of'critical and-threshold densities as speci~

fic properties_of snow characteristic of (a) rethod of test °

Toathng, (b) grain size distribution.of the snow, and (¢} initia}- -

- -

density, is a significant contribution to the evaluation of Snow

el » -
perforrance under loading. ’
’x N ._” .
L

L ]

- - .
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» CHAPTER 1

INTRODUCTION

General Problem Development . -

portrays the involvement of snow 1n’various kinds -of activities.

, ~

. need for a proper-and basic study of the hehaviour of snou under load- »,_

to be fu]fil'led < *-r" :

"

1

? - »

« °  sion, and

‘ ! - - . = -
(b) stable snow compression, i.e., compression of underlying snow

tion of snow mechanics. Flgure 1, 1 sh0ws a general flow*chart whlch

traction device and snow to 3llou forigeneration qf prooul-

w1thout y1eld or failure, to provide‘for support of _the
\ : ~— .
.. - vehicle. (\f§,ﬁ{i_//// _

) LS

*Thus, proper positive tractian performance requ1res that a minimum

amount of nput energy is expended on non productive work- thereby
t ,‘.._-_: s - e
:":‘.T‘" . -
. * T 4

-,

-

< The behavibpr of snow under load falls within the considera-

Rl T

. {a) entegral adhesion or bonding (no slip) bgkweén the mechanical -

-
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produc1ng optimum drawbar pul] -~

= 5\ %% r.

reglon to an unstresse¢ can be easily observed 1n5w;s§udy of’d’m; T

\“

13 I8

\
. Changes ‘in the state and charicter of snoy fram 2 stredsed

¥
performance under Toad. Types of shear failure 1&fsﬁéw a}e Q1Tf1cult

—-!’
»
n-u GAv

o characterlze or evaluate - both qualatablve1y anﬂ'qqanx1;§£1v91y

The reasons for this are due to the extremeiy varied na%ﬁfé of SNoY -

’, L] ,

propertles and characteristics whlch are clrmatic physiographic,

temperature and pressure GEpendent Thus for example, variations or

I

difference 1w snow propertles and characterlstlcs are found between -

tree line snow and prairie snows, coastal as opposed to alpine, arct!c
* t 3

as 6pposed to stbarctic snows, etc. Taking into account the influence

‘ of climatic and phy51ograph1c factors, and othet condatlons such as, - -
r

time and local perssure which will contribute to the metamorph1c pro-

L - -

. gesses in snow, it becomes obvious that for a proper apprec1ation of
Snow properties,\it is necessary to recognizei

. ¢

-

. 4 - -

Py - . v

(a) the-problem of appropriate and valid characterization of .

- . snow and
o -

v "

(b) the . fact that response performance of snow is conditiondd by

o the type of snow but aiso by the nature and manner of phy51- -
cal testing. ) "’ ) . N

[ ]
- - -

, It is therefore clear as to the nature of the investigation required

-
.
’ . - . 4 ~

. in this tHesisstudy.

ALY
~y

The problem of determination of snow properties thus becomes obvious.
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. - . ; when the original grain structure is dlsrupted or destroyed i

the sno; is considered to have fa1led and the maxlmum stress mohlllzed '
= in fajlure lS taken as the "ultlmate strength“ of the snow . -t
' . . The ultlmate strength of snow has qenerally-been consid%red
" a functioT of intergranular Jbonds established in the snow or density' .
, " Keeler ,(1969), Jellinek (1959) and Gow and Ramseier (1963) in studying .

bonding effects described that snow strength increases with the bonding -

A «area developed in the" snoi.

) . The shear strength of snow is related to density, tenperature,
____..—-——"#——'"—'—--1-4—-—.._._._____~

\
» and graln structure of snow, (as other strength pronertles are) and in Y .

addition, is also dependent upon the pressure normal to the shear direc-

- . tion. Attcmpts have been made to apply Coulomb s equation {being used .
. . ., in so1l mecbanics) to describe the fallure cond:tlon of, the snow.,
Exper1mental results obtalned by Butkov:ch'(lQSG) and University of - R
- Minnesota (1951) Show, however, that the relatlonshlp between shear P

.. _Strength and normal pressure.-for bonded _snow is not linear because of
the compressrb1l1ty of the snow. Ba%;ard and McGaw (1965) and Ballard
and Feldt (1966) assumed frot the results of théir studies on anw

« ¥

P‘W.p . > . . ! . . -
}; . strength that the external stress on a snow mass produces a uniform _
b ress condition in the internal structure of sSnow hat_failure’

y strength f ice. . . -

¥ .
A -
=

Althoug it has been acknowledged that the mechanlcal proper-,
ties and behaviour of snow are influenced by the multiple factors

governing the nature of snow, most investigatoys have confined thefr .



;"

, studies of $now properties to a consideration of a’single factor, i.e., =
L] [ T -

- B -

dens%%y, bonds or gra:n size.. To illustrate the llhitatlbns in singie -

- - factor cons1dgii;10ns, it should bewgoted that, n md%t nstances, -dif- )
- ferent den51t1es of natural snows demonstrate dr<fer _SnOW grain cha- v

racterrstlcs and different types of bonds between the SNOW Qrains.

-

i This Teans that the effect of density as a‘fac&:r included the effect ° . -

- ©

of snow grain characteristics and bondlnq relationships. Thus, for . pe
. b P -. * ) . —————= - - -
example, the mechanical properties and behaviour of a bonded snow is -

» i . - . . . . -

easily distinguishable from that of 3 sugar snow (for the same density). .
. To provide for a proper characterization of thebehaviour of snow under -

» -
L3 . - -
. - loading, 1t is thus necessary to examine the mechanical properties and .

LY

* behaviour for a specafﬁed snow condition (relation to the multiple

]
Py n -

factors) by -proper test technigues.

éasis’for Thesis: Study ' . . . o

It 1s noted that the-concern for a basic developrent of the

“ »
)

\\j’ studjfof snowproperties lsamotivated b?.

- . . .7 )H - .
L ’ s "\) ta) the lack of‘adequate phys1cal mechanical resu]ts and data

-

e

.. leading to a rational characterlzatlon of snow,

. 4
. oL ) « ; i;) the.1ncomp]ete understgzalng of snow behaviour in relnng;’ '
' T to snow naturé and type,-test method and cond1t1ons And lack*
- {‘-‘ = » of ratidnal corrélations between compression-and shean\per-‘
. ‘o > formané% vis-a-vis snow #rength aﬁd ﬁtability. e,
W e T . . .

- = H
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. Snow factors worthy of consideration are:
Snow propertles change w1th time " even under constant .

temperature-(see Chapterll). This means that laboratory
testing on snow specrmens obtaned from the field s not
necéssarily useful because the test results obtained fyom {he

laboratory tests camnot necessarily be directly applied to

. the field snow. - . ’ &

2)
b ,

. <

Organization of Thesis * .

a ~
Trere may be difficulty n ana]yse&fzzf:;;;itu test data be-

cause of the 1jadequate appreciation of the dominant factdrs .

I

operat1ve 1 the field problem, 1.e., unknoun Sno. cond1t10ns,

effect of changing tempeJ&ture etc.

L

study of snow dan be achieved snth the following

(1)

- .

L]
1

rd
Simple tests shou{f be performed in the idborato y for the
purpose of exam1nat1on of both test technlque and SNow . -

-

propertles.k The nature of $now should be establlshed prior
. . -

_to testing. -

-

(2)

(3)

The important factors.governlnd Snow prohergies should be

established .from precedure (1). .

r

Based on the examination of the physical performance of '

-

various types of snow, 3 scheme for classification of snow,



—

- . [ o e ] -

.
\ - -~

from the quantitdtive mechanical properties and qualitative

~

* mechanical behsviour, may be established. Je.orovide this,

it is expected that the study may require many years.
a
(3) Deve]ﬁﬁrent of propgr test technigues using 1nfonmat10n ob-

////r _— tauned from procedures (1), (2) and (3) for determination of - -

snow properties and be;§v10un!!ith such a orogedure, it 13.'
Yoo
evpected that a proper appreciation of tti)nature and types

of sno. n field in so far as rechanicat/hehaviour and per-
rrance may be achieved. From the sno. classification es-

tablished through procedure (3). the rechanical prorerties
. - p—

and behaviour of field snou ay he predicted,
] - -T\

These procedures have been f0110aed m ta0 sooarate but, !nf(ila\ é>

-

terrelated study schemes 1n thzs thesis. Fiqures 1,2 and 1.3 shou the

scheres used together altn the format for presentation 1p the

thesis and the basic organization of ‘the study raterial. v

'Eﬁ? ‘ in physical presentation of the thésis -Chapter 11 descrlbes
the nature of snow and ice as requlred necessary background ﬁaterlal

] Chapter 111 develops the adhesion theory to descrlbe the_ rechanical res- .
ponse eh?ragggr1st1cs of snow. An amportant aSSUﬂpt1on in the adhesion —
theory is that two solids i.e., smow particles adhere as a (esult of a
plastic junction similar to that proposed by Bowden”and Tabor (1950,

' 1964). Chapter v prov1des a theoretical exan1nat10n of the increase
in contact B*ea between part1cles as required 1n the adheSIOn theory. ."
Chapters V through VIIT describe the experimental 1nvest1gatlen takeﬁ// '

p . .
. .
. .
B . . . .
- »
* F
L L4
LY
. .

A L]
-
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ADHESTON THEORY OF SHOW

»

(Chapter III)

~ Adhesion fdarce
= Contact ared

e

. \Constructibn of Adhesion Theory

(Chapter Vi)

f; Microucopic Stydy on Increase

in Contact Arca, a$ a Function
of Strain, Contact Angle

(Chapter Vll)_
\ Macroscapic Stqﬁv\
on Adhesidn of Snow

{Chaoter IV)
Mathematical Agproach
- Relationship between
Contact Area and
Strain

PR

Observation of Internal
Structure of Snow by
Using Thin Section Methad

Unconfined Comprassion
€onfined Compression
Direct Shead
Peaetratidn
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"
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u

(Chapter YII1)
D!BCUGQIOH %4 Conclusion \\
« on Adhesion Theory of Snou

Fig. 1,2

N
[

Organization of the Study for the Adhesion Theory

N
.
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MECHANICAL PROPERTIES OF SHOW

¥

(Chapter I1i)
Snow Type

(Chapter Vi)

of

- *

Sno. by Observing Internal Strqc!urnxof Snow
\ ]

Microscapic Study on Deformation Mechanism ]

o am ey

{Chapter VII)
"Mechanical Testing
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- Direct Shear
= Penetration
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Strength Characteristics
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Failure Mechanism
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"
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-
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in the research. Chapter ¥ describes the experwrertzﬁ procedure and
materials used 1n the research. Chapter V1 discusses the evgerirantal

- 3
‘results on the deforration and farlure ~echaais~s of %sno~ h1lst

¥

Chapter VII discusses the physical and rechanical reltonse characteris-

x

tics of snom from the rachanical test'négzjts obtainggd in the study.
Chapter VIII drscusses the adheston theory based of The erperirental

results, ard snow classification nased o7 %5 de—gnstrated rechanmical

progerties ard behaJjour. 3 .
. L 4
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§ ’ . x

=

. _ N )
L
+
. - _‘:

+

la



A -
\' ., : - +

: CHAPTER 11 P

- NATURE OF SHOW AND ICE IN RELATION TO PROSLEM IMDER STUDY

- *
-

~

-2

The objrcts of this chapter are to:

Y

{a) provide for the necessary background for the proper

- - .  appreciation of the nature of snow from the review of

literature, ’, )

{b) consider the ~ai1n factors qovernrﬁg snow structure,

- T N * i

aﬂd - } &
. ! )
. {c) prepare background for the other chapters in this
Y
- . . thesis. -

*
. Ye m1qht orpect that the mechanical properties- of snow are

primarily dentndant on snow nature which s characterized by (a) grain

-

characterystics, (b) interaction force and (c) density.

-

Sinle snow varies froa freshly fallen one to 1ce as 2

>

!

funct!on of time, temperature and pressyre (So-werfpld and LaChapelle,

"™1970, LaChapelle, 1969 and Shumskii, 1964), it is necessary to under-

- stand the whole process of snow transforeation. Thereforé, this

*

" chapter brlefly describes the vaciations in snow nature with resnect

to grain characteristics, interaction force between grains and dPHSItj

> and points ouf some problems nith respect ti;snow nature.



™

-

Ny “‘3
' i
i b . ) e M-
2 & ) E
L " Yy,
e CHAPTER I} . . R
NATURE OF SHOA AND ICE iN RELATEON TO PROBLEM UHDER STUDY <:T_J i

~

. P

W’\

" ?-\' "a
The obJpcts bf this chapter are to: . .
ia) prov1d§ for the necessary background for the proper ¢
- " \‘:\‘
U

apprec1atlon of the nature of snow from the review of
oy
. /

iy
>

. -
Fa . .

LA
- .
“  Tliterature;
(b) consider the main.factors governiﬁg snow structure,
[ Saniron "
- 4

Ay

7 and ..
I
.

{c) Efepﬂféibﬁcﬁgrouﬁd for the other chapters 1n

»
"

- .

r

o thesis.
T fle m:qht expect that the méchanical propertjes of_snow are

rd

‘. ’
L]
.

rimarily denendent on snow nature which i5 characterized by 1a) grain
: . N

*
»

characterlsttcs, (b) interaction force and (¢) densitye
Sinte snow varies from freshly fallen one to ice as a
functlon of time, temperature and pressure (Sommerfeld and LaChapelle,

-
*

. "

1970 LaChane11e. 1969 and Shumskni, 1964), it is necessary to under-
- Therefore, this

-stand the.whole process oF Snow . transformation.
chapter brlefly descrlbes the van1at10ns in Snow nature with’ resﬁect
nd den51ty

\
to.graln charactertstrcs interact1on force between grains a

-

and points ouf some problems Nlth respect to*snow nature
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11-1 Grain Shape ' . -

The shape of snow crystal or gravn varies n ne:ly fallen

1
-

snom. In crygtallograohy. single crystal 15 any sxﬁéle,uce rarticle
which has a ceron orientation of the orderly arré; of rolecules ..hich
rake up 1ts solid structure. In this sense, single crystal and qratn

often coincide.

-

~ "

- +

The most widely used classification is that proposed by the

- s“ ‘
International Comisgron on Snc.. ard Ice tn 19510 In thrs classifica-
.~ - , .

tion, there . are Seven ~3in crystal tspes, such as plates, siteller
4 L J
crystal, colu-ns, needles, spatial dendrites, canped colu-ns ard

. ~ ]

irreqular for-s (see Appendws A). However, there are =an, ,ariations

w1thin the categories ohich are not rdentified by the International

e
Snoa classrfication.,

"

Fron the engireering 20wnt of vie., the ¢lassification for

resly fallen snow 15 not aliays uséﬁd? hecause 1t 15 tao d:fftéLIt to
consider the shape effect of crystals, such as }ﬁﬁtes. ﬁigdles) stC.,
on the rechanical response characteristics.

From the therradynaic point of view, ne.lv fallen snow
crystals have very unstable shapes Yecause o;“¥ﬁéir farge specaific
surfaces. A large specific surface {i.e., a large ratio of surface

area to volufg) reans that the surface rolecules of the crystal have

— o

a hfﬁb po}ential énergy.__ The natural tendency of therrodynamic -

N

process is to reduce the surface free energy to a minirun. The 1deal ~

»

shape to achieve this finimu shape is a sphere (LaChapellew 1969).

L

f

This process is called “equi-temperature metarorphisa™ in snow, and is

strongly time and teﬂperaturg’dEpendent. .

= ol

+



sngn {(non-retarmorphic sno«) and reta-orphic snow {0l

dre dr$tinguished by the shape characteristics.

a0 [ -

: 1 “ N
. T N

1i-2 Grain S1ze - . B o A

Fresh snow crystals CO‘FOn]j ranqe in size from a fract1on

of a.nzllxreter to 2 fen nil]treters when dry snon 15 blown by
strong wind, so~e fragrmentation occurs and smaller grains form., The
) 4

‘grain si1zes for cdid bloan snow ~ainly range fro= 0.1 to 1.0 rm equr-

valent drarster. ) i

After depos:tlon_qf fresh snos, the first oroceTs of equi-
terperature retarorphisn 1s tﬁé decrease of curvature of the rp
point of <rystal, A little later, Eut st1l] a1thin the sére step, the

srall necks of crystal disapnear, causing the sno:‘crystal to lose

rost of 1ts cgfplicatgd shage pnd to bredak up 1nto sraller grains with .

. Y - -
less total surface area. During the rext step in the qetarorﬁhic pro-

cess, the total surface area 1s further decreased as the érains become
FoTe equi-direnSIdnaf. ieedles becgore shorter and wider. plaié% beqoge
thicker while their rajor diareters decrease. The first steq..(Preak-.
ing up of crystal into sraller grains), is'called "equ!-temperature
destructive nétamd;phism“ of snow. After the destrudtive retarorphism,
the grains becowe more equi-dimensional -and Iargen. *This incréase in
grain size of snow is cpl]ed "grain growth” oflsnow crystals, Thus =
grain size of snow first decreases amd it lncreases fater'under natural

environmenta -~ v L ’ ) /

’ﬂ

A

- & -

»

-<

=
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11-3 Intergranular Force of Show ‘

L In the previous sections, an individual snow grain has been
described. In this section, \ntergranular force of snow is considered.

At very-téld temperature as was described by K1ngery (1960)

packing of snow ?ratns may bring On the,state Q\}frlcttonal interaction

and interloering of grains. Snow (usual]ybspher cal grajp) in this

state 15 defined as granular snow, sometimes sugar snow. Early investi-

gators_observed that i1ce d?d not readily adhere at temperatures well
below the melting point. However, lakaya and Matumoto (1954) observed

that, at a temperature of 7 C, ices adhered together due to a Tquid-

like f1lm. The experimental result-obtained by Hosler and Jensen

(1957) shows that cohesive force between two ice spheres is approxi-

-- mately 650 dynes at the meltlng point and rapldly decreases w!th de-

creasing terperature, Ihelr result shows that cohesmve force between

ice grains vanished at temperatire of approximately :5 C in dry envi-

ronment whereas ¢cohesive force exists in saturated énv1ronment with

respect to jce down to —30 C. Below these temperatures, granular

-

cqndition is obtained for snow. e .
o

L
-y P

There is evidence that granuiar snow and semi-bonded (wlth

F

11qu:d llke*?llm) become bonded snow wit time. For instance,

/Kingery (1960), Kuroiwa (1961}, Hobbs and Mason (19@5) and'quseier_

/

and Keeler (1966) studied the process by which snow and ice particies
borid toqetpér ﬁith time at temperature below the melting point. In
experiments utilizing small spheres of ice brought in contact under

.

¢ontrolled gonditions. Kingery t:jgpht that surface dlffusion was the

- .



15 .

. " ~

principal mechamism of mass transieg whereas Kuroiwa concluded that”

—

volume diffusion was pr1mar1]y respon51ble at temperature above -15° c,

and surface diffusion below that temperature ligbbs and Hason S -
ﬂ1964) pointed out that evaporatlon-QOndensatlon is thg major mechanism °
by which intergranular bond proceeds under normal atmosphere cond1t10ns.

‘Ramseier and Keeler (1963) measured unconfwned compregsive strength as T

-

a functien of intergranular bondg from the age hardenl
both samples under a sgturated atmosphere and zmmersed i
»

Tirey deduced from the experimentel results that the\evaporation-conden-

of snow in -

s1licon o1l. ' .
. ]

. sation 15 the major mechanism for the intergranuiar bond formation.
-Thus, it 15 deduced that the bond formation of snow at temperature well

below the me]tlng point ., is due to sublimation (evaporat1on—cpndensation)

——

with diffusion. This procéss of the bonq formation, at temperature C :

belon~thé'melt1ng pount, is termed as "SInterlng“ in analogy with the

phenomenon known in powder metailurgy R A united view in sintéring pro- -
- !
cess of snow is that if the snow 1s very cpld the sintering will be

*» promoted very slowly: but if it is close to the me1t1ng point it can be,

‘promoted very rapidly. ~ . v,

. > A; mentloned earlier, the mainly three types of 1ntergranular T
» l
, -forte in>siow are as follows: .. g

L L]

v 1. friction and interlotking of grain without sinterinﬁ . -

- -

at cold temperature (fresh and_granular snow) L e

T d 7 2. adhes;\h force due to water-like film of grain surface, e
. without sfntering at refative]y high temperature (semi-

bonded snow), and ) .

R . ‘ 3. bonding due to sintering, as a function of time and,

. tempersture, (sintered show).

+ »

[} ’ -
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tion.® The response character1st1cs of snow are also dependent on the

c . o-

- - )
R T R

It is found that- the mechan:cal response characterlst1cs

of any assembled material are dependent on the intergrapular r/}grac-

"" -

type of 1ntergranular forceh. n this sense, at least four maln typcs
A .

of snow, consisting of variods }pteggranuTar 1A¢eractaon9 mentioned
> - 1

—

earlier, should be examined for the study of mechanical response cha- ;

-
L] » .

racteristics. Those are as;ﬁbllows g 1 -

(a) fresh snow (w1th original crystal shapef

) (b) granular SNOW, ) ] - -

{c) semi-bonded snow (with water fiJm), and -

(d) sintered Zhow. X -

»

As mentioned earlier, these types of snow change one to >
dnother w{xh time and temperature as shown in Fig. 2, 1. Fresh snow

becomgs sintered snow with t1me and granu]ar snow becomes semi- bonded

,
I

snow wzth temperatﬁggaand becomes s1ntered snom Hlth time as shown.in
.. L1

- A

the figure. Hote that this transformation of -smbw €ype is often accom: - .
kY

. | - ) .
panied by changes ih density and grain characteristics as a function

7 . -

of time, teﬁbera@ure and pressure: .

- -

.
-~ 3 ér ¥
.
- L]
L) 4 - -

. .

s * - L] - .
) L . L)

*?fr1-4 Density oféSnow‘\\H_’_ C : v o= ' :

» - b} -
. Snow structure may be descn/bed by the denSIty knoring the

dther factors, such as grain chargsferistics and 1ntergranutar force. .

-

Density of snowijs defined as: M . .- :
’ ] ,‘ . - LY ** [} ’
' Weight of_show mass .
- Ly (g/em’y . f\\ PR i
. Volume of snow mass . e
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Deposited snow ranges.in den;it from less than 0. ] g/cm3

for fresh snow to more‘;pan 0. 7 g/cm for snow which has been soaked

_w1th water or densi edz..Dens1ty of snow has been used as an Indica-

. results from the collapse g&-pores. For exdmple, Fig. 2,2 shows change

tor of mechanrtal propertles of snow by many lnvestlgators, however,
it is doubted that snow properties can be lndlcated by dens1ty alone.

This can be egamlned by the mechanical tests in Chapter VII. . .

, V

F
o’

I1-5 Some Problems in Low Density Snow l - 5

.
t .- v

Q;FTom the mechanical point. of view, difficulty of study for

Joddensity snow l1es in irrecoverable density change which causes

. !
the paraneteggmto change, such ‘as compressive modulus, Poisson's

Ratio, coefficient of viscosity, etc. )

ey o

It is ‘hereby considered thkt change in density of snow

"in dens1ty of 100se” snow under rig1d plate with a constant dead 1oad

3 T
///}Tlu tated in Fig. 2.2, and Fig. 2.3 may be dependent on the loose

.
.. .
A “' ¢
] ~ -
.
-

This ch&nge in density is considered tdfocour as a result of fai]ure of

- +

snow. Note that the apparent feature of failure shown in, the figure
is dis:igggifhed from the general shear failure commonly found in

soils which is shown in Fig. 2.3.

- L

Whether or not failure of SNOW 0CCUYS is dependent on the

LI

snow strength and load intensity. The analyses of supportabilityg;}
e

snow are estimated from the strength at the fajlure. Therefore,

study of failureTmechanism is of,gree} impQrtance inthe engineering .

I

praetice. -The d%étinct differences between those failure medes

*
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in
-

-

‘or dense state of any_ material. It is found fhat loose sand fails:
1nto the so-called local shear fa;lure which is not too dissymilar éo

the apparent failyre mode as shown in F1g 2. 2 The problem here is \\

that the hlgh compressibility, fau‘ure shoun n fiq. 2.2 does not

\\efollow the convent1onal fallure theories. In Fig. 2. 2 the macrosco-

-
o« » >

pwc mechantcal response of snow is divided ma:nly 1Int6" two t;pes;
i.e., (a) cuttlng shear at the edge of. plate and (b) compression’
shear beneath the plate These two mechanlsmsnare apqrent]y distin-

guishable. For ingtance,at the edge of rigqid plate, “the cutting.
R
shear” oCcurs to the direction of maxarum $tress axis -white "the coqf

- \9

pression shear” occurs across the maximum stress axis as shown®in the
. } \ . .
.figure. At the present, shere 15 norrational relationship betueen

the cutting shear and Compress 1on shear. Therefore, these rechamisms
’
4

- ~

are studied 1o this research. The cutting shear of snow 15 studred™
by direct shear tést whf??’the compress1on shear 13 stud:ed by the

unconfined apd confined compression tests: in Chapter VII-3 and Chapter.

—— -

ViI-1 & 2, respectivelJ.
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—— ’ PART 1

THEORETICAL CONSIDERATION ON DEFORMATION MECHAMISH-OF SHOW |

- CHAPTER I

- . ) ADHESION AND F&T!ON OF ShOW .

IT1-1 Introduction .

-

At very low temperature snow consists of ice particles and
air. On the other.hand, at relatively ‘higherhtemperature SNOw 'consi‘sts
of ice pqrticles , water anda@ir. Snow structune‘composes of ¢ither
partlc]e-parti-c]e contact, bonding bet;:een ?artic1es or .partlcle-water
system. In this sense, mechanical response ct:aracterlstlcs of snow

¢ . depend on nature of snow and- properties of ice.

Mcechanical pr;operties of ice .are generally described in ter;ns
of elastic, plastic and viscous compc;nents and are very complicated in
terms of “ti‘me-dépendence". In the case of a prolonged increasing load,
the elastic limit decreases sharply, the elésfic def:omati;n is over-
Ia.pped by residual deformation and the more prolonged the loading is, the

greater will be the amount of elastic deformation that becomes residual

*  (Shumskii, 1964). » -
’(_ ) Under this condition, the mechanical properties of snow are
L .
very complicated in.terms /of complicated pmg‘:ies of ice particle

-t

and the fact that snow is composite material.
Ea 9

e e . \ L

~ <
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It is felt that the present poor understanding and confusion

on the properties and bquyiour of snow result from the improper ap-
preciatlon'df snow\zype. “ - .

. Snow vaf?é; from fresh _  to mear icéf\iThis Qariatisn'in
snow nature may correspond with sand to sandstone or clay to sha;e.

This means that the mechanical properties of snow also varies between
’ L3

extreme limits., Thus, 1t may be too difficult to describe mechanical |,

. . . BTa
properties of snow in general way.

%
L}

= % N
from the engineering point of view, below the melting point,

Snow may be classified wnto four types, i.e., (a) fresh snow, (b) grany- .

-

Iar snow, (c) semi-bonded snow and (d) 51ntered snow, as shown in

Fig. 3., , -

w

. Fresh snow consist§ of the.original crystals which are

needle, pladé, steller, etc., (see Appendix A), and the internal struc-

ture is very complicated in terms'of "interlocking” of crystals, as

.illustrated in Fig..3.1{a). Granular snow consists of discrete ice

pN
L g

. particles or grains and the apparént feature in terms of structure

may not be,ﬂissimilar‘to ordinary sand except snow porosity 4

o

very large (Fig. 3.1 (b)). Semi-bonded snow is described in terms of
gratn-water film system as shown in th 3.1 (c). fhis type of snow
can be obtained at re?at1vely high tempeFature but below the me]ting
pofnt (Chapter II). Sintered snoy (Fig 3.1 (d}) may be iden-
tified as the ordinar1ly bonded snow or processod snow. Grains of

sintered snow are basically same for granular snow or semi-honded snow

L3

. .unlegss transition from snow grain to ice grain occurs. These types of .~

’

snow have pJ;tiiily been described previously. The problem is that

. . .



Q;unless transition from snow grain to ice grain occurs. These types of

"

- It is felt that the p?esent poor understanding and confusion
on the properties and behaviour of snow result from the improper ap- '

preciation of. snow*type.
[ "’,' .

Snow varies from fresh , to near ice. This variation in
snow nature may correspond with sand to sandstoné or clay to shale.

This means that the mechanical properties of snow also varies between

. - z‘ -*
extreme lamits. Thus, 1t may be too difficult to describe mechanical |

-
- e g

properties of snow in g%peral way. -
From, the engineering point of view, below the meltrng point, -

snow may bé classified into four types, i.e., (a) fresh snow, (b) granu- .

1ar ‘snow, (c) semi- bonded Snow apd (d) santered snow, as shéwn in

F19 3. - -

~ -

. Presh snow consists of the.original crystals vhich are
needle, piaﬁé, steller, etc., (§ee Appendix A), and the ingernal struc-
ture 15 very complicated in terms of "interlocking” of crystals, as

1llustrated in Fig..3.1{a). Granular snow consists of discrete ice

P s S t .

part1e1es or grains and the apparent feature n terms of structure

may not be d1ssmm11ar t1'ord1nary sand except Snow porosity 4s often .

very larqe
-
grain-wat

(Fig. 3.1 (b)). Semi-bonded snow 1s described in terms of
¢ Film system as shown in Fig. 3.1 (c). This type of snow
can bé obtained at relatiyely high ;ampeFapure but below the meliing
point (Chapter I1). Sinter?® Snow (;ig. 3.1 (d)} may be iden-
tif:ed as the ord1nar1ly bonded snow or processed snow “Grains of
sintered snow are basucally same for granular snow or semij- bonded snow .

"
snow have partially been described previously. The problem is that
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{b) Granular Srow

.
.

oy .

(c) Semi-Bonded Snow with Water—Eilm, a
{d) SintEred Snow . H

'\'

M
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rechanical fesponse ¢ cteristics of snow Fay depend on the types of

snow. Theréfore, it 4. necessarynto exanine these types of snow.
. i

-
-‘q

. ‘a * -

111-2 Adhesion hetween Snlids

-
. Snow 15 coposite material. Therefore, interaction between
each con%tféuent ray play an irportant role in understanding the

rechanical Fesponse characteristics. s

= - e

- &
. Bowden and Tabor (1950, 1964) pointed ocut that creep deforma-

tion of Fet3l plate under retal ball with load wlll produce adhesion

force begggen the plate and ball. They found that adhesion force was l

I

directly proportional to the size of contact area between the plate

and ball, a§ shown in F:g 3.2. Taylor (1948} described that, when  *

b

loads are applied to 2 solld some type of 1ntr1ns1c attractlon or
bond eltker exists or comes lnto action to resxst the relative dis-
placerent of adjacent partlc}os. The_shearlng stfength which any
material pogsesses by virtue of its\intrinsic pressyre is given the
general name "cohesion®., A s{nilar concept has been used by Trollope
(1960) in his shear strength theory of sofls.

o This concept is introduced to snow in order to descrihe 2
mechanical properties and behaviour of snow. Any theory requires

"

certain assumptions which often are true only to a limited degree.

» Ibusz the preceding mention may bring us to consider adhe-

on force, 35 a function of contact area between fce particles even if

Pl

snow §s inttially in a granufar condition (point contact) because it is

. quite possible that irreversible increase in contact area may occur .

-
-

-

o
.
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- . Tl'ns chapter, therefore, mainly considers failure and defor-
- mtiorn uechamsns of various types of snow, mth reswct ‘0 adheswn
Las 2. func.twn of c0ntact area, betheen grams and friction and.also

.prepares. for the expenmental mvesttgatmn.

. R, L O .

"a - . - 7 -
.n

- (\ N - . -
- Hypothests - . -

Consider imtially point contact of two particles {or grains)-

. - . -
- as shown in Fig. 3.3. Under compregsive stress, irreversible increase i

el o , .
- _in contact occurs under viscous, plastic or creep deformation but not

- N elastic de.fomat?or?. As found in metal (Fig. &3.2) the L;é"l‘itlonshiﬁa‘z z

-

v betweln adhesion force and contact area is assured to be given by:

e -
.

°
Where Ad— is total adhesion fdrce:
- *
° . A is the adhesion per unit area with respect to contact
. areg - -

* .,

2 Sq,is the_contact area. -

L - Tt

- .

.
[~ L - - -
- . ,
-8 .

- « =
=

111-3 Fresh Snow * * : ) ~

) E _Theoretical considefation of mgchianical respeﬁse charac&erz’s- " .
] -3 .
v ® tics of fresh SnOwW 1s)ather diffjcu'lt becausemf its extremely com- :

Q

E‘ o phq.ated crystal shape. Th%r{fore, fresh snow is only examined by the
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. expermméntal investigation. The results cbtained are compared with

’ "~ -the other types. of snow and discussed .in Chapter YII. . JEET. :\
. ~

T ~ . ¢

-

v -

111-4 ‘Grahular Smow -

B

[
v . n

Itwwas mentioned that granular snow may not be disswmilar to ~%

other granutar mfterials. ;Eﬁfh-lﬁrpartiélly true. Fig. 3.4 11lustrates

< possible retative movement of tuo discrete snow particles un?er various

- = .

laad application. - Figure 3.4(a) illustrates the separation of two .

L] L]

; particies which 15 identified as tensile strength of spow. Sin e

5
N ‘ tion, th? normal force requlred to separat
’ This is quite true for sugar snow. ‘?igure 3.4(b) 11lustrates relative
d1splacement {slip) of two particles. In the case 6f slide without
norma}‘préssure the force required to cau;e slide is'Very small =
\ - g}anulaﬁ"condrtion. Because the conta smaTl as me troned .

\ above thé adhesion force in Fig. 3.1 Js ﬁegT“gible. This * .

\\ . assumption i id and is eksmingd experimentally (Chaﬁier ¥I1). The

tangedtial force refuired to cause S]Ip between two gralns under normal i -
. forCe is not negligible because of frlctiona] resistance. The concept -

of fr1ct10noof materials 15 knoun as Amonton's law which is w1de1yw

e . -

,//,/»bélng used in many‘f1elds \ . 4 “ ,/ ;

o - §uppose that two bodies with an approx1mate1y plane surface
- -
* of contact of apparent area A are pressed together‘by force N normaT.'
-, . . . - \
c . e i i . - ) )‘l
- . 4 . 4
C Lt ~ -
. - - . ~ - . 1\ -



A O ) . {b)" Stiding mthout Hormal Stress . /._, . .

. ~ . {c) Siidmg-mth Norma) Stress. and \ ., S - e |

‘\
fo v C \L__}'I"Ia"ng-under hcreMntact Area. L.
. P -
¥y "> . ] )
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(fxaz‘ tance to -shear the elastic 1imit does not exceed 0.1 kg/cm . At low

o . v T @ ¥
» 4 .
- -l :" . b " - .' v
to\the p}aﬂe of cdntact and the tangentiar forcetf paratel to the . '
Surface of contact necessary to 1n1tfafe sliding on it js measured. *3:'
’ N - -
The relat1onshi? between F_ and N may. be written into’ Amonton's law: <R
“ - t
Q—/\ % . -7 ( = c w r
O s (3,2) - R i
.'.QA‘ ., . ) e s - . % e,
" . Where .u is called the coefficient of friction, u depends or the
" ; I T oa rowa . ’ ’ i"piﬂt‘.‘c
nature of the materials and the Yinish and state of the surface in -
. cohtact., u mlght also be exnecfed to depend on A and N, but exﬁeriment - ..

has shown that, to a reasonah]e approximation, 1t 19\5R;Lpendent of both

- + h ’7 [ .
" However, compressive normal force acting on theé contact may 1
e . i

provide-for an increase in contact area (fig. 3.4 (d)). Hertz

tﬁese quant1tles. .

-

has developed theoretical relationship between increas&ﬁin contact

akea and normal pressure in the case of eIast?isbpherlcal Barticles

in contact.- Hevertheless, Bowden and Tabor pointed out tha£ fr
At

their experlmental result obtained by qs1ng ]ead copper and ste ' u" -

0

part1cles the load required to reach the ETast1c limit 1§~extr ely .

smald, PeruEL (1950) also descrlbed that ice had go clearly defined
elasffc Iimit with constant load at 0 C, prov1ded that'?ﬂz resi

temperatures howeter, “the elastic part of deformatioh“incrgases cohs . }

r—

§iderably. Even at -0° C, shear does not peceme perceptible until the T,
subj‘#%ed to stresses “of around 5}/ As a first approxi- 4 o~

mation ice may\be regarded as a plastic substance with an e1astie’“\ R :

Hmit of the order of 1 kg/cm (Perutz, 1950), by considering that. v
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{a) elastl:c limit

deformation,

32 .

-
- - ’

+

of ide is not, high underidow rate of

B ¥ - -

N ) (b) elastic deformatwn of crysta] IS “very sma]l ands
D

(¢) true stresses

at pomt. contact under even small -
- /

A apparent SJ.I‘QSS is v‘ery high', ’ .'

: fhe large deformatwn of ice paruc]es*ls mam}y pla'stu: or

r

i"! >

viscous., This suggests that ‘the contact area unyer deformatian “occurs

{

\L:;(gverSIbl . Therefore, Hertz equatlon is not apphcable for the‘

large deforma‘tlon of snow. Thi

menﬂal 1nvestlgatlon 1B'y comb

" tangential force reqmred to i

b
. »

. €

c

% ‘ .
Fc . AC'SC )

1s assumption is_ examméd by the expem-
1
ining Eqs. (3 1) and*(3, 3), we get thé

nitiate slip:

w R

A is the Edh%mbn force per init ared with respect to
; contact area t'

= -

r - » N
. x

Sc is t'fm contact, area when shp mit#ates’; . -
e . is the frictlonal coefﬁc_xenﬁ * . ;
K is the normal force actmg on the confact. .
’;, [

S_. is not constant but, vanab'le. If S is neghg':ble angential foree

C

required to lmtiate shp is présented by Eq. (3 »2) 1ch may be re-

&

.. writtfen in forms of:: ‘o - MRS > -
5 o “E e -~ N
N * 13
oo Fo o= N tamg, -fmmema-- (3,4)
\\ - F ; - . ® -
\\ v < - N * . * o
Hhere b 3s the angle of, inteérnal frittion. .5 “'\1
' \ ) . i
- \\ 1 - P *
g \\\\ . i‘ -
e . -

3.

te
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In sang, the cohesion force between so is geaerally neglected. This

means, that the cohesion betwegn sand grains may bé small or the contact

" ared between sand grains is ahsymed to be neghigible. Thérefore; sam- ., °
lar equataon to Eq. (3,4) being used in sand {Coulomb-Navier theory) i
? In most cases ‘the slip strength of grains can be expressed

. by: ' . v " ’

» L
- ¢ i C' Y —~ u ‘,
. Fe A.SceNtang, e (3,3) .
1 ) - * -
» » B . . . »
. o e . . T ! 3
where Fc - is the tangential foree required to initigte rela- T o=
‘tive slidiﬁg of two grains L
B f " A - is the adiiesion force per un1t area of ~ ° ) .
LI ) -
/} - <ontact - . TT—
,.a:’ * ] ‘ ~ a &
v, ' Sc is the contact area which is variable as.a function
P e,
. e A of viscousi"plastic or creep deformation, undér - 4§
., . /
B " ]oad ’ * ‘ .
Id -
‘“; . N s the force acting nonfal to contact surfice and
) v " ’ ' ] *
@i' is the frictional angle . ~
L. (see Appendix B).

-
-
.

r’kncrease in contact area betheen spherical particles as a

function of deformation is mathematfcal]y treated in Chapter 1Y and

is compared‘with the experimental result. General discussion on the
- l"-_._____ f.-’

adhesion of snow is presented in Chapter VIII. -7
- .J'--t- v
- ’
. S iy
: o) ] . ‘

\I-!
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111-5. Semi-bonded Snow

.adhesion may occur betvieen surface which have been cleaned and freed

of alsorbed surface films, but if the surfaces are exposed to air no

adhesion 15 observed.

On the other hand, the work of Budgett (191])t

" Ear)ier work by Shaw and Leavey (1930)*has shown that strong
b ”

.

Bbwden and Tabor Q]QSb, 1964) and other uvorkers have shosn that marked'

-adhesion between so0lid surfaces can occur in the presence of water or

other quuid films.

to water fl]m between solid resuits from surface tension of IIQUId

Their simple calculation hased on the surface .

with experimental results obtainéd on qlass_headt.

-

As mentioned 1n Chapter I, ice particle holds water-like

‘#- -
film on its surface at relatively high temperature at even belows the

mgltlng point (Nakaya and natsuwoto, 1954 Hosler %nd Jensen, 1957,

qucnwa et al.

» 1967, J&11 mek

1967, and Flecher 1973).

Thus, adhe-

SIOn*due to water frlm of snow rmay cause the tensile strenath of the

-‘

snow. "It is expected ﬁhat mechanical response characteristics of

R | -
semi-bonded snow are distinguished from the others, such as fresh,

. ) .
granular, or sintered snow.

Therefore, in this section theoretical

considerations in relation to mechanical response of semi-bonded snow

are discussed.

due to the water film. This case mdy be identified as mechanical ten- \

Fl

L4

Figure 3,5(a} illustrates separation of two adhered grains

sile performance in sen1 -bonded snow, Accordlng to Hosler afd Jeq;rﬁ

A

"-e.. -

(1957), adhe51on force between two ice particles exists in a range of

o=

fn

see Bowden and Tabor [1950,1964] ’’

Bowden and Tqbor considered that the adhesion due

tension; quite agrees,

4

»

e

ot

I
»r

*

»
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temperature from the meltlng DOlnt to approximately -5 C for dry envi-

ronment while for humld eRVIrOnment, adhesion is ohserved even at

T

-30°c (see Chapter ). P ‘. .
Tigure.3,5(b) illustrates silding of\tuo adhered grains due
to water film. In thls case, the tangential force reqirired to Imitiate *

siiding is coﬁsidered to be dependent on temperaiure, grain size and

-

surface teﬁSion of water. . . ‘Y

.
* L

In the more general case (Fig.” 3,5 (c)), the situation may

- not be too dissimilar to the clay-water system. To Mitiate shiding,

it is required that tangential force must overcome adhesion force re- .

. sulting from water film. If sufficient normal force ¥s acting on con-

~ Pl
» . "

tact surface the water film may break and thus result  in an racrease

in contact area due to deformaiion which is normal to the contact sur-
' w o+ face coupled wikhethe rechanisrrrentitindy for*hrabulsr snow edrlidr.

This may cause increase in total adhesion on the ¢ontact. Thus tangen-

.

. Hal force required to in1$ia£e relative slygding 1s depeﬂﬁent on:

(2) ddhesion force due to water filﬁ, . : .

s

* - {b) friction, .-

(c) normal pressure, )

R (d)" increase in adhesion resulting from incredse in

—x "

contact area, and . >

(e) temperatqre.zzw-

a?



L X}

Gﬁs ’e

36

-

I11-6  Sinteged Snow ¢ . ‘ -

- The fodrth type of snow to be examined is sintered snow.

- L
Sintered.snow is obtained from the sirterirq process mentioned 1n

Chapter [I, Hote that the proz:ess of sintering is strongly dependent
xxt ¥

- on time and temperature, Sintered snow is identified as "bonded snow"

. ~ which differs From the other types of snow. In ‘naturalcgondition,

sintered snos varies in density from, about 0.25 g/cnr’ to 0.8 g/cm’,

The important role of sintering~is a hardening of tlic snow by the
« 4
mechanism of evaporaticn-condensation as mentioned 1n Chapter II.

Figure 3,6(a) illustrates separation of sintered snow grains. From

b}

- Y
the masegscopic point of view, this is identified as tensile.per-

formance. The t ile strepgth of very\ high density snow

(O 8. g/cmjz) at a tenper%s;ure of=-ﬁ) Cis approx‘\‘mately b kg)cm s

-
L

\

(Butkovich, 1956). This suggasts that adhesion due to sintering is *

very high. . ""' &

elative slidil{g¢of7"two adhered grains

In the general case,

. (F(ig. 3,6 (b)) is possibly dependent on.the adhesion force resulting

' from sintering, and normal force: «If the initial bond strength between

grains is sufficiently high so that an additional increase in contact.

. . - %
is not expectWtia] force required to initiate relative
sliding of a mass can be e pressed from phe macrosco_p?c point of view

- by Mohr theory. (Appendix E):

- ”—
. ‘\.*; . '
. . 1 - f’(on) - ' . -
. ’ ¥ ’

L 4 - e Aty - .
khere sliding force tr is a function of nbrmal force Oy .

(] - s ' - .

¥ ¥ “ +
&7 .

I
JE——
.
.
o

“1 3

o

T
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! F19.°3,5 Various Load COnditions for Seni-Bonded Sno 7.
(a)-Separatlon {b) S]ldTHQ Jithout Hormal Stress, and -

(c) 5]1d1ng sith Norma] Stress under Increase in Contact

s
<
*

paﬁ
boynda

larious Load Cgéditions for Sintered Snow.
a) Separation and (b) Sliding yith Kormal

Stresifunder Incre- T ’ﬁntact Area.
. l
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Fiq. 3,5 Vgrlﬂus Load Condltlons for Sem: Bnnded Sno.. = o,
. (&) Separatlon. (b) Shiding without Mormal Stress, and,
. (C) S]1d1nq with Hlormal Stress under Increase 1n Contact
. 'Area. y ] \
4N
. 'wl '\(
:“ l ' gra:r}
. roesmT boundary
W
N » '
. . i .
. — .
(a) . (®)
- 1 “ o .. . '
. Fig. 3,6 Yarmus Load CoAditibns for Sintered “Snow. \

.. la) Separation and {b) Sliding uith Mormal
“\Stress under Infrer < “aitact Area.
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From the microscopic point of view, the tangential gforce

—_—

—
*

required to initiate grain siip can be written by: —

—

- rc .“ns Sc + N tan ‘e  Tmmmmemes Q3’5)

where A is the adhesi10n force per unit area resulting from '
~7  sintering of snow -

v
—-—

s

N % the compressive force normal to the s11d1nq surface

~ i Sc is the bonding area
. :éf‘??‘the angle of internal_friction for sintered snow.

3

']

There 15 no 1dea wuhether As is equal to AC however 1t 15 éxpected that
— As is higher than gc. .

= . If bond between grains is not sufficient enough, increase in

—

o 4t gonkact area.possibhly occurs under norwal force *stting on shiding®sur-
face because of local deformation near contact. This may cause either

disturbance of imitial ordinary bond or increase in.adhesion force with

-

respect to increase in contact area. T e

The above mentioned equationﬁ are based om the assumption~

L
- [

“7_ that farlure gccurs as a result of intergranuiar stiopage. Equation

rl

(3,5) may bery;I1d 1f, adhesrion force between grains is not too strong, |,

¥

so that interqrqnuﬁar slippage can occur without-breaking of grains.

Thus, intergranular 1nteraction and the corresponding sliding mechanism

-
-

\ depend on snow type. , , .
.-
Equations (3,1) ‘through-(3,5) indicates the tangential force
* required to initiate relative sliding between two grains based on the

ES v -

adhesion and friction. . .
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To provide for the necessary background of experirental in-

vestigation, for the adhesion theory, the matheratics describing qpe -
% s o

increase in contact area as a function of strain is presented in Chapter

-~ -

- IV, E;;E%gr ¥ prepares for the experineﬁtal-invest:gation which 1s -
;Spresehted in Chapter VI. The'adhesion theory‘¥s the}efore examined '
through experimentation in Chapter ¥ through Chapter YII1. Chapters 1V
* and VI deal ma1ﬁ}y with the study of increase in contact area betveen
grains and Chapter VII deals with the aqhesion and friction by'experl-

rmentation and Chapter YIIT discusses the adhesion theory.
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" CHAPTER 1V

INCREASE IN CONTACT AREA BETHEEN SNOW GRAINS
UNDER YISCOUS DEFORMATION OF CRYSTALS

-
- The object of this chapter is to develop 2 relationship

between increase In contact area of snow grains and viscous strain “

for the requirerent in the adhesion theory.

> .

“
/7
o =5

¥-1 Introduction

-

Firstly, it should be noted that “crystalline flfw“ differs
from granular flow in terms of physical features. Crystalline flow 1s
the flc{m of atoms or molecyle in crystal‘whﬂe granular flow occurs as
a result of intergranular slippade. The.distinction between crysta'l-
line and granular flow 1’& extreﬁely important so far as corrprehenswe

!
behaviour of snow is concerned. In this sectmn, _t,, fundmenta‘l fea-

-
»

tive relationship of snow densification. ™~

Any crystal can change its shape by self-:iiffusion in such a
way as to 'yleld to an app]ied shearing stress. and this can cause the
macroscopic behavior of -po]ycrysta}.l.ine s01id to be er that of a
viscous fluid (Nabarro, 1948). This phenomenon may cause the Creep
of crystaltine solid Siw"l;igh Eenperag;z:e and’very low stressés, .

t uﬁgh not under more usual conditions for metals (Herring, 1950).

: -
* - - -
”
- .

tures of crystalline flow are described in order to d?ﬁop the c;i)nstitu.-



Difusion, which will caus@"diffusional flow" of yslal o

1 ST
. . metrical features and (2) the effect of femperature. FArstly, diffu- o

-

can be divided inte two aSpects; (l) the cryé?glIograii;gfgndﬁgeo-_

sion alrost certainly takps place in elementary, steps/of lpng}p ap-
. .
*proxirately one atomic ‘drameter, i.e.s few angstrodi urdts.-. The atoms

- . e ] _—
or molecules move 1n discraete jumps from one atomic oruholsculi}

- e 3 ‘

lattice posttion to an adjacent one.. These elemen&ary,;umps, when
-\ -

added together, perm1t the mo]ecules to travel large distances Once,

°these postulate are accepted..the question remains of the detailed ¥

eechanism by which the individual molecular jump occurs. Several possi-

. bility exist, va&anCy motion, interstitial motion, or some sort of

aton or molecule - interchange mechanism (Wert and Thomson, 1970).

g

) Thé possibility of viscous\;reep'resulting from such QacanCy migration
" was..syggested by Habarro (1949j:and theory was worked out in a more
refined manner by Herring (lgsoif Aéha(gjyg\gp Hayden et al (1965},
at temperAturé close to the melting point, where the equillibrium
concentration of vacancies is very high and self-diffusion” is rapid,
.- polyc}ys:alline so{id‘mey deform by a diffusional'creep mechanism

‘ rather than’slip. .

- \

. Figufg 4 l(a) shows the self—diffusional’currents of mosaic

grain structure whlch is found. in metals (after Herring, 1950, and

! Hayden et al, IQQF) figure 4,1(b) shows the se]fpd:ffusional ’ /

currents to be expect when the'loose grain structure is subjected
to stress. ’ |

- ™~ »
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" important assumption n tievadhesion theory (Chapter III) that in- -
creage 1n contact area directly increases adhesion bptween gra1n5. ) -
r ‘ -

This 1s proved through the exper1menta] investigation (Chapters y and \\ﬁ’}‘

Vil). In thas chapter, 1ncrease 1n.contact are with respect “to

! - strain 1s mathematically deve]oped. The summary of th:s chapter is .
" shown in Fig. 4,2. - S, ‘ .
- . .
) . - -, : - #
_/// ] , K .
. . . IV-Z Relatlon between *Contact Area and Relative.Strain
D ’ Consider a contact between two sphericdl'perticles!with

a

radius-of r as shown in Ffg. 4,3. The figure demonstrates that the

upper'particle under 1oading moves downward wi&hout relative stip, . ;f

-

rd . . ’ Y
. consequently the increase in contact area between the particles occurs.

) In the figure, e° denotes the deformation.with respect to ﬁ} axis
-, * - 1%

(direction of loading), e, denotes the relative movement with’ respect

w .;—"‘%'F‘—*‘ )

o ) to_v axis, ¢ is defined as the contact angle and sy 1is the Tncrease

P in.contact angle in relation to the deformation. ~ 2

He assume yolume V], which is the over]apped portion by th? %
[ 134 '
. particles as shown in Fig 4,2, flows to the neck, j.e. ,'shaded port]on
shown in the figure. The volume of shaded portion (l.e., vwedge - sec-

tioned ring) is V,. Frol the assumpt1on, we ma;*write V] - V2'

. *  Thus the intrease in contact area can be described in terms of £ as
shown in Fig. 4,4. \ . . '
. . Volume V, can be obtained with the integration method with
G . espect to U and vV axes, i.e.s, B . N
- A E - \ . -

<
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Fig. 4,4 Increase in Contact Aréa hetween Spherical Particles

as a Function of Relative Movement - (e?)

Simple Assumption (at 4y

ut

0).

Based on

—

-
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3 >
. 27 (r - g ) = 2= {r" (r--2r) - — Y. .

€ e
7 - 1) . (4,1)

Where e is the relative mdverent of tuwo particles
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r 15 the radius of spherical particle as shoun in Fig. 4,4, A
+ : . -
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,Yolure Vz is given by: - . T . .
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Taking V] . Y from Eqs. (4,1) and (4,2) .
ey J > )
] - ‘. ,"
o b . T—— Y -
vk rr - g i‘-3 N g-;/r - r,2 (r?:- r,z) - r"(--z-—’ -0 L. 443)
or v . d \‘ -
e
_-:-..o; 2 r P 2 r 2
5 -~’1-() (0 -2 e (A
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We define relaz{ve straln as € o ¢ denotes the ratio of
relative moverent e to dlar'etﬂr of Dartlrie. Therefore, the contact
area by using S _tz is given by:
€ 1.2/ -...5._("_':.- 1)_2(:!‘_2_) ... (4,5)
—\",\-.\\ 3 - 2 _-‘S 3 S
. e - .7 v
With approxirmation, -
- . s e . . - . S R
. . 2 v . ? e, P -
SLs o (3.9 - 178 - AR M
i 0 ) !

Eqs: (4,5) and {4,5)° denpte the rejatlonsﬁips betieen contact area

:and relative strawn €. The equations shos that contact area increases

-
-

with increasing relative strain €. T

‘7-: Snow consists of Iarée nuzber of grains (ice particles)‘apd -

the arrangement of grains is considered to be random\ Exoerimentally.

", it is difficult to obtain the relatiue straine, i.e., ?.. We may
Zr

assume that relative straxn is 4 function of both the macroscﬁpac
,axial strfin and the contsy t angle s Therefore. in the next section,

reld!ionshlp between relaffive strajn and macrostopic axial straun -

based on simple assurptions is ﬂathematicaIIy developed. ’
r T - » v" )
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1V-3 * Relationship between M1croscop1c Relative Strain anu Hacroscoolc
Axial Strain - . s

In the precedfng séction, increase 1n contact area betueen

t:B‘spher1cal particles is expressed in terms of the relative strain -
e
) f% hhere € 15 the relat1ve;mov§ment of particles and r 1% the

s
R

Jadius of particlé as shown in Fig. 4,4.7 ’ .
Consider-a circular specimen consisting of large number of

particles as shown in Fig. 4,5. The specirenfhas sectional area of A

and height of L. If deformation d of -th‘ed{cmen occurs undeg 1oad-

ing the axial strain is defined as:

— ¥

a . (4,69
. L o )
From the microscopic point of vigd, materials consisting of
i
particles are never homogeneous in point size. MNevertheless, if spe-
dimen consists,of sufficient huﬁherlof particles it may be regarded as

homogeneous. This sLateﬂent is a basic assumption whach is being used

\ ln mechin1cs. This suggests that we may assume that, under umformly

‘™

. app]led stress, the de(gg:atlon,exerted is also un1form but not te
pOlnt size. In thls tody, the minimum scale for which deformation 1s
valid may be the-deformatlo pereparttcle The defonmatlon of parti- ,

- cles themselves may,be very complicated %n terms of the local deforma-

>

tion. {t has been assumed earlier that the Viscous de(ormatIOn near

»
-

contact (local defdbrmation) will increase contact ?red.

Considerzﬁorigontal seofions B and>c in the specimen as
shown in Fig. 4,5. He May assume }hat the &istributioné of contact"
angle ¢ on the seerions are simi;ar.- This a55ump§ien may be valid
if sufficient numPer=of contacts lies on the sections.

.
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I¥-3 Relationship between Microscopic Relative Strain antl Hacroscopic
: Axial Strain . ., . ) O
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In the preceding 3éction, increase Ef contact area between

ta0~spherical particles is expressed in terms of the relative Strain
e - - .
] 2;;; where e is the relatwemo‘rfrent of particles and + 15 the

Y
-
-

. 3 .
‘:,'3, "} - N > e

radius of‘vparhcle as -sho.n ‘:n Fig. <

. Consider a circular spaciren consisting of large nu-ber of |
particles as shomn 1n F1g. 4,5, The speci~an has sectional area of A ‘e

and height of L. If deforrataon. 'd -of the srecirah occors ”‘"d“’fi load-

ing the ax1al strain 15 defired as: - .
Fl . - v
— d s =sasxwm=x (dys) -
L L L]
Fro= the microscopic point of vigu, raterials consisting of emm—

™
particles are rever ho~ogeneous 1n point Size. ‘levertheless, 1f spe-
' > \

Sven consists df sufficient nuder 'of particles it r3y be regarded as

o*og&v\us Thas sr.aterent 15 3 bgsrc assumptron which 15 being used ..

in ;agmcs, This 'Suggest.s that we may asswe that.. under unmifornly -
"'\

applied stress, the*de(%:atwn, exerted, is 31so uniform but not to .
pointsize. In this ?tudj, the mimirun scale for shich deforrmation is /
valid may be the- defmc’ratwn per partlcle. The deformation of parti-
cles themselves my be very coﬁphcated-‘?n terms of the local deforma- /

=

tion. It has- been asswed earher that the YiSCOUS de{omanon near

contact (local deﬂ')matwn) will increase contact area.
Consu;er horazontal seo\hons B and € in the speciren as

- shown in Fig. 4,5. We may, assume that the distributions of €0 act‘ .

angle zr on the sections are similar. This assumption 3 be’ \)ﬂid,

if sufficient nwber- of contacts lies op the sections..
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-
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{ Thén, condition F n"be written by < - .
| ' ‘d.’*‘ - q_q T -
| o
" ' ‘
) where  d is t]e total axial deformatibon "

L 15 tWe.helght of specimen
B - C with length

Ld 15 the vertical deformation Of the column

X . of 1. - ", \
At ’ Cénsijer arrangement of partiqles as shown 1n Fig. 4,5, In

the simolgst caﬁe, i.e.sall the contact angle are zero, deformation

q-\\w1thout 1ntergr?nular slip can be urltten by

~d en

"

, .

where e is the deformation of a particle wjth respect to 7 axis

the number of particles between sections B anc C as
shown in Fig. 4,6(a).

-

* ™ Since initial ‘height of colu=n B-- € is hiven by ' P ",

* » ” * /
. ) Zram
» _«the strain of cqlumn is given by dividing deformation by the‘init!af

height, i.e., .

]
In the preceding
particle is defi

2d
1

section, the ratio of peformation to diameter of

ned as relative strain. |

3
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strain, if all contact angles are zero. However, this, 15 not valad if

-

e 4837)

‘Thus, macroscopic axial strain accords with the microscopic relative

L )

contact’ angle is not zqg0. ) 1 )
- - Consider the case of .*" as shown n Fig. 4,6(b). The
number of particles betieen sections B and C is R
. ™~ . no
2 ~ E-O—S‘-:-' —t":“---.., . ’

L
where n' 1is particle iher at v ,*

n is the nurber of particles at . 0.

j

.ﬂ“

ey

-, If we assure 1, (Fig. 4,6(b)) 15 small deformatjon e, with respect .

aéjs can approximately be given as:

of

‘ . LY ) - . -
e . e ﬂlf cos (4,8) * (see Appendix F) *.
[y— + -
™ . .
‘ Since e ad en* and 1 2ra‘cos ', L
v R, Tt e, fcos
) * . _'_(]l e ¥
. 2r c05\>' 2r cos v’

e,

s %
. i 2r cos? 3!

. 0~

- -—



€y = e cosy
(av£0)

e

(b} Y=y

avp—

)

n =ncosy

Interpretation of Local Flow'Deformation as a Function of" Contact Anale and Axial Deformation

e
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Therefore,
- L -
¢t . |
* cos”, "
- * *
or - -
- .
€ ¢ ocost {at . ") L .. {4,9)
“ r H‘ o - rd
Where  is the macroscopic axial strain
=
" € 15 the relatiie strain of particles.

Eouatign (4,9) denotes the relationship bet.cen the macro-
scopic axial strain and microscopic relative strain, The equation

shons that ré}i&jﬂﬁ_iﬁrﬂln e decreases uith increasing

This 1s
true becaggédof condrtion of no lateral deforrat

Therefore, 1f

\ v' - 90“degree the relative strain € rust %6 zero., Equation (4,9)

o

e_in Contact Area hetween Particles as a Function of
Macroscopic Arial Strawr and Contact Anqle - .

,

The relationship between Ee]ative'&train € and radigs of .

contact area g can be described by:£q. (4,4) and the relationship

“ between, the relative straip and mac?bscopic axial strain can be ex- °
y Qréssed by Ea- (4,9), as follows:
ﬂ‘. -k e‘ . -2- 2 2
: »—‘L’: - —2.. / - r‘ r— -auad - 2- !‘-
€ - 1 3 1 (I") {(C), 11 3 (E) (4i4)
. 1 ] X
! 2
\ * *
i ~
* T )
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From Eq. (4,4) and Eq. {3.9) - NI ) ’
- "7 .2 - . ’ 2
: . cos? 14 g - (%) i(?)_ ks J g.(;)z .. {4,00) ¢
- . . .

.z , .
The calgulation of (r) versus . and . from £q. {4,10) 15 presented 1n

FIJ. 4,7. The figure shous that (;) increases with strain » and it

L] L]

decreases s.ith increasina . for any strain. s

Equat (4,10) can be rewritten uith the approximate fitting ° -

as:
. S -p* (3.9 - cos” . - 1.785 2 cos D e (4,11) A .
Where S 15 tontoRt area, i.e.,‘fc? ’ ) > -
£ 1§ the-rmacroscopic axial strain - \
. is the contact angle defined in Fiq. 4,4. -
Equation (4,11) denotes that S increases with axial strain. .

Equation (4,10) is experirentally examined, and the rg;ults are .

~
e

discussed in_Chapter VI.
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/’ M ‘ - -
The experimental anvestigation 1 "this thesis’ comprlses of
. some characterlstics S{fUdled as shown ig F'lg 5,1, with ob1ect1ve

(a) to examine the adhesion® theory deve\oped in Chaﬁter

- . .- o, . ¢

(The 3dhesion theory?® is examined by the microscobic
- L ¥ -

. obServ’a.tion of internal structure of sno. by means

. ' . of thin section method/ The macroscopic study, by
- ' perfor:ming mechanical tests, aLs'o, eXamipes the
- ad;esio% theory.) . ‘
{b) to examine the simple }nechgh%cal tests themselves
» .. whic; will be p0pu15'r in snow m;.c!lanics, and

/ ' (c) to_develap a simp’l:e technique for the evaluation of
. . . = ib-situ'sﬁw proper‘ties'.' (Tﬁi;'reuuires the basic

ST properties and behayi qu of snow. ) ~
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f 7 ‘Thils chahr\vs ffw:ded into follomnq fwe sections: - . ' . ,":
’ R B (1’ descr:;)gérrs of the Snow used in the exnemments, ) £
;‘p ' , (2) mexhod of préparation of .thin s&tmn of snou. . ;\ ,
) K “As“erat ioned abovey, thh'ﬂfs-eaimn method 15 used e
) . . .
- féru observat.ton of mternal structure of sno. -
*(3) dlﬁiwn of the’ methods of' ]oadmg 1.h.1ch are :‘\
.‘}’: »normaily em-plo;ed ‘, A Q .. )
R . ‘ . (d) descnpt:on‘-of varlous tests oerformed in this . g
e, o & " . o ,_:;esearch, any finatly, A . P . . e
B ) o ;L .
T . (5) tne methbd. of preparatio:t of . Snow Sbeciurens u;ea for ——
. , Lo, o~ .
. ': .o mechariical tesgs., ~— ° . 'E"‘if-' . - *
’ , These sections are d;scussed';n ;jetai'i as foldous: . f‘\'

- Il - - . - M - _ -
. >, - v, -
.’ 1 - L i \): . .m
. “. - - . B R . : .,5
T V-1 Pescriptionof lMaterial - ‘ . SRS
‘\ z »’ ] - " nh : 'L * * \:m* + -
. &
\'& J ) For thg reason‘dpscrlbed p ev\wusl;, varwus tjras of sna. L
P should b —ex.amned The ratepAals aséd Jn the study consisted ef s . )
¢ ) .
ce *® (a) séasonal fresh sno.u ( urve A 16 Fig. 5,2), {b) seasonal snow aged ' -
. -
c- g . &2), T sea’sonal snow aged forR two 0 . ..
r - v : L 4 0 *
- - graded snow obt}zcd frem = ¢ '
't - . " -.?
. T agedmow (curves D, E.dnd F in Fig. § 2) obtamed by\\c;ushfm- ice by w e -
I a pulverlzer. Th aboratory pulveriZet ‘IS shown in Fig. 5 34 The™ * .. .
' C FAY AR
" .. #easons for usi q artiﬁcul St 17e k‘ii}‘]-'f m>,:he fact that, thls e
’ . ’ * e \‘\ - " k3 .' ?
~ i\ . Ifind of snow w easier to eproduce ®pnd | its gram s,ize d‘iétrhutio
'\ an » ¥ . N . N
Dt A : ‘,coulﬂ‘ be morerdliably predfctﬂri and contrplled. *\ n - c
; n. ;’ U :‘-‘i ;’ '. - LY M . . h .k ' \ » 'C N
Dg .' * » s v - ) 1:' ) . . . R
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= \ From the engineering point of vmw, the grain composition
of. two main t;pes of snow should be exammed 2 " s
. 7 - e .

L l'rosh Snow {HNon- P-‘e;aml'x_hlc Gmmr) Coe

-z .3 - h “
In comparison with metamérghic’qrains, the grawn shape of ° .

1

-~

this kind of snow is consrdered to be more lmportant factor on the

\ contral of engineer‘mg propert1e§ than the grain t.ue’ The initial

size and shape of ¢rystal Iesnemally needie and plane crysta]) are
- ”
i easily breakable. As a result of fragmentatiop by external and
P \ “ ” ‘t
internal conditions, initial snow crystals become smaller and granular.

Lol *, 2. lMetemorphic Grains (Aged Grains)

o N -

y * -

~ . Aged snow approaches spherici ty in shape‘é?iq=therm6'dynami<:_.a_]-

. Jy speaking is more stable because it has a minimum surface energy.

Genc-rally the lg:qpr the age of snow, the greaterb grain size,

e

‘{ From the point of view of mechanics of snm-r. Yrein.sizé or size dis-

[ .
t‘nbution of t.hjs.type should be examined, ‘ ’ - T

. .C M »
. The typlca] merphology of three types of snow, i. e. , (a) fresh snow,

-

- ’ '(b) seasonal SNow age!! for three weeks and (c) seasonal snow-aggd for "“/

two years are.shown in Fig. 5,4. - ! /

&

From a different point of view, i e. » intergra ar inte;'-a;gti'on.

- v

snow can be divided into three types, i. e.'_,( ) granular Snow, (b) semi-
* ., bonded snow. and .(c) siJ_ex:ed smw. as mBntioned in Chapter I11. ,In
’ the experiment;. bo’{h granular and sintered SNOWS were use& Granular -
. ' Snow was obtainod from the disaggregation of _SnoW whﬂe sintered snaw |y
. - ' .Was obtained frp.m the sintering process of the. Snow. Sem,i'bonded snpw . \ .
- S Ty . ‘ ‘ . ‘
S o - - - -

- ) : \
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\ ) From the engincering point of view, thk grain composition ‘

\\' N
of two main types of snow ;hou]d be, examined. -~

, Y <5 T

S ———

c . . rresh Snow (Hon t’_gcﬁé'p_hlc Gram') A ‘»’ .
T ' * .\ “ - 4
v In comparison with metambrﬁhac'gram% the grain shape of 3,&

- this kind of syﬂa is ccmsrdered to be more 1mportant factor on the

’ - -

o~
contrgl of engineering properties than the grain size. ' The nntaal
,s:;e and”shape of crystal (esoecjally needle and ‘plane crystal) are

4 ed‘i.l]y bréakable. As a result of fragmentation by externa] and
1 ¢ ¥ 4‘
. mternal condltlons, mlttal _snow crystals become snaller and granulars

hd -
¢

2, Metamorphic Grains {Rged Grains) P

! e

Aged snow approaches sphendlty 3n ahape*"a‘ﬂd—themndynamcal-

. T ..t—-—-

}y speakmg rsmne Stable because it has’a minimim surface enerqgy.

General]y the lg?br the age of snow the greater the gram slze

-«
- % -~ I

s type- shou]d be examined. ] co -

.

’r'rom the point T view of mechanics of~ snow, gmm_s,j&s or size: dis- '

tribution of th
The typical norphology of three types of snow, i L s (a) fresh snow, A

(b) seasonal snow aged for three weeks and (c¢) seasonal snow .aged for' T

#*
r

two.years are shown -in Fig. 5, 4 R . 7o

from a dlfferent point of view, i.e., intergranular 1nteraction,

Snow can ;be divided fnto three types f.e., (d) granular sgov, (b) semi-
2.,

bonded snow, and (c) sintered Snow, as mentione‘d in Chapter III. In

-
-_4

the experiment, botb granular c\nd s{ntered'snons were used, Granular

2 >

, SNOW was ﬁﬁtamed frdm .the disaggregat'ion of spow while sintered sriw ” 31

RS was obtained fram the sintering process of the snow. Sen;i bonded snow
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" { Fia. §,4 > Typical Snou Crystal Used in the Studv,
) i ) X ey (a) Fresh Snow,’, .
- 1 ' .(b) Tm@éﬁ@qOHi&mw i
-«| »

(c) 2 Year 01d Snow {(at temperature of -13°¢)
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-

( . was not examined in this research because elevated low terperaturg of

- o
- e \ _-13 C used does not provide for semi-bonded snow ¢ordition as.rention-

-t

) ] ed 1n Chapter‘ll.
n—” . b, W . /\

V-2 Preparation of Thin Section of Snow Sample
5 4

\

In the adhesion theory (Chapter III), it ssas the basic

L

assumption that irreversible increases "mﬂ contact area betveen Soow 3

. . - )
. grains, under pkastlc, viscous, or creep deformation except elastic

! defqnration, occurs.

In Chapter IVq the rathematical treatment w/ith increase in

'd*‘-

contact area, based on simple assumptions, was made. . -

o

T e e e ~‘r’he—_as$mptmn an e proved direttly by the observation o7 — ——=
L P

internal structure of snow. Basically, the observation of internal

structure of snow can be made on the thin sectidn of snow specirens.

+ Therefore, this section in this chaoter describes the technique to

prepare thin section of snow. The experimental resu]ig.\ and discussion

on the obsegvation of internal snow structure by this technique ar;é

.
.
. e
< -

' A
presented in Chapter VI. - 5 s, y, -t
- s o i y > L) ke ‘”"‘
‘ Most methods of preparing thin sections of snow require ﬁhe

-

preliminary filling of the pore spaces which facilitates mounting and

L

as well reinforces the structure against breakage during sectioning. . ‘

/ Yarious kinds of Tiquid hi’ve beeh'descrlbed in the literature, :i.e.,

tetrabromoethane (Bader et>al, 1939), diethylphthalate (Sghytt._ 1958) , .,
and -anilline (Kinosita and Wakahama, 1959). hn’illing:ﬁ, used in, this -

a.s'? g -
ey

- n StUdy L]
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i
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ha [r "
|

!

Thin &ectlons vere prebared in essentia]]y the same manner

by , .
s described by|Kinosita and Wakahama (1959).
| A :

The main procedure is

[ . .
as follows? E , e
;'_mﬁ (M) Sl hlocks of snow sample, approximately 3 x 3 x l cm.
2 - r P
. were 1mmerseﬂ in water saturdted antlline at apprpx:mately
1. . d

-

. >
Hater saturated anil]ine was lobtained by placing ice rék in

anllllnenllqu1d45

[
\ .2 .

| [e3 -
« to freete at -20 C (below the melting point of anilline).

I

o

; (2) One’side pf block sample was dade'-to be flat by a sharp

. o btade plane and was attached Jo 3, microscope ‘slide Hlth

- - 22'11guid*an'111ne (Fig.[5,5" (a)). CAfter that, the s sample wibn

( : the mleo&COpe slide was frozeh agajn.

77 C (apove the melting point of anllllne) and were allowed

Note that lucite

g p]éﬁes were used for the microféope slggedand ware made to

——

bellightly {ough surface by a ine sand paper Because‘;aagh-
surface wilf gfovigg_fnn—the bttter cementation between Snow

' h;:;ple and tLe microscope slide when anilline is frozen

- (3) After freezi , th?fother side gf the prepared sample was
pladed until the t;}'kness of spow becomes approximate]y

| oMozm ‘(Fig. 5.5 (b)).

i,
T)(dr Anilline was a)lowed to mett at approximately -7?6. Then

L A .' - ‘
i Ct

LAy . '

NS

-~

¥ anilaine became transparent (Fila. 5,5(c)).
‘ Therl are both bdvantages and di;advanteges “in the use of

. thin section mqthod Haiw advaniage is thdt direct observation of,

A

1‘.
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SKOW WITH ANILLINE -
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Microscope Shde
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snow structure can be achieved. It is the disadvantaqe that the

- »

.. observation of internal structure is always made on two dimension-

al section of snow structure. This Witl cause probable érrors for the \.

—~

measurement of grain size, grain shape or pore ‘'s1ze because thip sec-

tion can be made across a given section of-grains as shown in Fig. 5,6.

_ Therefore,” gram size.obtained from the thmwwely \

smatler than the true grain size (f'u_; b,8). -

-
Vit should be noted that am‘lline is poisonous. Therefore,

it must be avoﬁed to breathe the vapor of anilline. ) <
» , . .

.

- . L]

- .

T

- -

) V-3 Fethod of Cmprgssive Loading -
. L | ' . o -
a; The method of compressive loading in particular 1nfluences

the behaviour of sonow under stress. Whilst there are many ways in 1
LY -~ -
which stress may be applied to snmow, it is observed that for most ‘

purposes it is sufficient to distinguish the typical types of ‘loadmg

as follows. : \ .

. »

o L4
-

r

[ B

(a) Dead load app-flicatian

Q . e This is basigal]y a dynamic loading generally jdentified in\’ ..
) oL terms of a sudden loading. This situation occurs when
"dead, 10ad" is suddenly placed upon the snow mass. Most
instances‘ of sudden loading are uctually 1nstances of very
qrfck propressive loading.
v, KL

. ) !}’ - !
\‘ ' ) L~ -7 " *



(b)

Removal of load .. e ., /

farlure including micro-failure occurs, and. total time re-

» )

Typically, a'load or stress is applied and wholly or

partially removed or reversed.

.
- »

>

.
sy
»

Creep loading ‘ .
o ' ?
l'ost materials will creep or flow to some extent under

constant stress or decreasing stress. This tendency is ‘ .
strongly temperature  dependent. In the case of loose snow,
a volumelric creep (i.e., density increasing) must be taken

into “account. o
- ; ' - » ~

Short time static lgading

In testing, the load is increased progressively until
o

quired'v.o produce failure is not more than few minutes. The

. .
ultimate strength, yield point and yield_strength of mater- .

ik - . .
jals are usually determined by shori-time sggélc Joading .

v

test. e

= L]
» »
-

LY i .

\

It is felt that the present—eonfusion of snod properties

and\sehaviour is due to the poor‘understaﬁding of the physical aspeéts

of ddformation mechanism &f snow_ in relation to the loading rate and 7~

‘deﬁs3l} changes. In the appligation to the problem, it is neces&ar§
c . . - * 3 .

to examine deformation mechanism of snow under various ‘loading condi-
. ) -l
tions- [ -

L

- -—

e ~
by

i -

IR

LI
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V-4 fechanical Tests . . . ) );

” -
P

.
“n
- ' . - I “
* ~ 1 - . F
L3 - .
~. .
-

, V-4.1 Unconfined Co:npreSsion Test *

In )engmeermg pract1ce the loads most often apphed are .
)
compressive. In this sense, the compresswe response cha acte}utlcs

of snow r'zay be one.of the most important.

’ . useful ways for determining the mechanical properties of now. The -
o R
- . 4
» examination of types of failure for snow may also be achieved by
: . . performing uncenfined compression t'ests.-x\'

Generally stress- stra1n relationsn,p»eef mater;als is t‘h\é S .
most basic concept in mechamcs Stress is b&srcally part of, statics

. ¥ and stram is a part of geametry. The mechamcal p sSnow,

such as strength, yield stress, compressive moduYus (often Yourig's -
. ' 'J lus). etc., for the requirement for engmeemng anaiyses or de-\
)signs ma obtamed from e stress-strain relationship of snow:—
) Th refore, the f}rst attempt in tns research is to appre-
. ciate the stress-straih re]atwnshjps of various types of snow.
. X i Second]y,'the type of faﬂure of Yarious types of snow is exannne?i .
/- ’ — ] A.nother object of performing unconfined compresswn tests . \
, = ON sn}w iﬁ to.obtain lmporf@t factors govemipg Snow propertxes, by

' uEing various known‘snow.




.. The apparatus used for the unconfined omprés§lon test wad' . . :
the same type\belng used for soil testing, as sh L ln Fig. 5,7, ‘The
‘ﬁeformatlon rate on snow was controlTed by a 1.5 H.P. AC motor wifﬁ
6;ileys as shown in the fiéuré., The eiaﬁua;ioé‘o stress ;ndudltimaQe - )

| oo oL - y -

- N b - *
sireng@h of snow in the unconfined compression test were calculated by }
dividing the force recorded by the sectional area L

f specimens. \

Basically, the fbrce exerted was'recordgd by a heat type- bEn recorder-
a—-—0

through a prthng ring and transducer-as shown in the figure. hﬂjjki“‘\-~ | 24

2

- .
The size of speciméns were chosen as 5 cml|in’diameter and - .

. ’! b ] ) ——
,pressio test for sghls. A ~ -

15 ¢m :;FJJ' This ?Jmen51on is_not uncommon for the uncogfined com- ////
- Specimens for the unconf1ned coﬁpressron tpsts were basical-
ly obtained from the artificial redepositing*manner.through a-sieve
4 ‘e N P 2
inte- lucite cylinders. After a certain time, which provides for the -
- —r

age hardening of snow sample in the lucite cx]inders the snow samples -

were pushed out hy a p:ston made of paraffin Wax. I

sintering process as ment:oned in hapter II*' Theref re, effectcof
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V-4.2 Confined Compression Test’ S

- »

The wost practical tyﬁé of test in so1l mechanics ady be

e " . N .
EEf%T?jax1aJ comMpression test which, establishes the influence of

confining pressure; a -

L] Y

. In-gentral, procedure, the result obtained in the triaxial

test cin be plotted 15{0 Mohr-Coulomb circle envelo

-
which 15 being
3 eme

Sty

e

] T
widely uséd as the failure criterion. -
- - L
- .
Triaxial test, however, requires af assumption that the

-

specimen does not fail by the confining preksure applied, \waever,

under confining pressure.
F] f .- .-

tric creep deformation

loose-sintered snow has possibility to fai
~ )
In addition any snow possibly has the vo

under confiﬁ?ng pressure applied.i Noje that the voigfetrlc creep

deformation changes internal structure of snow. Under this condation,

the proper analysis and appreciation of triaxial test on snow are

quite difficuit. R . .
) The comp;sagjgg/fﬂear of snow {Fig. 2.2) illustrates the
o

crushing behaviour under the load application. This response charac-

teristics of snow 15 majordifficulty of the progress in snow mecha-

7/

nics because;

(aﬁﬁ compression shear is considered to be micro-failure which .
" does not follow the convegff@ﬁal.faﬁlure theories in the
' e 3 Ny

T
macroscopic scale, as mentioned previously. .
’ > e

1 2 -

W : Pa ' '
{(b) thié Faildre mechimismmay only be explained by the micfo-
1 ", .Y . -

“Eopic cohsiderati0n5.<, .

»

Y
.
»
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’ L . * AN .
In the condition iilustrated in Fig. 2.2, the ‘confining

pressure acting on the ideal faifure plane can bhe illustrated in

Fig. 5.8.- In. fact, confining pressure P1 indicated in the figure is

-
]

depen&ént on the intensiiy of load-aphlled and Po1sson's Ratio of

snow. In the fiqure, confiping pressures P2 and P3 apparently depend

on applied force F. Hote that the failure under P3 are not common in a
depse assembly. This is identified as the micro-failure of snow. The <
importéhce is that confining prossuresuPl, P2. and P3 are never con-

stant in actual case, but they are variables which are dependent op"

the method of load applicatién. Under dead load application, the
confinjng gressures.P], P2 and P3 exerted on the 1deal failure plane, -
increase very quickly.’ Under progressive lodd application, the

confining pressures, P1, P2 and P3, may be exerted progressively.

Thus, in acfhal case, the confining pressure in snow depends on the -

- type of load application. This suggests that the standard triaxial.

test is not npecessarily useful for snow because usual procedure of

- .

triaxial test, the application of confining pressure prior to the
axial load application, may change snow properties. In addition, snow

fail by confining pressure as mentioned above. Thus, the soil

testiiig is not always applicable in snow mechanics. Thus, snow test-

ing requires very careful consideration based on, the properties and

behaviour of snow. At present, since the properties and behaviour
of snow has not yet been understood sufficiently, the testing perfor-
mance for snow is vé?y djfficult.' Therefore, it may be suggested that
simple tests should be performed for the purpose of proper apprecié-

tion of snow properties. J
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used 1n the research are as follows:

(a)

76

1

For these reasons, the confined comoression test techniques

a *

)

Bead Load onfined Compression Test

- . .
load application which is more realistic in actual case of

load appliication in field.” The 1ilustration of the dead

load cbnfined compression test apparatus is.shé?n in Fig. 5,9, °
This test type 1% rather smilar to “consolidation test”
’betng used in soil mechamics. This type o;.test enag?és

one to obtain both the instantaneous defo;mation ang consé-
quent creen deformation characteristics of snou.  In this

test, various termnologies, 3.0, Qonfined compression

(by Costes, 1963), consolidation (by Feldt and Ballard,

1966) and confined creep (by Mellor and Hendrickson, 1963)

.have been used. However, there are various combinations

of dead loads application, which are described as helow:

(i) Single Nead Load Application

This method of loading orovides for one increment for
loading. By using similar snos specimens and various
P .
dead loads, rei&{e}qr}'&hip between deformation and load .

intgnsaty can be obtained. Fote that ths relationship
,h 1y “

-

I8 ot necessarily sare to that obtained from dead .
1oads increrent test. - ’ .
2§ ™ LY :
.3 4 .
< % W
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(ii) Volumetric Creep Loading

i

By sjmilar testsmentioned above,relationshio betieen

deformation and time for snow can be obtained. This

v . is identified as "confined creep" or “consolidation”
test performance. Hote that confined creep of snow

means volumetric sreep deformation.

(iii) Bead Load Increments . ‘ L

- By adding dead loads 3n increments on a sno. Specamen,
reiationsﬁﬁrngsfueen snou deformation and tire can be
obtaifed. Houevé?:«t@is loading method differs from
— . r

- the single dead load application. !Mechamical response

characEE?w of snow under these three types of

This type of test provides fbr the condition that the axial
load is orogressively.anpiied and the confifed pressure 1s
progressively exerted. For the reason mentioned in the last

section, the mechanical response characteris Jdcs of snou

{ under this condition dre examined:ﬁdnu

LT

.
, .

»

For the coﬁ?ingﬁ compression test€s with controlied deforma-
tion Yates, the sizes of.s;ecimen,'4:6, 7.3 and 13 em wereifxamined.q
The d}a eter of specimens was 5 cm.‘ The apparatus for the éonfrned-i

n-zptﬁﬂ%iﬁtrolled deformation rates was basically same to

w 3

that used For the unconfined compression tests, except the confining

compress

3
»
/
-

. 1
\ 2 ~ KW
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device (standard lucite test cylinde?). .. . _—

Because the confineflent provided by the lucite cylinder n
the confined compression tests cannot be properly measured or eva-
luated, it must be considered as an experimental constraint .that need

I to be duplicated for all confined compression tests. Since all the

v test specimens were similarly vrepa/eé for the same kind of test, and

R+

N

| , since the technique for confnned comor9551on Was aluays maintained as
standard, 1t can be reasonabiy assumed that with similar density
m?asurewents during comeQSSIve straining, and the developed conf}ne-
ment beti.een soecimens would not be too dissymilar. [t is observed

that whilst the Jucite cylindrical confinement effect does not pro-

- -
. © vade for aqéﬁxqgt duplication of the confining effect, there 1s 2
oasis for introducing the confined compression study. Generally
speaking, the lateral expansion during vertical compression depends on

the Poisson’s ratio of material, Therefore, it may be a function of

- _—
s S

density of material. :

= * L4

-
3

,..
- " J
\~:>\T:j~\\\\ V-4.3 Direct Shear Test 4 ) I 1

< . ) ~
Direct shear test,'which determines shear strength of

A

materials, is one of ‘the st popular inlsoil mechanics.
N >

.
-y
1

s . According to Mohr theory, shear strength of materials can

T be presented by:



.....

. BQ// N ]
C "
~ J E |
/ ' o~ \ L]
t. (o ) :
Where - is the shear strength of material C /1\\\ /
f(on) 1s . some function to the normal pressure acted on the ff
shear plane. - ¢
\ /

For sand, the equation by Coulanb-Havier theory 1s urittea by:

1 ’)’n tan/a - ,
\

*

k)

Where- :' is the angle of wnter friction of materal.

.

on a plane betieen tuo assenbled masses. It is found that the funciNon

&

o o ) for snow 15 very complicated (Butkowich, 1956, University

of Minnesota, 1951). ‘At present, however, there is a considerable

lack of examination of shearing characteristics of Sjgﬂ. For this

-

‘reason, direct shear test is performed in this research and shearing

- -

response of snow i5 examined.
The object 15 to obtain the unknown function f'( . ) for

snow as a function of snow type and shearing velocity,

The apparatus used for direct’shear test is illustrated in
S

Fig. 5,10. The shear boxés used were made of transparent lucite

which enable to observe apparent failure mode 1n snow specimens. The

¥ : . 1
size of shear boxes 15 7.6 x 7.6 cm’ (3 x 3 3q.in.). The shearing_
was pro&oted by 1.5 H.P. A.C. motor as shown in the fiqure.

’
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( L4 R J‘ ~ /
P i .
L .
The shear stress was calculated by dividing the maxlmum force required
LN —

to shear by the constant sectional area of specimen The speclmens

for the direct shear test were prepared by the mechSﬁﬁca]»deposrtlnq

\ manner (see Chapter V-4.5). The results and discussion on the direct .~
i

'\"shear test are presented in Chapter VII-3.

« "\ el

\ ~ .
\
V-1.4‘ Penetration Test

v

e ¥ Although penetration techniques have been used for the

4

evalﬂ?tion of snow properties, the analyses have not always been suc-
cessful because panY?atipn response characteristics of snow have

o been p@orly understood. In fact,hthe analyses for penetration test
‘result§ require a basic mechanics based on the behaviour of materials

or need some relationship between the results obtalned froﬂrthe

. \
penetration test and the other test results obtained from a e§taﬁ1(;h- ’

ed test technique.
To deve]op a simple technique, for eva]uat1on of snow
properties especially in the fleld a thin blade pendtration was

examined (see Chapter VII-4). A rectangular plate penetration tests -

vere performed. The detajls are described in
_The snow layers for the penetration tests were basically f

| obtained by the mechanical redepositing of snow. The test result aJd

discussion on the penetration performance are presented in Chapter,

. ViI-4, . . o

.., .
. TClecae " B N . -
. wr

C [\’-\’ oV ’,
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V-5 Samplie Preparation
: e

Laboratory tests usually consist of simple experiments ’

-

appropriate to the nature of snou in which wmportant qﬁantities,,z'
N -

often stress and strain or strain and time: are determined. On the
other hand the mechanical behaviour of snow is investigated by per-
forming simple tests. Because of:gon51derable lack of e iffbﬁma-
tion of snov propeFties. and lack &f the examination of simol;
experiments, mechanical tests should be perignmea Sﬁlkﬁown SRoW
conditions. A point wﬂ}ch deserves’more @ﬁfentioﬁ than it has

generally received is the extent to which the-measured behaviour of

. snow specumens depends upon the experimental system. The extrapola-

“—\‘
tion of behaviour induced by the system to different circumstances
can be most misleading, and every effort must be made to distinguish

“between the properties of the snow and those of. the experimental

’
-

system. .

-

~ The structure of snow and its mechanical nature are partiai-
ly mentioned in the earlier Chapters. Its mechanical properties may
depend upon. the grain size, gram ﬁhape, interaction between grains
and density, as found in other mater:a[;...The}efore,.the mo;t basic
mechanical properties of snow are those of a specimen of a.size suf-
ficient to contain a large number of consiituent éralns but sma][
enough to exclude major structural discontinuities, so that it posses:
~homogeneous properties. .Specimgns of snow with d1men;ions,of ]

several centimeters are usually adequate for this purpose and can

conveniently. be tested in a iaboratory. .

-

e,



84

There are twL methods for sampling of‘sﬂbh with different
~r
objects. One is the spmpling from the field snow condition, Field .

sapling basically provides for the propé}ties evaluation for a

particular snow in the, glaciological céntext. Because of consider-
aBIe variation of %nowjproperties in fie]g, an? Lthe diff19u1t1es

for the elimination of| some of factors governing snow properties, it
may be difficult to do systeéatical examination of the mechanical

behakiour of snow by this method. Another method is to obtain show  * .
sample by an artlflczaI .depositing manner by using natural fai]en
Snow or art1f1c1ally p ébar;h snow (fine ice particles) under the ) .

specified snow conditioﬁll This method will take 1nto account the '
factors Governing snow structure Since some factors are elimnated
or controlled 4n thiE method it is easier to analx;efﬁﬁafzgglare the -

test results. In this researcht artificial manner for sample prepa- -~

-
ratiom was used.

2

- The basd# snow obtained for fabrication of the test speci-
mens vere obtaInEH as the various types of snow, i.e., fresh snow,

metamorphic-snow and artificially prepared snow as stated in the

previous section,
»

Thus basically all the specimens uked in the mechanica)

¥
T -

tests mentioned above were prepared from the artificial depositing

""""

of snow samp]es into the lucite test cylinder, shear boxes and

penetration boxes ) .

L]
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S . HICROSCOPIC STPOY ON DEFORVATION MECHARISHS OF SNOX

»  The.objects of this CHSEfEr-&Fiwtoi' ' ‘

» ’
. "

{a) observe internal grain structure of saowv,
» L4
. 5 s -

LN 2
! H v e, -

(b} examine-experiméntally an increase in contact area between ‘ .

- ' snow grains under confined compression, and
» 4
4

j .
,e
&
* Ld
- & - .
-~
.

o p :,__ (c) compare the test, results with the theoretical vafues

Co #presentied‘m Chapter IV. ., ' .
- - ) :'\ "

to . ‘ . v -~
‘ Vi1 Change n Internal-Structure of Snoa under DuCtile Confined

. Compression.>#, - t DR

. "’i’ ; x . v " .

" * Ve
< A ) =
* .
R .

&

13
LY

. s
“+ -

. Vi-1.1 introdus:tion

L4 4

-
.

- . * ¥ L .'
) The, Increase in_coptact area between soherical particles

,y

as a,function of grain size, contact angle and strain can be express- f

’ gd. mathematically by Eq. (z_;‘,’]o); R

- N N ~ = » - »
. . ] L]

L ‘ : ' 2. 2 r? 2 e,
o 08”7 1, ( ) (a -u-5 o 7
| . , .. 7

. beu 1form *through sﬁecxmen dlrrmg ductile confmed .

.
v e \

b
x

* s . -




“ - - J'- [ -}.
. croﬂone and” ’ﬂm’”sectlon techmque. Tf'a techmque bf prenarmg T,
& . ’ - , 2 l{’?“}
", thin sectiens has been‘descnbed i (:hanter:,..{-— ) e
-~ o - " P et "‘-ﬂ"‘ @ . s
P ‘{J‘_ < .,,.. R
R Figyre 6,1 ?ﬂ'o..s. the o/rgamzatlon ‘of errerirental study |
. i ﬁ‘, done in‘this Chapter. Tne study c?)ns"as_ts ‘of : - T
. . (1) sample preparanon for thin sectuon of snow S’now speci- -

26 .
' - Tl
- : . Y
- g isrthe radius of carcular conffict area
., . ~ .
! - r is the radius. of spherical grain: v

. is the contact angle as defined in Chapter IV.

,
& ’ Lo

The term "ductile compression” indicates that no apparent

- fraCture dr abrupt decrease 1n stress ‘in sngy takes place during the

’ i
. fomprgssion. The detai} 1S d1scussed n Crﬁanter Y11,  In this chao-

‘ters the 1rreversible 1acrease n‘:ontact area beti.een .sno.a grains

’ - ‘14-"'} s
under ducnie confined compression is exrermmentally studied. .
S [
s - In fq. (4,10), SN0 grains are assuned as spherical, )

hov.ever actual shape 40f sno. grain is not 1deal sohere " Ffor fresh

. sno:, whiche has origaral corplicated shape, the asswnption ts appa-

rently nvalid. In retawero}{tc grains the assum'ﬁtwmﬂ"av He rore ‘

rd

vaiid though the shape of «grains 15 not w'ba] {sde J‘~pnpnd1x 8}, e

» this Chanter therefove, increase in contact area bet..een arains for

-f“

L 9
o

© metarorphic snou under ductlle compresston 1s 0bsnrved by usmg m-

* o >

.speed of 0. 097m/,se<:. in the standard confined compresswn
F"’:""

gyhnder up to various strain, i.e., 6, 10, 17 aﬁa'zs .

' percent. « ' e

mens (curve F in Fig. 5 ,2) were compressed at a compressive.,, #

e
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(2) . snow bloc#s~xere cut off from the each co*nressed soecrren

U ,*" ras shown in F1g ,5:
- ] s . ) L

) then thé'migrascoprc-p

; . direetion of forge app

L

_sectionskbecause of th

v " angle’y*:

n )

-
(4) the reasurerents of

re -

- Q%EQFIQPnu&l (R e;

Pl

) resgect: to contact ang

. fm éxampfz of eyaluat1
'Flg. 6,3. There nag an extrere
some.grafhs because_of‘thggr cor
Iherefofé!ithe evaluation was ra

‘ ephetlcal,{s£}1ctiy speaking, €3

tro direng:bn}: Statistically g

15 'relatively sqgl]er than the t

hd L

[
- fhe bbth distribution curves wer

analysis (See Appendix D). This 1s because the thin section does not

often cross over the maxarum 413
“. " A similar s1tuation can be cited
evaluated by an approximate way,

near the gontact for the reason:

-
-

.Q

.T3)‘hthe blocks were subjected to rake*the thin_sections and

hotographs siere taken. lote that the
lied should be kriown 1n the thin

e need for evaluation of contact

-

. R and ~* were made On the miCrosco-
and tho theoretical (r)theo. »1th

le and 3™rain Fas rade,

«

oh for +*, 2 and -* is <ho.n 1n
difficui;y of evélyqtioﬁ“?BF“ﬁ~ef
plicated sﬁare (see Appendix D).

de on arains . hich ".ére reiétivelv
rcular because of thin gection in
rain s1ze obtained from than section

rue grain size as shoun in Fig. 5,4,

e obtained by using microscope

meter of grains as shown in Fig. 5,6.

for the e¥aluation of z*. R was
L 4
i.e., by taking smaller curvature

3
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. Vertical Thin
Section
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- THIN SECTION
“Fra. 5,3 Three Direnstonal and Tuo Ni~enstonal
. Grain Sizes, Contact ingle, ard Confact
. 4rea,
.": :
—— ' d .
r ~ radius of sphere N
. "7 R -~ equivalent radius of curvature of qrain .

a

Ry = sraller radius of grains in thin section

’ » - actual contact angle *
[: +* - contact angle in-thin Section :
i ¢ - actual radius.of contact area . "

) t* _ radlus of contact area in thin section
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m"&"., i . . ’ R - s ~ . ) .
’ :ﬁb . v , . ",
. “In Fia. 6,3(a), the condition can be cited: _ - - <
L3 s . ‘ -
- R - R' -
b _Q .
N KX
and * \QJ g - N
. ¥ ¢ Te
——— ' V4 L4 : . ¢ -
appareptly
- . - % - \ .
r - Ra Ra
Ho..ever . ' . \
» % .‘-* -
. g Ty .
b a
- ! . :
Therefore, we assure . )
o 7 r*
. .or TR T -
b R . “
® A I
. 1 ] ] . .
% was measured by using a protractor. .. -
3 . .
A crucial circumstance 1s that the experimental .* cannot be trans-
fered to three dimensien and varies freo zero to .. However, if
v 9p ‘dearees . :* 15 always 90 degrees .with respect to vertical
thin section. | o ~
; oo~
Since the awn of study in tha§ chapter rather lies in the
x n"
qualitative observation of increase in contact area With respect to
- A} 2
. s x
strain, a statistical comparison between the experimentdl- (g- ;ex ..
. Jo . . . .
» F

- . .
- . " s

\ LI | ) b .
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B n

< 2
and the .theoretical (%)

93 -

it *
kY

| .
theo is made and the tlend 1s discussed.

The statistical comparison basically ¢onsists of:

2
r
(a) eva}uatio? of (g'_)ex

&)

Rl

with respe?t to .* and =
. :

. 7
evaluation of (%)theo (Eq. 4,10) with respect to

¥ oand . (Fig. 6,6),

2
- . r . r*
{c} calculation of the relative ratio !(R )ex. | wuith
2
) . e,
. r’theo.
) respect to ,* and «, and
(d) olotting of gontact nurber versus the ratio
» 2 i .
(7). v
R "ex. . (Figq. 6;7).
2 - .
’ I
;o (%)theo. ‘ .
The results are discussed later in this section. | x
- te » . ’ ‘- i -
4 ;
N A
i\ hd - ¥
. *
e B
— o " -
h ]
. ) Dy e
) “‘ . =3
» . =" 4 s - .
. = ﬂ!’:ﬁ

\
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N The mechanical properties of, snoys used for thin sections.
are presented in Table 6.1.

n :wi

N ‘
- -_-.‘.h-‘
) L TABLE 6.1 t'echanical Properties of Snous
g b Used For Thin,éthions )
- - (Basic snow: uniformly graded : /
snow, i.e., cuyve F in Fig,
- . 5,2. Conpres;ive vélocity:
‘ 0.697 smifsec./ ¥ !
/
A Sp?cimen Inltlél density, Final density Strain, ¢ Final stress
A f:*' :O‘ Y J £ -
! {g/cm’) ,}(g/cmq) () (vg/cm )
1 0.43 0.47 (20 I 10 I
B Py
2 0.42 9.52 17.7 1.45
. iv3 9.43 - 0.57 25.3 2.50
") “ ‘
. e’ :
- ' . O '
- ¥YI-1.2 Result and Discussion ) )

r

T Figure 6,5 shows typical vertica} internal structure of snow
obtained from the‘thin section technique. Figure 6,5(a) indicates the
structure of comprigssed snow up to & axral strain while Fiqure 6,é£b)
shows the structure for 25% axial strain. The rajor differences
between theﬁ%.éwo Eigures are in pore size and contact area between
grains. It may bewrealized that the pore s%ge decreases with strain

b1 '
H ‘



Fig. 6,5 ' Thin Sectioned - Internal Structure of Compressed Snov under Confined Compression
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. S and the dontact area increases with strain.

Theoreticalily, from £qr (4}10), ( )theo ncreases with
.

axia} strainand decreases with contact angle . as shosn in Fid. 6,6.

BU R gguals to 90 deqree,
[ 4 .

( ) is always zero for any axial/strain.
‘theo. oo

/ This provides~ for the assumption-that no lateral contfraction of snow

occurs. Therefore, F1g. 6,6 can be valid only Or ﬂniaxial compres-

-

sion or laterally constraint condltxon The assuqétion used for

obtaining F1g. 6,6 is presepned 1;nFﬁg. 632." .

-

Flgure 6.7 $n0us iﬁe destripution of ratio (é:)ex

&

- -()

3

theo-

: B _

with respect to contact nurbers for {a) 10 axral strain (b) 17.7
axial strain and (c) 25.3° axial stratn, respectively. In the .

-
fiqure, in the range of zero to one for (g—) ratio, the

( )theo,

11

percent of contact nuvber for 16, 17.7 and 25.3" axial strain are 87,

. —~ ] .
81 and 74.5". respectively. As ventloneé earlier, the theoretical

(3 )theo P B
mental (ﬁ")ei also 1ncreases «1th the axial strain for a given

¥
~
=t}
o
s
o
B

Increases with the axid strain. This means that the experi-

an
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l‘;, . R . ) There may be mamly three réasons vihy the dlstrlbution .
shoun ™0 Fﬁg 6 7 spreads mainly between the re]%ﬁlve ratio of zero
’ A

» B r. - N . \ b T
tQ one. N ST '

.
- - .- L

l) sdmeJqf the contacts were initially ldle and thel the

L™ " -®
e’ - * - -
LTS * Y ~
h A
- P il . -
-~ a
v |

- e
N S R

" Thas
L]
consequentlv re3ults 1n no relattve strain betueen gralns.

-
.«

- 4 Some ofgfhe-contacts may be made under compress1oa but: the,

; : . ) trye reiat‘ve Strain uaii be smaller than tﬁat of the cor-
A . R

» 0 ;. reésponding facroscopi€ strain. »

\ . 5 . 1 L -~

’
stnggs applled did not-transmt throudh those grains.

.
€ = - »
-

) ey,
there was ar error in the measureient because of tio dimen-

s

4
. ) V. 2)

s 7 . ) .-
2V, sional fhin sectiony as rentioned previously. S
' i . - - ) iy i .‘l

) ka3 -
. = .4

3} ‘ther® ua%/g true v5riat10n 3%cause ofrvarted nature mn

] > .

,-
L3
.

>

. shape and size of sno. qrams‘in ccmfaar:son “ith t'nn:}é theore-
tlcal qggrcach. . ) ) : . - ~.a1f
) 2 ! e - . . q"“- & - -,

. .
r . - - . -

- " B . Figure 5,8 shous the frequency distributidn of the cowtact -

) » + P » L]

aﬁg%e, #*%. , in the sgow specﬁmens. As can be seen 1n the figure,

‘the frequansy dlstrlbuiion decreasesiuzth the value of ¢* 1nCreasing.

W v M

F

. S 'Thls.may be packrng characterlstlcs of snow (see Appendix-C). .

v . Yoo
1 . “ e S 4 The 1ncreasa.1n contact n,wﬁer per graxn under the confined

' e compressfon s shoun in F:g 6 9.

ey

The figure shows that the number of

- - - * 2
'

2 . contacts s]1ght1y.ancreases u}th the axial stran 1ncreas1nq°, It

5hould be noted that both the frequency distribution d? ¢* and the

> number of contacts were dlrectly obtained from the thxn’sect10ns and

(1'” .+ these valueS'caqnot.Qg;a?yual values 1n three dlmenaional
. ..

. r L]
B v
M " N - ]
-
- -]

considera%1on.
o ”»

-

[

P
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It is thereforc expected that -the actual numher of contacts is re]a $ "

tively greatqr than that shown in the figure. 0.
, . ¢ 4
The increase in yleld stress (flnal stress) with respect

to the a%ial strain (Table 6.1) under the ductile compression ¢an be
described }n terms of intrease 1n contact area (rsd.'s,]) and the 1n~
‘creasé in comtact number (Fig. 6,9). In fact, the rate Sf'increake«
in{yield stress is also influenced by the strain rate, because crys-

talline flow is dependent on the vnscosat; of crystal (Merring, 1950).

- Thus Athe ductile compression of snow can\be quatitatively

-

descr:bed as:

1

T (a) increase in contact area between grains as a function of .
grain”size, axial strain 7& ¢ontact angle, ”
r . *‘ -
(b) increase in contact number as a functiof of axial strain
» - * -

»

or density, and : B

-

(c) .viscous béhaviour as a function of temperature.
L a *

should be noted that if snow is 1n1tiilly of strongly sintered

—

nature the sntuatton may be partially or totally changed.

-

From the mechan1cal.p01nt of view, the constitutive equa- -

-
¥

tion for ductile confined compression may be in form of:

Re ] f(s n,q’,rlgﬁ)'

- » LY
Khere .0 is the stress, which is a function of contact
- - area, S,
y, n, is contact number

»
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L4

- . 102 . -
v 7 g \ 2
‘ - t s!o' | . ”~
. - - ' v -
- »
o - 9
‘e - ~ . b
- ! q
L b r o - > = !
N . n, 15 the coefficient of viscosity of ice
oo : 4 7 r '
“ i} v» s contact angle |
. - ) !
1 ] ~ is strain rate. -
.- : o
5 £ G . . ~ ‘
ﬁanf researchers have regardeg,denSItJ a5 a functiom of e
L . —
. . ‘ Y,
ductnle Co. ﬁre c1ve stress fron the macroscopic point of view,

L4

Honever, |&;$hould be noted that the increase in contact area between )

- had
grains should be faven into pcecount,  This 1s discussed 1n Chapter ///

VII. The fatt, that increase in contact area occur under ductile

-
. -

}oﬂfined compression, is extrerefy irpor}ant for the developrent of

the adhesnon theory-whlch may!be the rost basic concept in snow

rechanics. As descrzbed earlier, one of the objects of the research

s ¥

is:to develop and confirm the adhesion theory.

Therefore, for next -

.step, it is pecessary to examine that the adhesiqp force with in-

cregse in.éﬁntact-area will increase.  This is examined through the
)

* wechanical tests,prescnted in Chapter VII and the details are sum-

marized and dlscussed in Chapter VIII. ’ .-

o~

In next section, a change in internal structure of snow

. . M
)

under brittle.cqnfinqd compression is discussed from the experimental

-

results,

-
- ’”

=

. -
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H
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VI-% Change i Internal Structure of 5ro. under Grittle Confined

L PWsion . -

g

. »
¥1-2.1 Introduction

- As presented 1n.fig. 2,2, loose $r o aoss1b1; fAiis b

picrd-failure. S1milarly loose snos f811s 1n ¢ylinde t i
high deforration rate 1s applied ¢n sno.. .This behaviour of sno. 1S
defined as brittlé tensviour of sno.. The evrerirental results 1n

relaticn to brittle behayviour 1n confired comnression are presented .

in Chapter VI1-2 and the detatrl 15 discussed n aw'lsgf:hapter YUY -
It 15 of wgortance to eraline éqvgfcaI asrects of nrittle

beHaviour of <no.. for co-parisor .itn the duét1Te trhaviour sho n 10

the nrevzous sectlon, fron the ricrosconic soint of vie., br:zfle
L ¥

=

coT nressxve te v10ur of snow 15 eramined in this section. The ex-

o

perirental nrccedure 15 basically simtlar 1o the one descrired an

the prevnous sectzon, i.e., YI-1.

- 7 Sno. speciren (1nitially granular snoa) nas cororegsed n
‘ , R - &V’
the standard lucite test cylinder at a velocity of 0.98 m=/sec.

R

This velocity-provides for the brittle behaviour of the sno.. ote
- Y

that the effect of compressive velocitvy 15 one of the mast weortant

‘factors governing. sno.. behaviour. This 15 discussed in Chapter YII.

The deformation rate used in this section 15 ten tires .higher than
that used 1n the ductile covpression presented in Section Vi-1,
in the cylinder, the brittie behaviour changed into the

ductile at axial strain of 13 percent. Khen the axial strain reached

to 22 percent, the speciren was pushed out by a piston made of .
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paraffin wal and was useq*to rake thin sections. The thap section

technique has been described in Chapter V-2.

1
e -~ .,

- -t ~
s ¥1-2.2 PResult and Discussion

The 1ntegnal structure of snow, ahich has.been suhj%cted

= >to brittle confired covpression, is shomn in Fig. 6,10.~ In the
figure, ﬂang,hreaiages of grains ‘and cracks within grains are seen.

It .15 described in Chapter 111 that {ce is viscous %atérial'
viscous raterials under‘ext,rerely rapid loadind behave like rigid rate-
rial, This 1dea has well begn established in the rteology (ref. Reiner,
1960). Thas reans that the rore rapid the deformation applied on Snéﬁ,
the rore rlq:diy~fhe grains behave. If snow grain behaves like
rigid, the deformation of grain can be neglected. Therefore, the

,deférmatlon applied Fust be dissipated i1nto either grain breakage or
intergranular s]ippage to the exclusion of significant crystalline-#lon
fouﬁd‘ﬁn the duc&{ne confined compression presentéd wn Chapter VI-1.

-

Thus, the brittle mechanism of snow is distinguished from
" the ductile. Since both mechanisgs ray accompany wWith density chan;és
uﬁder compression, the effects of éhange in density should aléo be
descrabed in terms of brittle or ductile,
In susmarizing, it rmay be concluded that snow response
éharacterlstics under compression can be divided into mainly two
machanisms, i.e., Sa) ductjle and (b} brittle. Howevér, general

P ’
deforratyon rechanisms of snow m ) be dependent gp,gradn ¢haracter-,
istics, 1nitial density, bonding Strength, temperature, etc. Sone{
of these factors are examined by ferforming the mechanical tests

and discussed in Chapter VII.

»
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, CHAPTER V11

RESULTS AND DISCUSSIOY Of “ECHANICAL PROPERTIES
A%D BEHAVIOUR OF SHOW -

VIi-1 VUnconfined Compression Performance

>

VII-1.1 Stress-Strain Pelationship

r

Nearly 200 cylinderical sno. specirens, of knogn ¢charac-
) l

teristics, were compressed under unconfined condtfion a€\varlous com-

-

pressive velogities, r.e., 0,037, 0.176, 0.227, 92.598 and Q.985 rmfsec.

.- From the experimental results, the relationship hetueen:

r

&

stress and strain of sno. under ungonfined comovession 1s divided into

manj types in terms o? deforration rate and sno. type k
[
Figure 7,1 shous typical stress-strain curves ln\relation

<

to the compressive velocities., The curve as showun in Fig. 7)i{a)

can be oﬁtalned*for relatively higher compressive vélocrtz uhlﬁe the

curve (Fig. 7,1(b)) can be obtained for louer velocity, * X
Figure 7 l(a) deronstrates that the stress increases a&wost

;roportionally with the axlal strain and abruptly decreases ﬂown€;o

Zero when the stress reaches to a certain point. The aoparent feature

» &
th1s behaviour of snow 1s defined as the "brittle behaviour" of snow.

khile, fiq. 7,1(b) demonstrates that the stress increases with the
e )

initially high gradient and then slowly. This behaviour 15 defined

of this typical curve s simlag to other brittle materials. Tqbreforé,
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S "the ductile behaviour” of snou, which 15 opposed to brittle be-

%

-

o

haviour. It is,noted that a little difference betueen sno. and other .
ductilesmaterials lies in the yield stress in relation to the ax:af:T—J y
strain. For’exgmpie, the stress in ductile hehaviour of sno. in-

creases continu@bsly with the increasing axial strain uhile the yreld

stress of other ductile materials generally starts to decrease hen

the progressive shear failure occurs. As examined 1n Chapter-YI, the -

5

ductile behaviodr of sno. uill increase the contact area betueen snou

grains. Since the idea {s that the increase in contact area redults

from the viscous- flo. of crvstals, 1t can he sa1d that the ductile

behaviour of snou is rather viscous. This suqgests that the concent
8 . *
of failure is not applicable for ductile hehaviour of sngi.v

- . The ungonfined compressive strenqath, o s defirpd as

the raximum stress in the brittle type of Stress-strain curye as

s .
sho.n in Fig. 7,1(a). Wneh the stress reaches the ultirate strength,
the stress decreases abruptly as rentioned earlier, Thig abrupt drop,

of stress 15 identified as the "failure" or "fracture’ of snou., e

.

. increases with bonding 25 sho.n in the figure, This 1s gvscusséd

. L

in tbe dext section.

e S [ - PR
T R R i .
As mentioned n Chanter Y1, the failure of snos (1.e., brit-

- -

’tle behaviour of sno.} ray be described in terms of intergranular .
slippage or/and qrain breakage.
For the ductile behaviour of snoa, the “vield point", o,

'ray be defined as the stress i here the c¢lear change in slope of stress-

strain curve occurs as shown in Fig. 7,1(b). The vield roint 15 very

N
.
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.
. »

. dependent on the bonding of $no.a. This 1s discussed later 1n this

s
s&ttion.
& Fd a .

[t was rentioned in Chaptef I1 that the bonding of $nou 1s

dependent on tire and terperature (s1nter1;g process). The longer

the sintering tire, the sironger thé~§nn; sonding. ) .
The bondirg effect on stress-gtrﬁxh relationship of snow 1s

sho.n 18 Fig. 7,2. OCecause of the pffecé of comnressiye v;iocitv as

fointed out earlier, the stress-strain relationship in relation to the

1]

bording 1% also di‘.}ided into brittle and dﬂctﬂe tyres.
In F13. 7,2(a), Curve \ indicates tre stress-strain relation-

ship of strongly bonded sno.. Curve § ndicates 2 tyoical sau-eﬁﬁfﬁga‘—'

*d
ok

»

T type stress-strain relatwonst}n of roderately tonded sno., and Curve C.-

1n31cates a tyrical chattering effect of roorly tonded snoi. The

) types of farlure rode concerning with the Curves A, B and C are dis- Tt
o
cussed 1n the next section. #As —entioned earlter, the yrconfired 5
L 4 - - . .

celoressive strength, =, 13 defined as the mavicu~ stress s shoan

i e . “

in the fiqure. -

-

In F1q. 7,2(b), Curves-A, 8 and [ indrcate the ductile
stre%s-stratn relationship of strongly bondeqrsno;, roderately bonded

. -“ ";,’ u"“
sno. and poorsy bomded snow resgectively. The figure de~onstrates

increases with the in-

that the yreld point, o, defined earlier

-

%

creasing bonding. .

. At rediun compressive velocity./the corhined behaviour of "

“ prittle and ductile for snow is obtained as shoun 1n Fig. 7,3. This

behaviour is defined as the seni-brittie or seim-ductile behaviour of

sno4. The apparent feature of sern-brittle behaviour of snov is that .

. LY
-~ f
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a Tew_or several abrupt stress drops octur during e unconfined*com= -+
pression but finally the behaviour becomes ductile. Thus, the stress-

strain relationship of smow is divided mawnly into tuo types, i.e.,

brittle and ductile, and additionally semi-brittle or semi-ductile’ ' o ’\Z
- . * * 'r
with respect to the deformation rate and snouv type. This 31s further 1
discussed later in this chapter. ’ T .
5 & . . hd * - Al . ‘k.I~ . - ,:-ﬁ‘ .‘
) L - )
Vi1-1.2 Apparent Faijure “ode for Snow in Brittle Unconfmgd . e
Compression Performance n . . .
= - ~F E

~ -

.. . Apparent failure mode is obtained in brafitle unconfined

a - » ~

compression. Typical tydes of failure performances corresponding with ~°

\ Fig. 7,2(6}) are itlustrated in Fiq‘. 7.4 as folleaings: =~ -

. Type 1: Complete and distinct fracture with an otservable
= - farlure surface concentrated near the end nlatens.

This 15 like the brittle derfomrance hnoun bv other

L — materials. =

Multiple plane fracture surfaces as observed in
confined compression tests. The results ‘of con-

fined compréssion tests are presented in Chapter
- . N -
Vo ‘ vil-2. ' _ s

Type 3: Local crushing and distocation of snow' particles

and aggreg?te groubs at the end platens. S ..

-
- =

- typical of striormly bonded snou

( . (i.e,, for longer time in sintering). fThis type is similar to thoses

e e - -

§ wi,fe .ﬁ]’,‘n failure observed in Tfpe 1 13

. E¥3 . 4 .
e ] h \,. - [ o * \
.

v




i\
~ ' .
-
. a
- * - € 4 -
- [ ~ oL
L3 -
*
. L ] "y .
.
K
< PR
.l’ .
. . N\

-,
f.r -_— W +
N N . Y LY
. e, L4
p ¥
o . - h
pon = .
N
. . N

Then 8

e
Test
e

™

Typical Failure Modes for Sho

-

LRRNCN

P Iy .
P
*
2 . .
b ..
—p @)
& T
" E
’ (=]
c a
A1)
* o
—
N=, .
oz’
j=]
O
=
[ =
—
» -ﬂ%

19. 7,4
¢



-

. ’ faces as shoun 1n Tyoe %, The\ ress-strain relationshin skofs abrupt
stress release when a nline fr, cture occurs, Stress hutld-ug occurs
again as the test specimen rfgains riqidity and 1t 15 aprardntly due
to “the collapse of pofes'g ?nztzalﬂfaujure su;fadé which ?%es not
' . ?ermigxfutﬁhe; failure d elop%ent along that particular gunture sur-
. ’ faée. In othe; words, [nwemogencous density chaﬁgf prodyced by plane
faalt;;?vmv result in the hiqh Sunnﬂrtahtlzt;VOn the fazaurp olane
. against further fai fire.- ﬁnother fairlure occurs on a plane hich 1

der new.stréss develorment. Lhen nother rupture S

(Fra. 7,2(a)),

the | eakest nprt

LY

. ’ ' . »
surface is generfted, an abrupt stress release occur

loose sfow occurs at the loadina surface (platlen). This nhonbmenon, .

will

-~
-—

o pgpr bondlng Thus, contlnued local crushing . af’? occur 1n the face

f. advanCInq loading surface. The stres -strain pattern (qu. 7 Z(a) Yoo

¢

LK
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LT SNowW i5 deflned as the maximim stress,on]y in br‘lttle stress -strain *
curve.  The result of uncon 1néd compressmn tos?g on tha art1f1c1al .
.7 ['
- !
%,
from the br:ttle type /stress-strain curves. The figure !nd:cates three o
& . ‘ [\ f
~ uiiconfingd compressmn performance on snow is divided into
main tw types, i.e.. brittle and ductlle, o
L4 A S ’ .
- (b} unconfined Qompressjve strength of snow §s 1nfluenced by the
. : co}?mp essive velocny, and ) \
' )
* L
f . . .
(¢} un onfirfed compressive strength of snow increases with the

—

are indjcted in the flqure. As desc}-lb_ed earlier, br]ttle curves are

*
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between the ductile and brittle zones may be defined as “critical de-
f .

formathé;rate“ aor “critical velocity” as proposed by Yosida (1963).

Mot that, at or near the critical deformation rate, sem-brittle

-

stresé-stga:n curves were obtalneJ. The cratacal défprwatlon rate
seems to be a function-of,uncon;}ned compressive strength (e, snow
type #ith respect to sintering time). The figure sﬁows that the cri-
tical déformatlon rate decreases wWith increasing unconfined compresa
sive strené}h. Yosidd (1963) described that critical deformation ratd;
increases with increasing temperaturé: By COmpar;son, the metal E?EE{
sition is a'function of defo;mation rate, temperature and grain size
(Pasmore, I?GS-andgAxmstrong. 1969). Thus, the transition between ‘
ductile iﬁd brlttle behaviour of materials may be dependent on many

a:;;;gt it is dedﬂcqf_that the problem of transition for snow is

ependeﬁt on the 1nterna§¢;nd external conditions, such as grain size,
b?nding, temperature and lateral constraint The ef%ect of .lataral
cﬁnstra;ni for the transition problem of snow is discussed in Chapter
vIii-2. , o

jFigure 7.5 shows that the unconfined compressive strength “

-increases with bonding (i.e., sintering time) and decreases wiﬁé}‘
increasing compressive velocity. Since the, density changes of

snow specimens were not obtained during the siﬁtéring process of

6 days for initially granular condlt1on, the 1Acrease in unconfined
compressive Ltrength with respect to sintering time as shown in the
figure 15 almost entire}y'due to the bond deve]opment. Note that the

density of each specimen was almost constant during siqﬁsring because
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the speciren was kept rore or less in a closed systein in vies of mass” -

] ,
transfer,aand basic snow sample used was not fresh snow

The trend that unconfined c0ﬁpre931vo sbwiﬁ?th decreases o

- % N

with lncrqaslng deformation rate as mentioned eariieﬁqkrag' 7,5) 1s

unconmon fo ather materials. This cffect _of deforngtlon rate may be

very compllcated in terms of deformatIOn and farlure mechanisms,

However, it is considered that time untll fallure under load may ef-
fect the unconftned compressive strength. This is d:scussed with other
test results in Chapter ¥1I-3 and Chapteriifll 1. y

In summarizing, it may be concluded that uncoufrned compres-

Y

~

-

T 50 nerformance of snow is strond functioh of deformatton rate and
bondrng strength (sintering time). Therefore, these factors must be
taken into account for the unconfined compressive strength of snow.
In the next section, a relationship between unconfined compressive
strenqth and failure strain of snow is $iscosied. D

-
e
3

VII-1.4 Relationshib between Unconfined Compressive Strength
and Failure Strain at a Given Brittle Compressive

.o Velocity

L)
.

&
Fiqure 7,6 shows a relatlonshlp between unconftned gompres-

sive strength, and the strain at failure, €6 for a com-

% >
pressive velocity’ of 0.98 pm/sec, which prov:des for the brittle be-
haviour of snow at temperature of -13 C as shown in Fig. 7,5. .,

The stress is measured through the proving ring and defor-
mation transducer as described in Chapter Y. The tota]_deformation

(i.e., compressive velocity X time) consists of the deformation of

L4 * |
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.
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»

R
¢

¥

[

]



kg/cm2

Uncofined compressive strength

——
I L O
1.4 =
4 /
;
/ }
J B
]02 r . /’ »
A
. °/ =
i | CORRECTED o/t ¢
., * Y //
L0 i
/ r
i 7
- o B4
| ] ”
08 ] / 4
. /' n
7
) /
//*. :
i » A _,g'_
+6 ’ : = 7 ; -
o
A 7 Fa 4
A /
[ A / ‘ L \
- /
- ./
|
/ -
1e
o _ ® — ¥,50.42 g[t:m3
/ 3
// A — J,330.47 gfem
.2 &
’ e 70 — To=] 0.48 glem3
‘/// -7 ma -~ T, nqt specitied
P
// -
o~ 0.4 0.-8 1.2 1.6 20 - 2.4
Strain at failure %

4
\

.
- Fig. 7,6 Relationships bet.een

Unconfined Comnressive Strenath

*and Failure Strain for Variously Age Hardened Sno. at a

Compflessive Velocity of 0,98.mm/sec

/h

- -~ ~

73



™~

.. 120

L]

T -

both the proving ring and snow specimen. The deformation of snow

-

specinen alone, therefore, rust be corrected by subtractinb the de- -
formation of proving ring fyrom the total deformation recorded. ’
Therefore, the corrected lipe fndicated in Fig. 7,6 indicates the
actual wnconfined compressive gtfength-fai]ure strain relationshap.

In éig. 7,6, the higher ;trenyth for a given density means
the longer age in sintéring proce;s as mentioned earlier. The result
shows that the fai];re strain ranges frDm near zero for podr]y bonded
Snow Lo approximately L .0 percent for 500w with unconfined compressive
strength of 1.4 ¥a/cn’.

There are two important features in fig. 7,6. Firstly, the
relationship between unconfined co%pressive strength and farlure strain
seems to be independent of thetﬁeﬁﬁjty. Secondly, the unconfined com-
pressive strength of snow increases with the increasing failure strain.

Figure 7,7 shows the compressive modulus, fg » as a funftion of
- - cf

_unconfined cdﬁpFessive strength. The resu]t shows that the co?pres-

Sive modulus of poorly bonded snow is approxlmately 80 kg/cm and it
1ncreases with the increasing unconfined compressive strength. Note
that the unconfined compressive stf%ﬁgth of snow is a strohg function
of bonging. . '

It may be tonclud;d that unconfined coﬁpressive strength of
snow i{s greatly dependent upon the bonding of snow but not upon the
density. The effect of bonding is much more obvious than that of den-
Qi:iain the unconfined compression performance. Nevertheless, many

researchers have obtained the fact that unconfined compressive strength
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0( in=-s5i1f%d snOa'1§ a guite fuﬁC}?Oﬂ of density, It -as bte consadersd

that there 1s.sor§ correlation bet.een bondirq ard densyt, for the

in-situ snow. "

-

The ari1al stratn at tme failure 1n urconfired go-oressive
M = - v .

test 15 very srall in co-ftariscs 1o otner astehisd -aterials, for
era~ple, tne amaf stratn at failure 1n ordsrar, 2srd often evgesds
R

-
3 revcent {Taslor, 1938) 1n tre triarval test, Treo espart-ental resu
~» ’ .
ste o in Fra. 7,6 sho.n that, for al-ost ararulse corXitron, tre farl-
- .
ure stratn ~3n e reglecgted. Thss —2and tagt fre failure of ser,
»
goorly torded sapm occurs 1TEed12%eT, wren trz loa? 17 annitet a3

rentiored earlier, . .

t

Tre fatlure stratn of 570, 1rcrq§ses' Y arcreagrrg hording

- - ’

strepgth as ~antioged garlier, Tre farlure of tanded sro ~lCurs
.- .

abruptl, ..ver tne stress reaches 1o tre LIti-2ate strergta o menticried

-
o ~ ]
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VII-2 Confined Compression Perforrance -
¥i1-2.1 Confined Compression under a Single Fired Load

—

Yhe.use of single loading confined compression tests on
ind1vydual d;pl1cate'snow specimens provides a basis for studying the
effects of rapid compression of snow. For the snow used in this te;t
ser1es, bonding between snow grains was established through age-harden-
g of the test specarens for 1, 3, and 234 hours. The c¢ylindrical
test specicens of snow mere 5 ¢m an diameter arnd 4.6 ¢m an neight as
rentioned prevadgsly. The tests were performed |; the drained condi-
t1on mhich was accomplished by providing a large nu=ber of holes on
the upper loading cap as illustrated jn Fig. 7,8 (to allow for escape
of awr). This technique ié noL uncormmon in testing of snow. To
ensure uniformity in the spow samples for testing, eicht specimens
mere prepared at the same time. These were then subjected to confined
compression tests, each with its own individual single load ranqing
from 0.1 to 1.08 kg/cmé. For a ¥nown initial speciren density, a
change in density was computed from the axjal beformation measured

immédiately after load application. With this procedura, no creep

deformation was included in the computation. This was confirmed by a

continuous ronitoring of the load-deformation phenomenon for the indi-
vidual samples. Extrapolation of the standard creep curves obtained
confirms the viability of fnstantaneous deformation measurements as

rapid compression deforTation (Fig. 7,9).
. [ ‘w

. . . - ‘

/ ‘ . .
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+ Fig. 7,8 Densjty Change of Variously Age Hardened Srows) for 1 hour, 3 hours and 24 hours},
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t i The relationship bet een'1bad and\resultant density obta:ned 1”//
aftor rapid dead load c0ﬂ0r95310n for the various snows tested 13

o ']
F - 3

sho.n 10 F1g. 7,8, It :g noted that each data coint $houn represents

. an andividual test. The apparent yield strength in the rapid dead

P 10oad confined conpression test for metarorphic snou that had teen age-
F 3

Pl [ -
hardened for one hour 1s seen to be 0.1 fg/em". This 18 renresented

by the 1nitial break point in the curve. The apnarent yield strenath

>

15 seen to increase to about 0.45 ka/¢m for a three hour age-hardened

SNo4, as $90.n by the abrupt break in the curves given in Fra. 7,8.

. - . T
. wnilst.the apparent yield strength increases uith time afyer depo-
sition, at shou} be noted that age 1tself 15 not totallv responsihle
! l

for the apoarent yze]d strength. This s becausa age-hardonang of

sno.: 15 derendent, on characteristics of initial sno: grains {size, .

per unit ragzconsidered), and bond lntensaiy develonwont as a func-

" tion of tire and tenperature . - ’ .
ks can be seen in-fr0. 7,8, application of any load larger

than apparent yield strength .iill produce 3 considerable increase in

e o
density. Experarental obseryvations shod that this increase in density
. occurs glmost 1nstantaneousij'hhen Toad 1s applied. As shoun in this -
' - \

o~ E » .

fiqure for applied loads greater than the apparent yield strength, the

resultant density tends to an asymptotic vé]ue #hich can be deflned Tf\\\\\;~;__\
’as the "cr1t1cal denstty of snow. This,crat1ca1 densaty is seen to

be a functlon of age-hardening of snow and initial ,sno. charactenis-

tics. Beartng um mind that each data point represents a sinale sample

v -

C |
‘-\‘ - L] :
o ' | v
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test, 1t s observed thatlreproduc1b1juty of test constraints and

soecmmen control was obtilned - as testlfled Bv the continutty of the v
- g »

resultant test curve. The 510n1fﬁcante‘ﬁf’fﬁzﬂz;:zqfal den51t; ot~ R

1\_-

pressipility of the sno. in re]&t:on to the wnitial density. It as .

neted that the>phenomenon of lrrecovééhble compr9551on under dead

- PR
v - R

=»
load 1s in essence-a kind of local fa?lu:e_uhlch eccurs as a result

of collapse of DOFQS;in the sno ..
. - ‘
then the sno. /as age-hardened for 24 hours 1t did pot fail -~
~ L) i,

-
-

under the level of dead load up to 1.2 kg/cm: because of the high bond-
" - . ”

ing effect. This 1s’obvious from the results obgained IA the uncon-
tﬁna&‘tomp:e551on tests mentionéd prev:oqgly

’ ‘4 . )

The critical density of the varrou5 ST10w tvnes'usang the

LY

9ame'procedure for evaluation as descrided earller in fzq 7 f&/; nr'e-

sented in Table 7.1. Al) “the test samnles sho.n in this Table uere .

\ ﬂ [y -
. estabilshed as initxa\1v pooriv bonded SHOL. o
B} -; L]
| rl .h-
»
. -»
. . - ~i
s . . =
PERCEN '\,‘l M . .
S ? ) X
v v 7 ) » ‘s
'\ L] -
g ) P . .
- - Y
I.-. . - u i .
. , - ,___.__{! -
;-. - ‘ .'
% . . .
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’ densn_y values cAnMe .ndeiy found in na-&urq] SN0 COMers. For eﬁ.am- .

-

y of SRO; found \thn gurface to 7 m dept't of ther

w;r——*"—--

T Jt 2
oL . the denm#y wﬂ'ue s about 0.6 g/cm (’iai-ava and r(mrm..a, 1961) ;/h
)// e i ‘ : ’ .
iarm reqwns, it is noted that lou dmsmty zones are ;:eoa- = ';\
41 R
rated by a fe. ice layers which form 8s a resu},t of cycles of relting - .
» : , - " . . “; . } ;“i:r'.
‘9&-“"
From a mechanistic-point of vieqs 1t can be noted that e . |
’ |
T hr dens‘zty changes ocwr.rmg under 1arae l.oad tacrements are dde to

bonds.- This f”echamsm can be 1dent:f1ed as mtergranular slifpdge and * .

DR Y- F

1S “Wé “the sudden collapse of a ioose granular rass under

sudden loading. It 15 expected that sore local shearing

grains i1l also occur during the €OMPression. srocess.

-

fhis tota

pro-"

cess .‘lhich 15, denoted as t’le COMpressive microfractur

.

formatn!)n 15 excluded, o increase in d°ns'if1 atlon

2
N . » C‘ N / ve
cal density can be achieved in rapid single load confingd compfession ..
] tests. R
"
\‘ho,f * % /n
5 ‘& . .2 */ -
Ve ‘ N . .
‘L ' &‘g . .
- : . ;
- <9 “)l‘t: - ;v * .
-.t-‘ : " . ‘JJ
3 v . .
« - } . i .
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vil-2.2 Microfracture and (reep.Deformation of Snou in Confined

Fl

= e
pf{ - ‘
- -
= !

The results for tuo senarate load intensitres (9.227 and ™

COmgression S .

w A

0.347 kg/cmz) for confined compression tests on natural redium coarse
grained snow (with specified constant dead loads) are shn.n in fia.

7‘9 hs noted in the "Figuré, 'ath an 1mitial speciren density of

0 39 g/cm » the Imnedlatp c0nprnss:0n volune ghange obratnod from a

dead 4oad itensity of 0.341 Lg/cm was 9.34 percent, whilst the cor-

responding irvediate cororessive volure chanqp for the 0,227 $QICN
. .

dead ioad InthSttl #aS 22 pencent. -
=, O
In Fiq. 7 3 the v lume changé creen portions of the Curyes

~

for tio lnads have heen plottod fron a ¢oron zero point - after cors,
recting for the i1mediate gomnressaon arg shoun. It 15 noted that the
apparent arount of creep defovmation Eor tne lo.er ?oa? ntensity
(0.227 kg/cﬁ:)-is in actua] fact higher than the test spect en with

the higher 1oad. If onme accounts for the faCt that: .

-
4 - »
T e - » -

< {(a) the assdciated wmrediate compressions {(microfractural

.. deformation) produced a loser resuitant density for the Jower

»
LA

“load, and“ higher resultant dénsity foé‘the higher load,
{unless load is sufficient to densify up to the critical

%efflty’ as shown in fiq.;7,8) and 74 #
/

- n

» . |
(b} the total coipressive strain, i.e., irnedirate and creeo

strains, is hldher with higher load at any time,



(%)

AV/y,

VMumJ

Change

'y

0y ’
108 .34 % 1] oW 0.39 g/cm’ )
4.6.22% 1Yo =0.39 gfemd ) o
51 '
0% — ——
0.5 \ . : .
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-

F}g. 7,9 Volume Chénqe of Granular Snow in Confined Loahlnq Tests
. . Using j?nstant Load

T P

.Line through circles. are fron a loadﬁﬁg'of 0.341 kg/cm?
Triangular points arelfrog_g‘}ﬁﬁaing of 0.227 Kg/cm2

- . - 5 e
. - 25‘ - .
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the results in the Figure indicate that beyond about five minutes, the

‘e -

rate of creep deformation for the two curves are similar. This pheno-

fee

menon appears valid ;0 long as the loads applied are not sufficient to’
cause resultant density changes attaiming critical density. Thus:iulth
.the Preced:hgllnformatlons, snow behaviour under a dead load can be

e described in terms ;f inmediate compressive microfracture and creep in
the confined state. For conditions where 1nitial densities are higher

- or equal to the critical dens1fy,'i€ follows that fhe loaded deforration

process 1s describable in terms of creep for the single loading test.

Figure 7,10.showd a typical incremental loading and uﬁ]oadinq *

4

| .

curve sequeace for a dead IoagEFonflned compression test on a natural
o .

médium coarse- gralned SNOW similar to that used for pregentation in -

- §r 2% AN -"1‘
¢§;g.‘7,9, with an Inltla] defﬁlEV of 0.39 g/cm . A total of seven sepa-

- "-!\ — -

. rate ioad increments weré used to arrive-at a flnal load intensity

-

*+ of 0. S'kglcm’. The seven load lncrements ng{a applied over a period
" of two and a half minutes. /The~four points below the first volume -

L5

¢hange point under a Ioégfzntens1ty of 0.5 kg/cm indicate cont1nueq

deformation (vo]umetrlc,&reep) obtained at one-minute intervals after
/ . .
final load increment to 0.5 kg/cm®. The unload sequence in Fig. 7, 18

shows approx1mate]y,12 5 percent of total volumetric strain recovered.
% "“

Considering a conflned creep situation with constant cross- section

-

area, the volum?tric strain is indicated by the vertical (axia])‘strain.
/ -
During the 537En_load increments, the vol&me change (axial strain)

.consisted of 1mmediate compression and creep deformation undér each

-ty
"
A »

. load increfent. ’ . . . e
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Fig. 7,10 Volume Change Relationships ftSnow in Confined Compression Tests
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Open triangle and Open.circle indicate single loading
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5

s, . g~If one superposes the volumefchange results from the single

- Fl

instantaneous or rapid dead load tesy/ss shoun in Fia. 7,10, the re-

sults sho. that ‘the volu.g changes fron the sangle loading confined

/
Pau §
wise load tncre~ents for the corfesgonding leads. The voluse change &
) o
4) tafem’ 15 9,34 percent ile that

compression tests are c0nsmderah2/ higher than those obtained in step-

under a sznglevqﬁhd load of 0.

/ » e
. of five incre~¢gntal loads to/a’ load intensity of 0,24 ig/cr 15 only

.

three percent. Simlar ¢e~parysons can be rade for the 0.227 ;q/c%“
-ent. , C

L0, The descndercy rn stress-rath 15

3 .

loadirg as shi.n 1n Fig.s

indecd obvious. :

*

Tne various, Aeforration tyres of sno. in dead Toad confired
f

. CoO~bression 1s scne/£t1cally Shosn i F;g. 7,11, Tre firqure sho.s

—

that, 1 geroral gg%e {béndfd ST0.), there are basically Lo ters of
- * < ’i,» ' >4 ] a

deforratuwu:gchanws-s for sno.. f.e.. farlure and ro-farlure ger-

:f‘orr“ance's.-{ﬁ tias rentiored previously wnether or rot snc. f'aﬂ;a'rs”
depengaqt on rainly the dtrength characteristics of snow and TOﬁﬂ -
tensity. If 1n1tral density (. ) of sno: 15 lo.er than tre critical
density (‘c }o smo. fatis under the sufficrent dead load. Poue-er

. if wnitial density (,!) 15 greater tham the critical density (. )

« 7 snow watl not fail., 1o the past, rost ofnstudy on creapbehavicur of
snow has been concerned in thew case of no-faylure terfom.gﬁcg,
Honever, as shown 1n the ftg&re, the 1 any C€ases in relatlén to <n0;
type 1ncluding the 1nmitial and crlt;;alndensities and load intensity
should be taken into account in the considerdtion of confined corpres-

cive behaviour of $nos under dead load. |
- : - |
. a ’

- L] .

L}

i I

('!
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Fig 7,11 Vvarious Ceforration Types for $noa 1n Dead Load Confined Compression

¥

*

9. 15 the confined compressive strength



To orovide for a more detar®ed esamnatron of compression
"perforrance, In vie. of the volu~etri¢ strawn {as1al stramn) influences
on ceneration of succeeding sno. properties, 1t 15 recessary to evamine
controlled stirain character1st1c§ n confired cempression,  This pro-
v1deﬁ'not:§nly further ?ns{qhtiinto SN0, behav16ur: but also begins to
sirulate the transient load condrtiyons cn RO . as for eva~zle, 1n
tract =sno. or Lheel=sno. interaction,

I1-2.3 Sne. Boiavicur uncer Praaressi.e L con€ined :

—— - —a P

ad
r\

(
Ceopression Tost vth Ppatrolled Cafor 3t.cn 23te)

In tn1s test sertes, the sregiren S1Ze used L35 £ ¢~ dra-

~eter amj;‘.fs. 7 or 13 ¢ migh,  Tests conducted 0n hotn srtificial

- -~

and natural <roLs shoet Tittde differeccs 14 oerfpb*ancé. ﬁ*fferene%s

obseryed tn CCoression resronse rerfor—ance .as ~ore a result of-diés

Jferences n arain size distratutyon and not tyre of snod (ratural

granalar or artificral grarular). Tne stressestrain rerfor~ance of a

- ’
test speciTen can be evaluated .n terss Of Stress-densat, t. converting

the defor-ations obtayred 1n ter=s of resultant sprecr—=n densiyy sInce

the cross-sectional ared rerains constant., The typical curves oh-

tained frg~ the controlled q;fgfvation rate tests are she.n tn.fig.
7,12, Curve A indicates the typical deformation behaviour obtatned
under a controlled lov deforration rate comnression test on 1mtially
set=bonded 100se 5N0a, while Curve B shows a typical résult ohtatned
fro- hxgh ;o—nresglon rates. It 1s noted that the aoplxlation of a

controlled high deforration rate produces microfracthre in the

rd

—
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~

int1ally loose sno. state. Ths 1s evadent v Curve B .here an abrupt

.stress refease (35 de-onstrated by the sharp 4rop ir stress)-is ohb-

tatned ~hen microfracture occurs. Continged lgadino (straining) 11
see a subseauent stress burld-up and another stress release . hen ~1(ro-

fracture occurs agatn leading to the sa.-toothel effect sreun 1n

fia. 7,12. Continuyed co~zressica beyond tne rhase of mi¢crofracturing
111 produce a condition of straining or deris1fication atthout any |

apparent fracture «here the stress-density {or alternativel,;, stress-

strain) curve .11 sno. an increasirg vdlue, The back.ard projection
of Curve 2 secam tn Fra. 7,127¢Cn to the densaty aeys intersects the

av1s a¥ a dersaty tourdary .11¢h "ay be defined as *re thresrold den-

-

L}
TSNV, The threshold density ~ay/ thus te defined as t*atigeﬂ-

fep

s1ty «n1ch 111 rot deselop microfractures when sumrected 10 confined

defor-3tron rate gontrolled cc-nression testira, it 1o %o tg roted

tnat this threshold dersity ., 135 rot simvlar or ecual to the cri-
g :

tical densaty Yer X ‘The critycal density for a given SnG. ~ay

cy

be considered to be Lniaue: w11le the threshold densTi, v, canrot

- - - L]

pe uniquely determined because 1t 1s decendent on trheNzfor-gtion

rates. _In essence, one ¢ould ohtamn a Separate value for “th

for each separate deforration rate used provided the characteristies
cf Curve B are obtained as shon 1n Fig. 7,12, Figure 7,14 shoas

e 352 gunction of deforration (strain) rates.

To evaluate the influence of co—préssion {deformation)!rate

. | I

on the ragnitude of v, , one could heqin by covparing Curves A and

the variable

B in Figure 7,12. On the basis of the rechamisa associated with the
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Typical Stress-Density Relationship for Confined

with ,Controlled Ceformation Rates
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characterization of the threshold density h s-T.0., $a.-tonthed

'
t
stress develop-ent as sho.n by Curve §, the initial.density v  of

the stress-density {stress-deforratyon) €urve % sho.n 1n Fra. 7,12

€

obtained as a result of 1o €O pression rate t&sting can be taken

to be equal’ to or atove the threshold density wn vie of the aQsénce

-

of s3u-tootned/stress-dénsity Jr stress—rtrari\cerforrance. | -

Figure 7,13 sho.s the

Y

ected at 3 ¢oron C0ﬂ§tdﬂt strain rate

WIth varying 1n$t1al.densttf.
of 0.075 per second at a temnerature of =13 €. In addition o the

defor aticn rate, tre follouirg factors see- to be nfluencing ihe

"

"th = f

k & (a) grain size dr§trib9:1on.
. 1 )
(b) temcerature, \
/
{c) initial density, and

{d) refhod-of test assess-ent,

The range of deformation rates producing fron, for era~ole,

Curve A 1n Fige 7,12 for copression under a low deforration rate Lo

»
-

Cur*e B «hich 15 o result of compression under a high deforration rate
can be exanjned vis-a-vis develop~ent or characterization of the

threshold ddnsity. Fioure.7,13 shows the influence of strain rate on

E——

establishment of the :;?EEEBTd density for granular snow, where G

denotes ?now grain size from a sieve analysis, The results indicate
’ - N )
that with a wkll-graded snos as showsn by the triangular and solid-

eshold densities develaped as a funltlon of strain rate

pornts, the th

<
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{kg/cm?)

q__ ff

Stress

Densit;\ 5 (\g/cmh }
. i ‘ ~
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g,

~81g, 7,13 Stress-Density Change Curves as a Function of Various In{ltlal\ Densities

.
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: In Fig. 7,16 the critical and threshold densities af arti-
" ficrally well graded sno. and umformly graded sno. are shom. The .

critical densities were obtained from the “single load confined com-

pression” uhile the threshold densities were obtgined from the "pro-

3

gressive load confined comoression”. The figure indacates that: ‘. )

-
-

- ‘ R “{a} ‘threshold denswty of snou ¥s a strong function of def%rra- By

-,

-
— L

- a

tion rate,

- v
-

. {b} threshold densities do not esceed the critical densaity for

2
oy

a given typey of sno., and ) ' o

-
-

{c} size of snow specwen does not strongly afﬂgct the threshold
.- «nd critical densities. : ' oo
»r,
- - . ]
. The anter-relationships described betileén stross, steain

. rate, initial and ghreshold densities rav be Seen 1n the thred-diren-

! sional representation as sho.n in Fro. 7,17, ,0t 1S apparent in thys

- El
a4

: frgure that, asstrain rate increases the threshold density fth

o ki L LA Sl
Ll

. reaches an asymOTTC-TMATING Value. THiS 15 deronstrated by Ine )
* “ 3 .

| - -
ot -~ e
near vertical plane rising fron the threshotd~density line (at the - . )

base). 1t should he noted here that the stress-density relationship
» ___—-?—-'-’_"-_-i_y-———
becords steeper not only because threshold densaty increases but also

. : I . y -
because deformation rate increases, - . .~ .

As has been 1ndicatéd by the rosults, theBeformation of

snow under confined compression dug to microfracturing “1s different ™

. -

., Wt * n U
: . from that obtaingd 1in creeo performance. Id.rapid constant "dead” _ °
¥ , - ..
“Toading -confined compressign tests, microfracturing was. seen ;to, occur
F - P »
& *
-‘ : .ﬁ
| Y -~ N - . "
a, o ’ . )
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mnstantaneously, whilst microfracturing in controlled deformation

’

rate’ Compression tests occurred dlSCOﬂtlnuOUSlj Inturtively, ong
P i

would expect that the nature of defprmation of*sno. 15 strongly z;ra

dependent. -
+ As has been ohserved, sno.: hehayiour in the controlled de-

&

formration rate corpression test for 1mitisl densities higher than’
threshold density {load-density or load-deforration perforrance) 1s

simalar to creep deformation. Under a Jo. rate compression {(6.075

n
3

per sec), the.inerease of imytially qyanular Sno« Specirens, ..ith

- a

arta) strain, .as ohserved as 5 O.n in Chapter VI. The resultss --

»

rndicated that tn continugus deforration (ductile) of snou uith

. —hy
init1al densities higher thap threshold density, an increase in nu~ber
o . .
of contacts and contact area bet.een sno. Qrains are obtained, es- {

pecmall}'igr initially Dooély bonded snoar l

L8 ) .
- In Chapter VI, the results also indicated that a micropho-

H - .
tograph of a test srecu,en under an arial strain of 22 nercent . 3%

compressed from an fitaal density hplo threshold donsth to 2

-

density above the thresholdsyalue at « cospression rate of 0.75 /sec
», .

/“\ﬂg;?alfﬁ/sec). Sore fragrentation of sno: grafns can be seen in the

picture (F1g. 6,10), produced as 4 result of ricrofracturing under |

a -
5

[
t
. rapid compression. _— ) - !
i

On the bas1s-of the tuo kinds of comnression tests, resulls
-#- -
obtained, and phot0w1£rograohs viersed for test sarples subjected to //}/
. bath[yands of corpressnon procedures, a rechanistic rodel of confizsg

Oﬂpre531on of snow can be pronosed. The postulated simnke iijs}

-



i
‘ I
+

sho.n in F1q. 7,10 1s screshat like that prorosed by Jerzagm (1927) °

u for consolidazaon of clay. As can be seén in the fiqure, the sche~a-
x

tic analogous structural rodel of sno. Fonsrsts of parallel rigid

¢

plates and sapporting bars bet.een parallel riard plates. The oroper-

ties of the support;ng-bars cannot be uniquely or ;1~o]a 1dentrfied

because the sno. behaviour 15 co~olicated by the loading rate affect,

Hoﬂever\ in the extre~s cases., the suoporting bar progerties ray not

be too dissienlar to that of 1ce. Since awr permeability of relative-
. 1y loose snow 1s very hign, pore pressures developed during Cemoression "

L 4

* in drained corditicns allineghiaible,

- ’ In F1q. 7,13, the process of" very raptd ccooressyon, identi-
y

1

fied dé.ﬁ’ produces an 11 ediate deforration (~icrofracture). Tras
t". » - -

o

% 7 . * P
=50 satuation is typifyed by cooapression under suddon Toading ohtained

iy

fron the single load cororession test .nere r1erofrscture occurs in-
. * L -

stantaneously. ' . -

’
-

+ - e

_The ¢o nression process 8 {Frq. 7,18) 1ndicates discontr- ~

LY

nuous microfracturing 1n controlled defor ation rate ¢ccpression

ot

testing. Typically, tne density of the sno. $3~0le ray he constdered

to be in1t1ally beloa tne threshold value. Frot the errermmental re- -

bt sults, process B 15 rore litely in high controlled deforration rate
£o1pression tests. ..
Sweeping clochwise fron process B to B, the compression .

., _; -
- rate 15 decreased™to the point .here process U 15 the Co-pression
process typified as creep. Process C.irdicates no mcrofracture

occurring 1in co~pression perforrance because of the very slo. rate of
1
. ‘ ',

L
» b N



€ JIAL '
STRUCTURE. N

0D000C
cooooo .

A

slveim{min] Instantaneovs Deformation

Ucf:]:;r:] - lfznn LOAD APPLICATION)

~

HIGH RATE LOADING]

‘ *
P B - ~ «
pd [ PROGRESSIVE RELATIVELY
THRESHOLD
DENSITY |
{ X th)y

oDpoaon

\
\

h
-

CRITICAL

DENSITY X .

{_ MAX. THR, DENSITY) |

THRESHOLD

DERSITY( ¥ 1h),

304 0 00D G

rQoooa
aogogoaonag

vOoDHen eV
oo ow

CREEP .

o Qysn=s200y
“e O 44
o 80 O
o500 00

'\ 9 QO C e w o

ogaun /
(Wenh (Vs Ve ngoBsog /
: . opono
Daonon
Hununn

J
CREEP
I\ v.
C v a4 a
v O N -
. - o
L

ICE WITH PORES

Fig. 7,18 Simple Structural I'odel of Loose Sno.. for Confined Compression Pertor~ances Showing

Varicus Deformation Mechanisms in Relation to Density Changes as a Function of

Loadina Rate

1,



———

M

5 4 " " ' .v.
* . o . . . ! .
v ot # ' ' ’ g
. o . . " »
-...- ' Y ... . .
‘3591 APOYS 00410 UL MOUSNIO JJNLLRY JCOYS [eADUDY 2°7 By
+
&) ’ ‘ . / _”. - ' Ty * .
| &, . ) . *
“w f‘-‘ -“_r. .
. . \
: : / ’ L]
]
X0q JBdoYySg—
.
" e ———
- 92J0) Jeays
4 . _
. " -
) N - "
, . r - .__ ' . \
- . PR v -
\ , .
i - .
¢ 2InsSsaid jewaoN v
. . W ' [, ]
' ) M ’ *
) s * "] " - .
T . X . * ' Y t »
\ — R i . ' . ) .” v




) due to agging are v{ia1 to chéracterf&ation‘of respbngeﬁperfé}mance.
Since snow struckure depend§ on temperature, ageing pﬁocess, n-place -
load cbudifions, tire, éic.,.it is evident that for a proper analysis
of the constituti*e performance of snow, a corprehensive p;ogramme of
« study should be undertqyen. .
- In light oftlhe above, this Stu;y w3s undertaken to exam{ne
the character;s;ics of the deformation mechanisms, from the confined
corpression testing point of view. The EFSt results and observations
made in reqard to physical performance of the test specimens in the
con¥ﬁn1ng Tucite cylinder illustrate the need for the establishment of
the threshold density and critical density in relation to loading rate -
- effect. The experimental results showed that the deforéétion mechanism
of loose snow is s}rong}y dependent upon loading rate, snow type and
initial density at a temperature of -13%. The.compressive deformation

k mechanism under load can be divided into two typical types:

¥ [a) significant collapse of internal structure of snow (at high

loading rate), and.
’

(b) hardening of structure due to the increase fh gJain boundaries
* (at low loading rate, inciuding creep loading).

Jdhe distinction between thJ ph;sical aspects of deformation
neghanisms'(a) and (b) can be made by the threshold dens;ty. The.
threshold déﬁsiiy in actuality'defines the region ;hich provides the
separation point where bonding in the snow becomes significant. The

[:i diéappeérance of micro-fractures for snow densities above the threshold

RN

|
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density attests to this fact. At and beyond this point, significant

-~ r
Increases in stress can be sustained by progressively changing the
- . ’ -
structure of snow. Experiental observations and‘%esq results indicate

that micro-fracture, which occurs only in the loose state of sro.,
- 1

cannot be de-onstrated by the conventional shear theorv.

The physical aspects of deformation mechanism (b} noted above

in fact are descrited in terrs of the adhesion theory developed in -

L

Chapters [II and IV. The fact that the tncrease in contact area be-
-* . L

»

tween gra1ns:pr0duced by the ductile deforration w111 cause an ipcrease

1n adhesion force werz partially shosn.previously and aré further shown

-

-a1n Chapter VIII. The géneral discussion on the adhesion theory is

presented n Chapter -VIII.

- -
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VII-3 Direct Shear Performynce of Snew | .

Y1I-3.1 Shear Stress-Def tion Relationships

{c) 0.47 iglcny (botton). All curves sh¥wn in the figure show a
chattering type. P
i Shear strength of snow:’in the diregt shear test, 15 defined

as the maximum stress of envelope for the chatt ing curves as shown

in Frg. 7,19. It is obvious that the shear strength increases with the \

increasing normal .pressure. This trend 15 very ¢ to other

materials. This #s discussed later in Section 3.3.

For granular snow, the failure mode in the direct shea

* I

performance is the cutting shear™ as shown in Fiq. 7}&0 as "?}] as
other granular materials. However, if snow 1§f:§11 sintered (bonded);
the fadlure mode, without normal pressure or with relatively lower
normal pressure, éiffers from the ;rdinary shear failure mode, as
shown, in Fig. 7,21. This failure mode may be identified as "tension
failure”" of well sinterpé snow in direct shear testsl Butkpvich
{1956) described that, for double shear ring test, tension breékHOf’

snow specimens was obggiﬂgd. In fact, tension failure of rocks in °

direct shear and unconfined compression performances is not uncommon.

. *
- L)
=~
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Und‘er vf-f ici enb conﬁnm pressure, thp faﬂure rogde of sintered )
t c'-" ‘/ J -

K4

shows thg ordma«r‘y snean/ldent:fied as the ‘case shoun 1n Fig, 7,20..

- . 2l

e

" -This effect, of’conﬁ ng pressure is also very corron for r"e'chamcal

~

x!’

4+
. 2 » )

pe-r-fomances of roc/k 3“ . .

- ' » -
rd

Figure 7,22 §h0ws an wregu]ar type of ¥arlure rode when the

{fnc’-cniss of snow -Sperlren, froa the §7cected shear plare for the,
, =, s = *

ord:nary shear Lo the unpen sno. surface,” s 1ﬁsuff1ctent. Epparently

- J - A

= 4

»

-

the occurence of th]S 1rregular fa;nlure leads fhe ’er:; 10.. thear res&;__

ta_m:e-m, compgﬂsron hth the ordmaw shear farlure perforrmance. The
-,. .( 9
effect of thleirness of sm:)ecwon m the dxrect s\hr»ar per foganoes

.r KR ‘ . ™

el 35\ shown-m Fig "7,23. The ﬁXDN‘Ir‘“entai res;ult shows that the shear

’

rreﬂstance in" thickness of, 1-5 K {s"ﬁ:r« smal] T COT".Q&!‘TSGD With the

thicker snou spemmons. for LWI'& than 2.0 ¢m, shear

~ force -see'ns to be almost con&t—gnr, as-sho.n in \:i; hgure. Thus the

L 4

si1ze of saow §9e\c~1\m\en an the dlrect s*:ear test pt;formapce 15 of great,

-

\ 1mportance. in this esear.ch theref% the thicl ness"of SN0 | so»:cr-r

.l

Ed

.

n*ens was talren 45 2 5 ‘h 3\;@ in the wpper layer dbove the shearmg
~

piane. . - .

-

V11-3.3 -Effects of She&.’elocaty IR

» -
[ S b .

F1gure 7 24 shows the relitionship between shear strengtﬁ énd

\
. * ’ .

veloctties, e.qg. 0‘065 and’0.31 cm/secd. The open circles 1nd1’tate- the

»
Ll
.
it
.
14

e

normai - pressare for artificial granular snow at & 0 ranges of shea r “z; ’
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a

blaci c1rcles'1n31cate shear strangth for the sare sno . condrtion but

at a dlfferent shear velocity of 0.31 cm/sec.

\

z - and norwal pressure

-

G

tles of 0. 065 and 0.31 &ysec.

This trend 15 actually céﬁvon for. suqar

-~

$ho.: and other granular wateria]s

0

-

a

L

-

-

4

'45
. ) The results show that the relationshio hetueen Shear strangth “ '

1o 15 alrost lingar at both shear veloci-

O~

3

In the s1mllar rANnEr_ hrth soal rnthanirs the relationship

o

-—
Y

bet .een shear strengtn and norral prgssure mayﬁbe aiven by the Coulorh-

Yavigr theory:

> .

i

-\g

e!, »
» i5 the shear strength

v

15 the norral pressure atting op the shear

R

LY

+

—

ar

o

+

As shown 1n Flg 7,24, the anparent fnacrlonal an

dependent upon the shear velocity.

:b.‘ -*..'

. the apparent frictional aﬁgle,

__performance at a shear vgloc1x/ of 0. 065 cmlsec hhl]“ ’?'

dégrees»at the performance ef a'shear veIOCIﬁy of 0 31 cn/sec.

ﬁ:' , IS 46 degrees in the direct shear <

-

ale, L

, 15 stronaly

.1

Lo

Dﬁﬂ%}'- 5, v e
. ), - e °
§% the apparent angle of internal” friction,
// < -2 ’ a * hd + : -

.

The experirental results show that

.;_ja-l

Thls

L™

A

.
-

sugqgests that the shear strength of snow decreases u:th the increasing

shear veloc1ty

In the pré<ious seesify) 1t 15 nointed out that the unoonfined

sive, streng

)

b o

’

-

-

This trend however, is not _comron to other materials.

of snow decreases as the compresstve ve]ocrtv increases

M

coTpres-
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(Fig. 7,5). Therefore, it is expected that the shear velocity effects

-y o

-y

on the strength is caused by the same mechanise as found “in.the un-,

x:,onfined corpression performances. These riysterious phenonena in

- relation to the deformation 'rat;es may confirm the adhesmn theory ¢

~ - P
developed in Chapter Ill. The shearing mechanism of snow, fron the

adhesion theory, is discussed herein and is further discussed in \

~
L

PR Chapter YIII. - . ‘ .

’--4‘" 4 - ~

i
1t was found in Chapter Vl that the” contact area between snow :

grains mcrc*ase% mﬁ the 1rrecoverable deformtlon fxcept 1ntergranular'

slippage. Frrstly. a pomt contact hetween two grains s considered

F2)

+

~ as shown in F:q 71,25. This ftgure |llustrates. the relationshlp between
s x

— _t;ontact, Jrea and" time under a cert«nmnstant load-s- Aapafently, Hf = - =
!

time, t , 15 zero t.he contact area for: granular cond1t1d 15 neqligi-

“ ble a3 montloned carher. o i . E

' . |- ) S 4 g
y - When - ¥ .t *, it is considered that the contact E

..‘. area increases up to Sl Similarly, vhen ot t2 , the con‘ta}ét" %

-

drea becomes “52 as shown in the flgure.._ In direct shear performances,

t; "y .t S tn with regard to diff’erent shear velocities. are "‘{ﬁ ]

1
|
i
'

)‘ actually dependent upa}n time until the relative slippage of graigisf-or

N

' E shear fmlure occurs (see Fig, 7,20). It is noted that, at lower, shear

———

veloczty. longer time {s required for the slippage or shear failure to .
occur. As shown in’ the figure, if we asiume that time t] until slip
' is required for the higher shear \{eloclty.\while ty ls:nquimd_l:n .
. . .initiaté slip for the loner shear velocity, tangdntial forces {Eq._(3.3?l§.

* _ required to initiate slippage between two grains may be given by,
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A " T _tnere é] and F oo Are the tangentiral forces to inrtiate slio “
. - Jhen t ty and t ty resrectively :
¢ . . . . - ’
"‘ Ao Ts the adnesion per unit area onthe contact,
" S ' and S2 are contact aréas in relatton
T, . to tl and ts resnect1ve!r - ST
- s - .
N 15 the porral pressure acf}ng on the contaet
a7 - h ’ -
*; 15 the inherent angle of {nternal frictron .
’ for inifially granular 3no¢. Y .

from the preced:ng statements, apparentl,, the condition can be wr)tten -

~ r

i ~

- by. . - . . <

L}

Thus, the higher the shear velocfty, the sm%ller!the tangential force

Y required to initiate slip between arains. This idea can he extended . ‘ .

*to the sirnlar phenorenon iq\fhe unconflned compress1on perforﬁances

- 7

F] . L + L]
presented in Fig. 7,5. ST .
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hRY ,/2 * Inrore general case das sho.n in Fiq. 7:426, the contact afea
<
between gra1ns for‘lnitially pornt confact can be.ﬁrpreased as a
. ' functlon-of grain s1ze, strain and contact anole. as rentioned n
- /
Chapters 1V and VI. Froﬁ 1 Eq. (4,11), contact area is given by, YA
,.<
. \ = 2---. ’ P ) ’ - i
! r° (3.9, cos” , - 1.235 . cos .)
w < . . .:. - .
) . wnere $* 15 the'contact area
r is the radius of spherical qrain
- .. 15 the contact Ané)e
I 8 ’ . PR
15 the gyfsyr (see.Chapter V).
. \ : ' .
It should be noted that . does not include .olastic straln and Inters *
a " |}
R granvlar slippage, From Eqs (3,3) and (4, 41) ue obtain:
- . ,.-N P . - I
. 7 7" « 2 .
, e Fc Ac,~r (3.9 + cos - 1785+ cos. )+ " tan F
- ’ ¢ ’ h * - + -
: - - SR ¢ B}
- Y

-

l . L
Eqkation (7,1) deronstrates that the tangential force requlred te

» lw"

initiate intergranular slip is deppndent upon adhesion force, A

r
grain size, r , strain, ¢ , tontact angle, | , normal force, N ;

acting on the contact and lnhérent angle of friction, -¢i . However,

" the transfer from the mlcroscoplc scale to tgg maCroscopac scale is

T

very compllcated in terms of number of contacts and arrangerient of

graxns (see Appendix B). Hevertheless, from the macrogcoplc point of

LI |

view, the shear strenagth of snow may be expressed by, 'ﬂ

.
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Fig. 7,26 General Stress Condition at Grain Contact
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b AcSy + o tanfa_/_\“'s ....{7,2)
Where t 15 the shear strength
A, is the adhesion per unit area
3 Se is the "effective contact\area” of the specimen
o is the normal force aEting on the shear plahe

% s the lnnerent 3ngle of friction for lnltlally

granular condition féom the nacroscopic pozntb

1 of view. ) ’ !:

L

The effective contact area may be concerned with the microscopic con-
- L]

tact area and o, may be quantitatively dependent upon the stress

\ applied. Generally. the ipherent angle of friction can be assumed to

be constant as In other mater1als (Trotlope, 1960) In addition, it

is emp1rically established that coefficient of friction bqi&een sollds
is independent of the area and normal force applied. ‘ ve assume .
that ¢ 1is constant, then the experimental results obtained ‘are ex-

i

plainable as shown in Fig. 7,27. The f1gure demonstrates that the -
shear strength of’snow consists of the frictional and adhesive resxs-
tance, Since the adfiesive force is assumed to be prOportionaT to the
" effective contict area (Eq. 3 l). it increases &s‘the failure time .
increases because, longet time provides for‘a greater contact area as
mentioned earlier. As mentioned earlierg-higher shear velocity pro- .
vides fo;ia shorter time until snow fails. Therefore, tie minimum

shear strength of snow can be obtained at a very high shear velocity
. ¥,

so that the intergranular slip can occur without 5uffic|ent develannent

. \oe® .

-
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* Fig. 7,27 Illustration of Shear.Strenath from the Adhesion Theory
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of the contact aree-l between spow grains. Under this condition, the

shear strength can be described 1n terms of a - tan i This concept - S
L ¢

apparently satisfies the effect of deformation rate that the strength Yo

of snow decreases as the deformation rate increases (Fig. 7,5 and

.

] %
Fig. 7,24). Thus, the -shear strength in relation t™®both the adhesion 3‘

and friction should be taken into account.

% - -

Through the entire study, the effect of deformation rate 1s
very obvious. This effect can only be exq]éine& hy the adhésion theory

.of snow developed 1n Chapter III., Here, the shear vedocity effect was

-
- Pl

interpreted by thie adheswntth/eory. the evidence she.n in this section - & '
. , P .

may not be sufficient, therefore, complete discussion on the adhesion .
theory with further evidedce is rresented in Chapter VIII.

" - -

VII-3.4 Effect of Initial Bonding of Snos .an Direct Skear Test

Figure 7,28 shows relsationshins betueen:shear strenqth and -
normal stress obtained from differently age hardened snow. In the)s'e
test ser'les, yanous snovs, 1.e., granular snow, age-hardened,sno. for 3 -

\2 hours and age ~hardened snow for 3 days weré Yoxamined. The basic snow

r -

was artificial snow gsee Chapter v-1). ‘Granular snov is Ydentified a‘_ L
an asségnblage m‘th discrete grains whi]e age-hardenad snow 15 i&entl-

fied as_sintered snow as mentwned \m Chapter 111, The details on
snow type are pr:esented in Chapter 111. The dpparent re&atlonshw
between shear st;renbth, . 1, and normal stress, °ﬂ for granular
Snow is almo&t hnear anﬂt&he apparent_angle fr1ctlon, R £

proximately 33 degrees for’a shear velomty of 0. 31 cm/sec\ as deﬁ —

1

LN Ty
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R W . The 1 - % ‘curve'of aged snow for 2 hours (indicatéd hy»-

')" tr1angles) 15-not totally Iinear as shown in Fiq, 7, 28 The results .

show that the non- linear part of curve for the aqed 5Now appears under

4"‘" It

nonnal pressures of less than 0.3 kg/cm . Under Ppressures greater

than that nonnal préssure, the reﬂatlgnship between 1 an % is

P almost lanear as' shown in the figure. For a ge hardened snou for 3 days,

. ,/the re]atlonsh1p shows the non-llnearityvnﬁﬁef normal pr ssures of
less than 0.55~kg/cm . S1nce the, age mpans the bond development here’

, (see Chapter 1I), the non«i?nearity of the curve is dependent upon

.. the ﬁondlng strength -normal pressure relationship Thf re]ationshlp

between bOnding strength and normal pressure was mentioned n terms of

¢
[

. the structure change of snow ynder dead ]oad bpplﬁcatlon 1n%§§f con-

¢ fined compression performances (see Flgt,J,ll). In the conf1ned com-
. . 4 o ~ . .

pression perforn@ncesﬂ the following summary is drawn: \'

¢ - e £l

L - ’

) (1) if qead\wead 1ntensity is relatlvely fnsufficient in re]atlon

' to the. bonding strength &% snow the elastic deformation over-

lapped by the creep deformation of snow eccurs under the

" ’ load. Undeq this condition, no microfracture of snow occurs,

» .

and
¥ a

(2) if dead 1oad applied is relatively greater than the honding

-

S strength of snow the sudden'microfractures of snm; occur when
v } o e ’ . I, »
ATHE . twne dead 1oad is app]i . The breakage of intergranular

‘ bonys resultlng from the microfractures creates 2 granuldr

cofdition of‘snou through' the change of density. Under this

. [ . M . .
r‘z R .
- * .
- « L3




\' ’.Z(""',, » \ .

) - - 7&0nd1£1on, the consequent creep defortation of snow occurs

\\\\\(Process A in Flg 7,18).
\‘\

i

. -\. . . »

]

Thus, thqge ar\\IWQ main types of Snow response character1st1cs under
dead load.applicat1on Strlctly speaking, the 1tems presented are
) also dependent o* the initial dnnSIty'Qf snow IFIg 7,11). The shear
strength/of snow can be measured under the condition, i.e., item (1)
" or 1tem (2) It is noted .that, under item (1), the shear strength can e

be obtained from the almost initial properties of snoi, but, under item
. .

Y, t e'shear strength can be obtained.from the completely changed
properties of Snow, esnec1al1y for bonding strength and density, as

mentioned ea 1er. IQ‘IS considered sthat the' 7 - 9, trelat1onship

*

- under item (1) becomé§“n0ntlinear whilst the linear r,- o, curve

. can be obtained under item (2) because the SNowW apnﬁEQEEEE_LQ qranular

condition as mentioned ear]1eL It should be noted that non-11near

T -0, curve.for rocks is not uncormon and linear 't - ¢, curve is

‘conmon for sands. In adition, in the experiment, almost -linear—— B "
a .—‘—___——-"‘-'—'——

-T = ¢ curves were obtainh from the granular snow (Fig. 7,24 and

n .
Fig. 7,28): ..The shearing_gh racterist{cs of granular snow vere dis- ’
cussed in the preceding section, ., ‘ ’ .
It -is 1nterest1ng to note that the regults shown ip quﬂ 7,28
. Show exactly the same trends of strength envelopd as.for sens:tive K .
clays (LaRochelle and Lefebvre, 1971 and Lo and For1n 1972).
Basica]ly the non-linear 7z - o, curves for both %now and sensifive

-
clays are dntirely dependent upon the following fa%gors: -

L) )
, ! ; |

. .
7. -
. - .'\ . . - . ®
- .
d
. B
»
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171
— ) .
(ai* both materials are. loose, ‘
(b} bonding strength - norma]lpressure relatlonshlp plays an
" important role, and - ‘ S

(c) bonds between grains for b9th materials are breakable undTr

pressure.

N Generally sneaking, sensif{ve clays as well as snow show a similar
: bqbav1our and vere ldentlfied as brittle-lite materials (Lo and Morin,
1972) The failure strain for St. Louis clays in consolidated-undrained
tr1ax1a{\tests is almost 1.0 percent. ' This value is comparable with
that for snow‘in\ﬁhe unconfined compress1on ‘tests (see Fig. 7,5).
“ Thus, the- shear reSpnnse behavrour of snow is dependent upon

the following factors:

- \\\
1} snow type, AN
» . Lo
. > F ‘ Y ¥
, 2) norma pressure acting on the shear plane, * k
. \\\\ :
3) shear velocity, and( . -
. B . -
L \ -
-4) temperature. N g
- &
. AN

In sumnany, a structure model _to exp]axn the shea(\gehav10ur

with respect to koth snow type and nonmal preSSure effects is Heggloped
NS

as shown in Fig. 7,29.. Figure 7,29(a) 11Iustrates the simple model far

-

shearfng characteristics of granular snow. The model shows th@t the

»" -
N -

_ shear plane of granular snow is initially indicated as discontinity
which means no bonding Qetwqu grains. From the engineering point of

view, at rélatively low %ehperatures, the water film effect is not too

=

[
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strong; the.model shown in Fig. 7,29(a) may also be applicable for

|¥ “

semi-bondéd‘sqow. Actually the discontfinuity lies through the spoecimen

L}

+ of those types of snow, buf\fo cony nience; it is considered only on +

4 ‘ L)
the shear_plane. In T -9, ‘relationship is considered to
be linear as shown in the figure. The apparent feature for this type
of t - o, curve is similar to that found in sand. Apparently, the

shear strenqgth may follow the Coulomb-Navier theory: |

£ -~

LR

1 . ¢ ta_p___«@l..f il
Where t is the shear strength ~N_
o, fs the normal force actinq on the -shearplane - --.
i $' is the apparenfﬂfr1ctional angle.
- N . ,
- N

It is remembered that ¢' 1is a strong function of the shear velocity
as pointed out in the preceﬁing section. Then, Eq.(?,z) may be'appli-
cable for this case: Equation (7,2) is written aé: )

- i
- . '

- - ~

N T .- Ab Se * A tan's .
Hhere ™ = 1 is_the “shear” strength ’ K
Ac is the adhesiog per unit area . o

Se is,the effective contact area of the specimen

gﬂ;ﬁi the normal force acting on the shear plane

®
¥

¢ is the inherent angle of friction from the
magroscopic point of view,

3
Pt o - .

3 - b
L] - u »
’




. identified as rock type-curve as shown in Fiq. 7,2¢{e). This type is

175

5 ) \&

as mentioned eaPJier. The density of the final condition is apparently f

higher than the initial density because of the microfracturés.due to*

intergrénulatﬂgjjpfyhicilméanS—compreSSIbi1{Iy. If inltiai‘density igi‘

greater than the critipal density, apparently no microfracture under

the no kil load aPplicatioh would OCCyr. Therefore, the shear strength

caP b ébtained fFBmxghe;initial snow structure though there may he

definitely creep deformation under the normal load {see Fig. Z,I]).
“For highly bonded snoz,or ice, the "t - s curve may.be

—

s
similar to Type A. It is considered that the 1 - o, Cyrve “high
f -

density snow obtained by Butkovich (1956) helongs to this tvee.
Thus the shearing characteristics in relation'to snow types

are divided into three main types, i.e., sand-type (granular snow),

sensitive clay-type (modérate]v bonded snow) and rock-type {strongly =

*

bonded 'snow). Therefore, this must be taken into account for the -

evaluation of shear strength of snow.

f

. AL, y . s
_Although some of 'the shedring characteristjcs of\snow and
test technique were discussed in this sEction,mhowever, there are many

problems remaining to be solved for the proper appreciation of snow
N e L
strength. It 1is suggestéd\that main problems to be solved are as ‘ ,

w \
follows:
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as mentioned eaPJier. The density of the final condition 15 aoparently

higher than the initial density because of the microfractures.due to*

lnteraranular sllp ahlch_means—compress1b1Ifty If imtial density isf

greater than the crltlca1 density, apparently no microfracture under
the no Ly 1 load appl1cat1oh would occur. Therefore; the‘shear strength

4;?ita1ned from\@hg.1n1t1al snow structure though there may be
definitely creep deformation under the normal Joad (see Fig. Z,ll).

| "For highly bonded snow,or ice,~;he T -6, curve ray.be -
identified as rock type-curve as shown in Figq., 7,29(e). TQis type is
similar to Type A, It is considered that the t - a  cyrve high
density snow obtained by Butkévich (1956) belongs to this type.

Thus the sheariné characteristics in relation’to snow types

are divideqﬂinfo three main types, %.e., sand-type (granular snow), .
sensitive clay-type (modératelv bonded ‘snow) and ro;k—type {strongly =

bonded 'snow). Therefore, this must be taken into account for the

evaluation of shear strength of snow.

_ Although some of ‘the §hg5;ing Eharacteristjcs of\snow and |

test technique were discussed in this section; however, there are riany

problems remaining to be solved for the proper appreciation of snow
Vs

strength. It is suggested that main problems to be solved are as °

N

follows: s o

{a) o exa@ine temperature effects in direft shear performance, -
P - N

.{b) to ev?ladfg,adheéioﬁ force A, and inhgrent angle of friction..,

L
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x r »

to examine the effects of shea xelocity in more wide ranges
! o, .

ahd i T N

| ' ~
q11-4 Penetration, Performance

e

. -

"/VI1-4.3 Thin Blade Penetration Performance into_Snow
N
,/) . Field tests are of great import hee in snow engineerfing
problems. The true appreciation of . snow operties ‘should b obtained
in-situ for the many reasons descr1bed ; Chapter 1-2, At the’pzesent,
the emphasis is on the appllcat1on/3f soil testing techniques, such as
vane shear, cone, plate penetration, & c.t uéﬁévpr as, l¢scribed in the
earlier sectlgns snow propertles and ehav1our are ery com&]idhted
in terms of grain size, grain shape, onding strenqth, and denSIty,
even at elevaled temperatures. Since’ snow propert1es are generally no
estimated from the 1th1ally fallen snow because of very complicateg f
effects of temperature change and other externa] condtttons the“?fy !
way to Qbtain snow properties is to;perform in-situ- testfnq
The grain characteristics of snow may be obtained rather
easily. The grain size can be obt'ined u51ng the sieve method as des-

Cribed prevrous]y. The grain sha e may’ be judged by visual inspect on

grains There may be a few ways to obtain snow density in the f1e d.

-

//




mass to the: volume of the mass as descrjibed previously. There is no

density. ThlS may be Judged for eacy case individually. \.
It may be rather difficult to evaluate bonding of ifow The

direct way to measure snow bonding magnitude may be obtained from

[0

! . 4
tensile tests. . However, this method is not necessarily applicable .

because there is a.dlff1cultx af sampllng, especially for voorly bonded
Pr for low density snow. In addition, the performance of tensile tests
i *

is not always practical fgr in-situ testing.

‘ tost of the te#tiné techniques being used in soil mechamics

S

/ / has been introduced intg the evaluation of snow properties. »yowevee,

// the data obta{;EE from those techniquesg in_fact, have included the

effects of speed the change in densrty, and the change in bonding as
found in ‘the mechanical tests. Therefore hetter An-situ technaqﬁe/;;;f/ -

- 243
. evaluatlon of snow properties is descr1bed in te//: of:

. 1} simple techniquis, . N 5\ ‘ .
. 2) less effect of dpeed, - L \\\j//t

i .3) 1less effect of the change in density doring testing, and
4 v T ) ’ .. A

\4) less effect of the change in bonding during testing,

L7
-

and requires that;

~
L} s e
l‘ . *
R
.

o . :
. . 1) the analyses are feasible, or

- v

’g) there/is a relationship with other test results. S
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- nique may safisfy_the nroblems mentianed above because the small sec-

%

in the plate peénetyation performance, " ) -

|
+

tipna!/?yearefzthin blade at 1east decreases the problems encountered

The size of the thin blade ysed was 1.2 mm' wide and 0.6 mm

* thick and the illustration of blade penetﬁht?bn performance is oresent-
ed 1in Fig. 7,30. .

LS -

P +
» - 5 LXS

SpeedeEffect in Jhin Bladé Penetration '

Eigure 7, 31 shows the thln b]ede penetrating force 1n£Q‘gg_‘ ¢
- age- hardened (S1ntered) snou as a function of penetration speed. As
~ . ° shown’ in the figure, the response character1st1cs of snoyt under

.~ thin blade penetration are divided into: - . . \
* (a) ductlle type f/p“peaetratron ;peggs of lowe#'!han 0.25mm/sec,

s}c ~
N - ﬂd ‘ . . « " ‘“
2 j |

» i

> (Qi Erittle\type for penetration speéﬁ'of higher than 0.25 mm/sec.

It should be noted that the trend shown in thé figure is similar to
that obtained in thg\gﬂ{fﬂfiftd éomhression performances (see Fiqure
7,5).. '

’,//”//' (a) Ductile Type - . , .
. . . '
» \ . From the experimental results shown in Fig. 7,31, ithe ductile
. 3 : .
(:1 behaviout of snow under the thin blade penetration seems to be viscous
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" described in terms of the ha deningtgf snow structure. This means that

L Fl
because the penetrat1ng force is a linear fudctIon of penetrat1on speed

‘lt is noted that this trend is common to the experlmental results ob-
talned from the unconfﬁned and confjned compness:on tests. ‘Bhs1ca11y, L

*

ths duct1le behaviour of snow can be explalnedjby S0~ called crystalline

flow as mentioned prev1ously The’situation max_not be d1ssrm11ar to

he A -

the case of progressive low rate compression (see Process C in Fig. ”f-

L
7,18}. The ductile lehav1odlof snow under confined compre551on cam he— )

snow structure chlianges undér,the ductile penetration. Therefore, a

proper evaluation of snow progertles can hardly be achieved by this
L] I)/
10w speed of penetration. o

‘ . .
! - N

v -(b) Brittle Type ‘ - , : :

. L. L

1t is obvisys from Fig,‘7,31 that the bladé“éenetratdng
force decreases as the penetrating speed increases in the range from -
0.25 to 0.6 nm/sec. This trend is Very'sim11ar to that found in the
unconfrned compress;pn and direct shear tests (see Fmg 7,5 and Fig
7 24).- This js duedto time effects in terms of ‘the adhesion theory as

described in Chapter VII 3. gTherefore, it is expected that the brittle
‘type of snow under the thin Biade penetration is identified as that

fOUnd in the br1tt1e unconflned compresSive behaviour as mentioned pre-

. vious]y (see Fig. 7,2)." . '~i~ .

*

. The experimental results shown ‘in Fig. 7,31 %ndicate that
the blade penetrating'fgrce is almost constant with respect to_the .
penetrating speed in the range from 0.6 mm/sec to higher speeds..'Thjs‘

may be described as completely brittle behaviour of snow which may not %';\

N

!
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bg di’ssmﬂar to that found in the dead 1oad cmprt}sswe behaviour t’ k3

. .. ryn
o .. snow (see Prooess A in Fig. 7,18). In the complete]y brittle, behav§our
v n/

T nf...%pow, it mayybe éxpected that)fq blade penetrating force \ .

. /W )
o -p‘resents the actual gnow properties without the change of initial proper-

,-’f
F

<L t1es As s'hown l’n ‘the figure, the bla:lf/penetratmg t’orce is a]most
‘ constant mth respect to the. penetration depth and]speed ‘Stmct]y

-

-

speakmg, very. shght mcrease in force mth respect to penetration . /

' K e "~ > -
_— . P oepth Was measured Tms may be the frictional rem}tance between the

surf’a.ce of blade and snow However "R1thm 3emp e#ratlon depth, e

bl ¥4

le - #he.mcr%ase in force is neghgible <, ¥

[

tmne"d—in the revious sectlons it ma - he €
p - __"____‘____L nexBe

\,' e —

of snoga_,under-the—t‘rﬁof blade occurs as _shoun.m_Flg._J132(a) Hhilst,

__.-—--"'_"‘—

ok
- since brittle behaviour—of'snow is descrlbed in terms of fractures, it

’ ' may be expecte7 that the fractures of $now occur under the tip of

i Dk bl‘gde as shown{ in F1g. 7 32(b) 1In this sense, the blade penetratmg 5

~ " force for relatively higher penetration-Speed can qualitatwe'ly be . |

-

*

- . destribed by: . -
. s . - -
' -~ ) “ - - T
v . € - K & -

] > - e P

- \'\fﬂffui.) :, (compressive strength of snow undeér tho _tip of blade) +

S

. ‘ (tutting shear strength at. the edges of bladej + 1 .

¥

(frictional resistance between.the blade surface and

Q/ e snow). - .
- ,0 z N . . " .

.
- - » Ty ‘
7. . s ‘ L ‘ N
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— Figure 7,33 shows relationships between b]adérpenetrating

184

Y
L)

-,(’ o
\ .

It was dg§cfibed earlier that the frictionai resistance is negligible

if the penetration depth'igsmall The deformation mechan1sms of snow |

under a riq1d plate_ penetrat1on are—disCUssed in the next. sectlan.

I .-t -

As described earlier, it is poss1ble to obtain sadw propertles

-« by usipg the high speed-thin blade penetration techn1que~ In the present .

reseggkh blade: penetratlng force is correlatgg,%o’iﬁzgg;:;;d7comDressive

-+,
strength because, at’ present, it may be difficutt to evaluatg proper

._'\

snod-properties by the b]ade penetrat1ng force alone. -

In order to obta:n a reiatlonshlp bethpen blade penetrating

force’and unconfined compressrve strength for varlous snow?t/ﬁ.large

‘the t1p ade as menthned earller (see Fig. 7; 31) C

force and unconfined compressive strength~for various smows. The
figure Show§ that the blade penetrating force §n;Féé§e§ as the hnqon-
finéd\tompressive str;ngth ¥ncreases. As‘nointe& out previously, the
uﬁtdnfined compressive strength of smow is a strong function of bonding
strength of snow (sée Fig. 725). The bonding strength of tnow wasf

-

1ncreased by sintering time after the preparation of sneC1nens. This

means that the bonding strength of snow can approx1mately be ch&racterlzed

g
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.. shown in the flgure.\\::;s means «that the snow is grapular or, fresh.
P

It was described viously that the unconfined compgessive strength

*s

. of granular snow is negligfble. Note that the unconfined compressive
. strength of fresh snow can often be negligible because of its ver

;- density. In addition, the crystal of fresh snou is easily breakab]e

$ as mentioned prevxously It is also noted that it is not difficult

. .

J to d15t1ngu15q’f;esh‘snow from metamorphic grains (i.e., grains for

3

granu]ar and sintered snows) by visual 1nspect1on. On the other hand

R w

r

if thd blade penetrating.force obtained is very high the corresnond%ng
. 4 { unconfined compressifeﬁeerength is also very high from the figure. ¥ //

- . This Teans that the snow is well sintered or strongly. bonded ) y
- .

i Thus, snow nropert1es in relation to the strength .characteris-
. tics qnd bond1ng strength can be evaluated from the high speed blade
» --penetratlng technxque. However, general properties of snou should be

based on the gra1n characteristics, density, blade penetrating force, «

»a
[3

. .
-te <

. . etc. In _addition, it may require the con51derat1on of snow behav1our~

. part:aily ltudled 1n the unconfined comnress1on, conftned ComprESSIOH, .

direct shear and penetrat1on performances. , - . v

1

At present, many problems st11:érema1n to be ‘solved. Those

.

should be studied one’ by one in the futurg- Main problems to be solved

for thie thin blade penetration performance are cited as follows:



-
»

-

(a) Tempeéature Effect i

It is considered that the effect of penetration steed is
- dependent on temperature because it may be deprendent on the.

trans1t1on problens of snow (Chapter VII-1). The trdnsition
» - - - = —

- of SNOW ls conSIdered to be a‘strong function of temperature,

=
1 - . .

(b) " Size Ef?ebt of Blade ] ’ ) ,

n

In the present research, the size of blade used was i.z m -
wide and 0.6 mm thick. Howéver; it is obvious that the blade
peng}rating force is dependent upon the size of blade. There-

fore, in order to design better instrument for the in-situ
tegting, it is necessary to examine the size effect of blade.
. bJ

s

) o _
ViI-4.2«-Rectangular Riqjd Plate Penetration Performance

] k4

&~ Snow response.under a plate penetratxon can be_divided into

o main types, i.e., cutting shear and compre551on shear, as mentioned

prev1ous]y (see Fig. 2,2). 1t wasepentioned that the cutting shear may
occur at the. edges of plate while the cqmpression shear may occur beneath

the plate. These mechan1sms were examinnd in the compression perfor-
N

5 » » .

mances and the direct shear performance 1nd1V1dua11y in the nrev1ous

sect.ions.I -

Plate penetration wi]] provide for the more general SnowW-

reSponse Character1st1cs which are combined behavzour of the cutting,

-~y

shear and the compre551on shear. For these reasons a rectangular

-

()

rigid plate penetration into typical snows, i.e., fresh, granular and

f «
- . ]

L3



] . |
sintered snow, wa? performed Snow spoc1wens were prepa{ed by recha- .

nically depositing of basic snow into gbass s1ded boxes as shown in -

Fig. 7,34, The size of rectangular-rigid plate made of lucite-nlate

a

was 3.5 c¢m long and 5.5 cm wide as shoun in the fiqure. By using car-

JR—— —— e ——— - — - — - — s

—

S

bon powder, a gr1d system was used for the v1sua1 cbhservation.
. From the experimental results obtalned in the #echah1cal
tests presented in the previous sections, it 15aexpected

}hat the speed of plate penetration will affect the response cqgrac-
teristics of snow. Therefore, two ranges of pehetration speeds, i.e.,

0.097 and 0.98 mm/sec, were. examined.

’-

Fresh Snow

»

Figure 7,35 shows the rectangular rigid b]afé penetration
\ .
into fresh snow (initial density 1, 0.12 g/cm?). ‘Figyre 7,35!!’

shows the apparent feature of densification 6f fresh snov under the

plate penetraiion with & constant speed pf 0.097 mm/sec, while Fig. '

7,35(b) shows the densification of fresh ‘snow under a speed of 0.98
pm/sec wh1ch is about ten t1mes higher than thq\forﬁer The distincf
difference between the apparent features' of these two penetration -per-

formances can be clearly seen in the re]at:onshlps between pénetration
force and depth as\sngyn,1n Fig. 7,36, The resultg show that the high-
er resistance is obtaine& fo; tﬁg,lbuer speed penetration. The curves
indicated in the figure show’thet)thémpeﬁeiration force of atlou speed'
of 0.097 mm/sec is approximgte]y five times greate;_than that of the -
higher penetrationespeed. This trend is cbmﬁon if'the]deformation rate

-

-

U*.
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r - - . "
. \ . effect on snow'is understood prope'rly The results obtajned here are
“ - ~ |
- discus} with the ‘Wamed from the other type¥fof snou and
. s presented later in-this section.

- Ld -i‘
- 3 - ~

Granuiar Snow . ’ - -

) Figure 7,37 shows :the.plate penetration performances into
granular snow (initial densi - Ry, 0.40 9/ 7. Tlle basic snow
was three veeks old (see Chapter V)} Figure 7 37(a) shous the ‘pene-

\ tration behaviour of granular/snow mth a pene ratwn speed of 0.097

. rm/sec, vhile Fig. 7,37(b) sho~.s the byhaviour under sinilar condition
- bu; at a penetrating speed of 0.98 mlsec. The difference hetueen
*these two performances Iies in the rodes of densification of SNo.

Figure 7 38(a,) illustrates 'the appargnt features of snow densﬁmatton

under the loraer pehetration soeed nerfomanl The features of th1s

lower penetratwn speed -performance <an be descnhed as folloss:
- * . H /’
(a) Snow surface was also densified in this low penetration

. speed perforrance. This is uncowron for the high peretration
' / ’ ) speed performance (see Fig. 7,37} Therefore, it is expected
. that, near the plate, tensile stress was exerted. As indi-

- chted in Fia. 7,38(a).* The sinilar sitvation can be cited

jn%theicase of fresh " 7 (see Fia. 7,35). , -

w2

gy

(b) Under the plate,/t/hezbt'::ﬁaviour of snow is described as
ductile. This is obvious fron the relationship between pene-- .
tration force.and Wshwn in Fig. 7,38. The sinilar

(_—L situation-can be cited in the case of .f.resb S:nGﬂ (see Fi§.7,36).
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(a)

Ay,

. L
) / ’ (b)
L]
| \
Fig. 7,37 Plate Penetration into Granular Snow * ,
4 T . .o

[ [}

(a)( Penetration Speed of 0.097 mm/sec
. :

A (b),, Penetration Speed of 0.98 mm/sec

¢
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The further discussion of ductile behav10ur will be fresented

- }\\' .

* . -
- S .
! - -

At the 94393 of plate,'thésoccurrence of tension, crack ik

later 1n thas SGC&IOn . ¢

bv:gu; ¢n'59thrcase of fresh snow and granular Snow (spe

Flgs- 7 éSan3237) --n-' - cee \
£ _ N
. .- p- A

The densxféed zone spreays-ﬂiateral]y and downward in this -

a2
e g ™

>

ae 1]

Jow pegetratIOn spee3 ﬁ;§?brﬁhnce. -The similar satuaglon Is~

.
- i

cited in the case of fresh snow (see th. 7,35).
L " o . ¥ -
L . ’ )

On ghe.otﬁe Atand, the apparent.features of sﬁhﬁ densification under

The ma;ﬂ features are as follows: ' '~ :_’

»

' . -
The relationships between plate peqetrating force and depth for fhe

(a)

v

.(b)

-

e hlgher penetration speed performance 1s 111u$trabed in Fl&L 7,38(b).
-~ = ' '

. . . - %
The densified zone under the plate narrows in comparison -

- \
with the lower penetration speed performance. In addition,
. - "'*ﬂ-»_:“,‘___ 3
the snow surfacé near the plate is not dEnsi{ied. The simi- E
lar situat%on‘;an be cited in the performance of fresh snow.-
c . e T ‘ )
b | -
The behaviour of snox under the plate is brittle. This is

s

ocbvious from Fig. 7, 39f it was described earlier that the

behav1our of snow under the TOHer speed penetratlon is . e

ductile. The further d1scussxon will be presented later.

PN _"'_"_“"—*'—-'-———___'_

lower and the higher penetrétjon speed performances are shown in

. e
Fig. 7,39. The figure shows that the penetrating resistance with a
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speed of 0 097Jﬂulsec 15 remarhably hlqher than that obtained by the
hxgher penetratlon speed. Th1s.trend is‘s1m;]ar to that obtaived from
,ghe'ductile and brittle compréésion perfbrgances ‘Therefore, the
‘iower penetration speed perfol‘a@a;\;e can, be described as ductﬂe, ..hne

ﬁf_ - F:q':_"1 u:'h
the high sﬁeed penetratlon canfhe daﬁgr?ﬁé? as brittle. It Was no:nted
-"""

L

out in the prev10us settions that %be,ﬂﬁttlle behav1our of snow pro-

vides for the harden1nq of structure in relation to the 53hes:on theory,
while tke brIFtle behaviour of snow Wai\\Fsult from the fracture. '1t
is_eﬁpggfzd that “the microscopic deformation nechanisms of these pene-

tration performances are similar to those found in the confined compres-

-
-

~—. > . .
sign tests, Therefore, under the,lower speed penetration, the micro- |

- - a

scopic deformation mechanism can be described in terms of the increase

- -

in contact area between snow érains, especially for granular snou. On
the other hand, the behaviour of ?hqg under the higher penetration

™~ -
speed performance can be described as the microfractures resulting from
LS "

the 1ntergranular slippages or/and the breaking of qrains.f
i To provrde for moréﬂxétailed respoise cha(aéfbrlst1cs of srow
under the p!ate penetration, . the chand??itnhénow ﬂropertles dur1n9 the

plate pengtrat1on are examined by means of tHe blade oenetﬁgting tech-

»
. ! ~

nique. . L

-
?

-Chénqe in Snow Properties under P]ate Penetration - -

The blade penetrat1ng technique was established in she pre-
ceding section. It was found that the blade penetratlng force (B.P.F.)
is a functignﬂof unconfined compressive strength of spow. In add:txon,

e l

> -
-
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.‘.

1 4

into snow den51f1ed by the p]ate

the blade penetratxng force may present the bonding stréhgth of snow .

because unconflned compress1ve strength is a, fUﬂCthﬂ of bond1ngw » '
- . . P ¢ ’

-

§§rength of snow. , . ‘ .

F1guré 7,40 illustrates tfe blade penetrat1on performance

4

netration. .By this' method, the '.

»

change in snow prqpertles is examined. As mentioned earlitr, %he

blade pengtrdiing_force presents the bonding sirenath of sno&. . .
Therefore, Eﬂe change in bonding strength of snow dens%fied by the

L ~

plate penetrat1on can be obtained from the blade penetrating technique.
' Figure 7,41 shows,.the blade penetrating fo;;e contours of
the granular snow densifi?d'by t@e plate penetration with a penetra-
tion speed of 0.097 mn/secn The results indicates that B.P.F. is the'
greatest JUSt below the plate and decreases downward.and laterally.
Note thit B.P.F. denotes the blade penetratang foree

-

. Figure 7,42 sh?ws B.P.F. “of sgranular snow dEnsafted by the .
higher speed (0.98_1m/séc){“b"l;e*p‘;net‘:‘;tion. It is noted that it

was impossible to obtain B.P.F. contour because large number of frac-
ture planes or dlscont1nu1t1eslln snow specimen resu]tmnq from the
lntergranular sllppéyes or/and the breavqng of grains. The profiles

of B.P.F. obtained from Figs. 4,41 and 7,42 are presented in Fig. 7,43:
Curve A lndtcated in this figure presents the profile of B.P.F. of
granular 'snow den51fied by the lower speed (0.097 nm/sec) plate pene-
tration, while Curve B presents the profile of granular show denszf1ed
by the hi%her speed (0.98 mm/sec) plate~penetdation. "The penetration

depth is appfbximately 2.2 c¢cm for Curve A and 4.5 cm for Curve B.

* -

* B ~
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The large d1fference between Curves A and &gis dependent upon the mi-
. { * o
,croscopic deformation mechanisms df snow. It was pointed out earlier,

» ~ that B P.F. presents the bodding, #trength of snow. ,This rmeans that

f
- _ cons1derable lncrease in bonding- %gpength with respect to Curve A

] /_‘ -

"~ occurred but not to:Curve B. This ray be explalned by the followina:

(2) with respect to Curve A, the microscopic deformation of snow

- was due-to the lncrease in-contact area befween snou i0s,

~

-~ - — — b

<~
and then the adhe51ve force in relation to the contact ared

kS

increased, and

* ;
. . oy

) (b) dlth respéct to Curve 8, the deformation of snow was brittle
&,'tﬂ —
i result1ng from the lntergranular slippages or/and the break‘

ing of grains and then B.P.F. increased slightly because of

(.

— —
L

oo the increase in density or/and_the slightly increase in e

contact area between grains.

- -

o Thus, it is consadered that the penetration behavxour of

—— - — Ed - -

granular snow is 51T11ar to” that found in the conflned _dompression
tests and is deScrlbed in terms of the adhesion Kreorv for relatively

lower penetration speed performance and m1crofractures or relat1ve1y

higer speed penetrat1on performance. The discussion on'ééf adhesfon |

- ar S - -

- _theory -is presented in Chapter VII-T K

v “*

-
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Sinterad Snow .~ PUN -
=

e Figure 7 44 shows an apparent fracture rode for age~hardengd

'SnOﬁ for three days under the rigid plate penetration perfqyﬂance.

The basic Snow was retarorph1c snoa for three weeks (sep Cﬁauter "»])

ThIS type of failure mode is apparently distinguishable fron that ob-
3

ta1ned for fresh and 1n|t1ally granular snows. Thus the ngate pene-

— . tratzng behav1our of snow is very r.uch gependent ugon Snd« tID“,

LT RS

penetration speed, and’temperature.

~
LT ]
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¢~ GENERAL DISCUSSION AND CONCLUDING REMARKS.

‘. -
rm
vy
-

L\ .

YIIi-1 Discuséion on the Adhesion TheOry

-

Any theory requires assurptions H@jgb,often are true only to

a Iiaited degree. Thus, in theoretical ldeas, questlonable drawbacks
L® 3

cqn be verified on]y by actual experimentation

The adhesion theory was developed in Chapter III. This

s

theory is based on assuept1on that adhesive force acts on contact of
trio discrete solids and it depends on the area of contact, and is based
on the work done by Bowden and Tabor (19503 1964} who determined that
metals adhere under the creep deformation. A similar concept was used
by Trollope (1950) iﬁ?ihe development of soil strength theory.

N The experimental results obtained in this research concerning

[
—~—

~N

the adhesjon thepry are sﬁnmarized as follows: _o. -~ -

- -
T A - e ‘,4'

1. Contact area between snow grains under ductile conpression

increases‘iChapter YI-1). . . -

2. Strength of snow obtained from brittie c0ndition is strongly
dependent upon the deformation rate applied. The higher the

———

s def?@mation rate applied the lower strength can be obtained

fpter vIii-1, 2, 3 &4). It is expected that thieafzfggl,/f” ‘-
i  dependent upon the degree of inérease in contact -area” at

-

ailure. g

r .
/ ¥ "
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3. 'Under ductile <ondition; snow becomes strong with respect to

-

strain. This hardening of snow is. unlikely to occur under

brlttle condition: This suggests that the type of-deforra-

t--.r

tion, i.e., ductile or brittle, is very imoortant fo des-
crlbe.snoﬂ rESponsé characteristics.
, S : ‘ b - .
Further experinental results obfained are discussed herein. Figure -
8,1 shows a adﬁered graﬁu]aF 5;0; speciren after ductile confined com-
pression. It is auéa?ent that if the speciren re~ains,as qranulan the
" grains will d1sagqregate ~hen thé Spec1ran was-oushed—out frazathe —

" test cylinder. The flgure, therefore, suggests that rost of the SHOﬁ- ’.

grains adhered. * ] \ )
» 4 - 3

“The increase in adhesive force with respect to ductile de-
- - i w..,_______‘_‘_
formation is shown in Fig. 8,2. The basic procedure to obtain the
- - results shown in the ¥igure is described as below: ]

-
*

-

1.-Initially granular snow was conoressed in tée  standard

- “test- cyllnden; The deforration r /ate used was relattvelv ‘.

et
\ FantatN
- &

low {i.e., 0. 097 0.176 and 0. 227“mrsec) as 1nd1cated in -

the figure. .. , ©

e - - - e

_ 2. The compressed snow specirens were pushed out (Fig. 8,1) and
. . — i -~

then they were subjected-¢o.ugconfined compression test.

e \

In the unconfined conpréssion test (Chapter VII-2), it was-
mentioned that dnconfined compressive strength of snow is strongly de-
pendent upon the bonding strengtﬁ pf Snoﬂy Therefore, Fig. 8,2,_

i ]
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the compressive speeds during the conftned comoression, The urves -

rates of both curves are same (0.098 mm/sec) thereby the external

v ‘ - - * . .
wmpl fes that‘the_rﬁzrease in unconfined compressive strength with res-,$
pect -to the maxlmum densified stress in the ‘confined compress1on’fests ’ ‘
resuﬂts from the increase in bonding strength Qé epp;:ﬁ’fhere mav be
stiil arpumentsvégaﬁnstgthe preceding statements because it may be
true thet the 1ncrea§e'in’peﬁ§ity duriné the cont;ned compression tests L
affected the 1 crease 1n unconfined compressive strength. WHé;eVer» it‘ 4
15 noted that ?ensity alone did not affect the unconfined compressive
strength (see Fig.©7,6). For another example, Fig. 8,3 1s presented

'- [

|
This figure shoys stress- -deformation re]atlonshzns ohta1ned by'chang1ng

——— e

shown in the fiqure were obtained from 1mt1allv qrampar Snow 'The )
jnitial densitigs of both specinens are same (0 49 gfcm ) ’ The wpper ‘
curve was compr ssed frist with a compréssive-velocity “of 0.097 rm/sec .
and then the vel city was ancreased to 0.98 mm/sec only \ihen the speci-

men was compressed up to 0.5 cm. Whereas in the case of louer curve "

3 -

th:-i:ej}mgg‘was initially compressed with a2 velotity of 0.98 m/sec .

an €n the velocity was reduced to 0.097 mm/set when the specimen
was compressed up to 1.4 ¢m. Since the ¢ondition of comoression was ~ -
the standard confined compression used in Chapter VII-2Z, the deforma- = -
tion represents theﬂdensaty changes. low we compare the stresses at a

deformation of 0.65, cm for both curves 1nd1cated in Fhe f1gure. Note

i -

that the dens1t1es at that deformat1on are same. As ‘shown in the - .

}1gure, the stress of upper curve indicates approxxmately 0.3 kg/cm

wh)le the stress of lower curve is only 0.05 kg/cm . < The deformatlon
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cond1tlons are sam% The question is why the large differeshe between
the Pbserved stresses? This is explained by the fact that, for the
upper cqrve: the ducgjleﬂgpqp[ggsion {with cpmg[essiyahtglgcity of
0.097 rmm/sec) up to 0.5 cm,grior;to the brittle compression (at a
velocity of 0.98 mn/sec) éontributed to the' increase in the adhesive

.
PR )

force. ’ . K . A

Thus it may be concluded that the duct11e deformatton - a
contributes adhesion in snow and produces a dxfferent structure than
with the'bri;tle kompression.‘- <4 A .,

“From the microscopic point of view, a ;hnple model concern-
. ing with deformation mechanism of snow is 111ustratedl1n5Flg 8, 4. - ¢
The model illustrated in this figure indicates (a) 1n1t1a1f¥ p01nt,

contact betweeﬁ biains, (b) sudden intergranular slippage, (c}) increase

in contact area followed by 1ntergranu]ar slippage and (d) continuous
increase in con;ift area. Processes (a)-(b) and (a)+(c) are identified

as brittle or semi-brittle bthaviour of snow while process (a)-(d)

.-
-

is id;ﬁ%ifjea as the dqg;ile behaviour of snow (see Chapter VII-1).

It was found that the proc;sses shown in the'figure are strongly
dependent upon defod%ation rate. Process‘(a) (b) can be described in
terms of completely brittle behaviour, as descT1bed in Chapter VII 4,1. _.
In process {a)}-(c}, deformation requlred to initiate slip is very
important because the deformation provides for the increase in contact
'area and the strength of snow is dependent upon the adhesive force in
relation to the fncrease in con;att ;rea. This was mentioned in

Chapter VII-3. It is considered that process (a)-(d) makes snow strong

L
»

Yy
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and temperature (Cahpter VII 3).
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-

. e , o
bécause of an increase in adhesive force with respect to the confact
M

area. The apparent mechanical feature of*this process is not too dis-

T similar to oﬁper %iscous materxals From the macroscooic point of

view,, the1n 21 concernlng with deform&tlon mechanlsm uas presented in

N \ ]
Fig. 7,18, , .

* - .
—

. In the case of* shear perf’fmance of SﬂOﬂ, ba51c deformatlon

:mechantsm of snod may be similar to the model shown in Fig. 8,4. From

the-macrosc0p1c point of view, the shear performance concerning with
the adhesion thebry is illustrated in Fig. 8,5. The model illustrated
in this figurg, in fact, néglects ‘the effect of interldcking, however,

it may be appl1cable to Toose Snow.

-

For granu]ar snow, the shear strength in respect to the

T

‘ model 111ustrated in Fig. 8,5 can be presented by:

.

. 4‘ ’ '
. ,‘ _
1 Ac Se +lo tan 4 vees {7,2)

Hhere |

1l
-y

is the shear strength

© A_ is the adhesion force per unitf area acting on

A the effective contact area, 5e

- o, s the normal force applied L

5 is the inherent frictional angle.

As we know by pow , ~ the effective contact area is very complicated

in terms of deﬂgrmation exerted by the normal pressure, ‘snow structure
- * 1‘ -

"y
‘.

C—

.t
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Thus the adhesion theory is concerned with the most basie °

w

respanse chara,c/teristics of snow. In the present research, the ad-

hesion théory was examined mostly for granualar and poorly bonded spow.
. .
However, the concept can be gg’p]icable to,fresh and strongly bonded
Sm. ‘. 0 v / . \\ -
¥ . - . B
\ ‘\ y - ‘ -
- . / £

-

rra,

VIlI-? Pruppmtwn of Snow Classification for Engineering Purposes

It was shown that the nature-of snow, especially morphology

o as well as e;cternal conditions, is_quite important in predicting engi-
‘neering propértie.s of snow. Insthis sectwn, therefore, a classifica-
twn of snow is proposed hased on their constraints. At present,
there are many problems to establish accurate c’lass1f1cation of Au
because of consjderable Tack of information on the pro'berties and be-
haviour of sn&w Therefore, snow classification in this section is
not necessarily final and it should be changed when more information

.~ On snow properties are obtained in the future,,

Bas1cally snovt is classified here based on fFactors gov;mlng
snow Sstructure and external conditions. The 1nterna'l factors are
(a)_grain. size, (p) grain shape,'(c) intergranu'lar interaction_and
(d) density, while the external factor is temperature. ‘

Hitt! respect to grain _characteristi cs » snow %mgy be classi-

\ ™

fied as: ] >
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) n
(a) fresh snow, and .
" (b) ‘n&tamerppic SNOW

. .
. < -

as mentioned in Chapter V-1. it is not difficult ta distinguish fresh

-+ snow from metamorphit gféins hy,visual,inspé%}ion. The grain size of .
snow can be obtained by the sieve Qnalysis. liote that the sieve analy-
sis is not appticable at higher teﬁperature because grains adhere.

And from intergranular interéction point of view, Snow ray

—_—_

be classified as:_ T \\\ o

. ) . \

. (1) fresh snow, :\ z

< (2) granular snow, . ) . \ :

. . (3) semi-bonded snow, . - \\ _ - .
. (4) sintered (bonded) snow, and R B

- % R . i "

(5) wet snow above the meltingfpo?ht. * . —

o

- %
-

It was found that the unconfined comoressive ‘strength of sinteréd snow
- "f_l

is very dependent upon its-sintering time. This means that unconfined

')

c&mpreéélve strength of snow is a function of the bonding strenéfh of
sndﬁ. It is noted that bonding strength of snow is very dependen%

: upon sintering time (see Chapte% 11 and Chapter VII-1). Thefefore,
sintered snow may be«djvidéd into (a) high sintered (bonded), snow
(%.e., high strength snow) and (b)~peorly sintered snow (i.e., low
5tren§th snow). HNote that a typical poorly sinteréd snow is granular

\ SNOW. . . N

A et e Rt
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With respect to density, snow ray be divided by Epe eriticel

density of snow. The critical density (Ehaptqr ¥11-2) is defined as{

the maxirum packing density of snow without the honds betigen qrains,
. . )
It was found previously that the critical density depends on snos tyAa

.« (Chapter V11-2). Ba51cally, the critical density gives us not only ‘ -

0

the arount of compresslblllty .but also~ the Inforratlon hhether or not| »

mlcrofractures of snow Gocur under the load. It should he poted that!
| A
thé threshold density of snos depends on the deforration rate as des-

v

cribed previously but the critical density of snos can be uniquely

deterriined. Therefore, _ .
_(a)' Tow density snow, o e anrd \
B} - ‘ v 3
mi?) high density snow, 5 > . S .
e - . &

-

4 'Mm.'. . * . '
' Ramseier (1963) proposed that snow 15 divided into four types «ith )

<

respect to density fron the uncqnflg?d coTpressive strength:ané the /

. /
Young's Yodulus.of snow. However, his classificatigqn is based on ?;tUz

»

ral processed snow obtained from Polar region. Therefore, fe did,not  __.
- . - - /

-
-

. - . 4
consider the existence of semi-bonded and granular snos. 2s rentioned .-

pré??ﬁhs]y, snow'shpu]d not be classified frem a single faq}o? because

¥
there is no unique relationship between density and the othgr internal

¥

¥ -

factors as found in the present stuly. ) /.

/t to ul
low we exa™ine entire naturﬂ of snou with respect to u con-

ﬁcu.."

fined compressive strength and density uith the infornaﬁion fron the
other internal -factors governing snow stiucture. In Eig. 8.6 ,.Curves
a, b and ¢ Indicate relationships between unconfined coTpressive strength

. ) *
’
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and density for natural processed snow obtained by Butlovich (1956);
Rarseier (1&53)‘qnd Nakaya and Kuroiwa {1967) resrectiveﬁy. Curve a
obtained by Butkovigh is very close to Curve b obt&ined hy Ramseier
though terperatures are different (-IOOC by Butlovich and -49.406 by
Ra-seier). However, Curve ¢ obtained by 'iakaya and Kuroiwa lies quite
belon Curves aard b. This ray be explained P}.the yaried nature of
naturally processeﬂ snow though the test techniques used by them may . .

also 5??§ct the strength of snow. Curge% d and e shoan in the_fiQUFE\

-

»

indicate the age hardeniﬁg of repached snow qbtaiped_hy Go. and

Ra=seier (1963). . These two curves indicate that Fﬁp unconfined co—-

-

pressive strength of snow increases fith time aithout the large changes -
in égnsiéy. This process in snow is identified as the sintering and is

often galled as the age hardening of snow. The detail of si;tering

process wWas presented in Chapter 1I. Sare trend of age\ﬁgrdening of

snow (Curves f and g) was also cbtaired in the present study as sho=n

in the figure. It is apparent fron tgé curves shown in the figure )
that strength of snow is indeperdent of density. This suggests that

L &

snox should rot be classified fro- the density alone. - .

.- -
—~ mes -

' The critical density of snow is defired as the racirv pack-
ing density without the bondina between snow q;%ins. In other'words,
atove the crit{éai dens%ty, snos is always of bonded or s:g&ered nature..

It was found that the critical density of snow varies with regn%ct to

snow type. Therefore, we consider the raxirln criti;al density aqd N
the Uiniﬁun critical density. It is noted that the critical density

is higher for well graded snow and is lower for unifo;nﬁy graded srow .

. v — -
¥ " \
'

¥\|



-

4 - - .o " - @
(Chapter ¥11-2). It is expected from the experireatal results obtained

. in the research that the raxiryn critical dénsity is approximately

¥
o 3: P ) " bl =
~0.67 glcn3 and 0.40 g/cn for the minirun critical density as shown In
- the flgure. ) - . . ) >
. _ The unconf1ned conpressive strength of fresh snow is very low
e - as rentioned previously. The physical and mechan:cal properties of
L # .
*  fresh snow can be dascribed as follows: .
.. (a) very complex shape of.crystals, conseauently. interlocking
“rature,- - S
- (b} very low density (approxirately 0.1 élcm3). /
{c) high corpressibility because of initially lou density:
- ~ (d) o supportability beéayse of low unconfined and confined
&« , —— .
- /)/ ‘ compressive strength. T
By considering the preceding siaterents, nature of snow can be indi-.
e . . cated as shown in Fig. 8,6. For exaﬂplé, fresh snow Ties on a low

density rénge-as indicated in the figure though hfqher density‘can also
be obtained by &engificat%on. Granular snow lies on the deﬂsity axis
shown in the flguke in a range of densit}_fébﬁ approximately 0.3 glcm3
to the maxirum critical density (i;e.z appfbximateiy 0.67 glcm3),

while sem-bonded snow F&y lie above granular snow with rescect to un-
confined con pressiveﬁstrength azis in almost sare density range to )

granular snéw as indicated in the figure. liote that it is uossxble for

seii-bonded snow to have higher density than granular snow becaus of
N *
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— g _ TABLE. 8,41 S‘now&ssification Based on the Study )
! T h‘:: . T T . A v ..
; . v ‘ ) Sintered Snow
| ] .| Fresh ‘S?ow Granular Snow o Semsbondelfl Snov.v\ poorily [ strongly
Y N . “ ' \
-grain complex shape . METAMORPHIC . GRAIN :
" " : m— T r dhesion B
intergranviay” |, . 'fﬂ.t;-'t‘;qn \ a by . . . .
forcs m.terlockmg interlocking water film-» bonding by ~smt‘erm?
density’ : v -~ ‘aa.r ¢ . ‘ _ . 9
[9/cin 31 0.1 ;0.3 = 065 03 — 07— | 02-065 .\%0.4 - 0
o_c } J —~ _ . ; - ‘v v _ 2 . & U _
. H; - * more than - el . temp. dependent
[see Appendix CR I 3 W, ' p*- |
cr a A '
[g/cms] oy . 0-4 r_ 0:65
A - y — -
» :‘F":“"" B o sensitive clay type '°°'f' type 4
» - N ¥ s‘l D T)‘YPE "I 1 ]
. . ‘ e . . sensitive : clay type
:p:l"'/ét‘..P. F: . . : ) L T ' 5 ¢ ,-
x [kg ]‘ . ‘ # O . ' . f— 8 8 + '
. - v s - - ' high supportability
. . - .HIGH ° COMPRESSIBILITY gh supp
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b " , . Ve /\ I‘ -
. B.P.Fy - Thin blade ‘penetrating”force S
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- the water content in the ‘pores.  Sintered snow, as shown in the figure,'

i ) has high unconfined compressive strendth in comparison with other types

»

of snow as indicated by Curves a through g. The uncenfinea compressive

strength of sintered snow depends on ‘the bonding strength kl €., 51nter:

. .  ing time) as mentioned prev10usly . 4.0 ,

Mum

From the- prqctical point of view, unconfined compressive

. | strength of 500w can be represented by hlade penetrat1ng force (Chaoter

-

" VIi-4). Therefore, snow,type can be obtained from B.P.F,, den51ty and

ﬁ__q_--___e__adgjtize\gra1n character:st1cs. ) "

.- " rcne To appregiate snow type properly, it is necessary to know

the properties and behaviour with respect to type of snou. From the

present research main prqperties and behaviour of yarlous,types of -

) aed n, Table 8 t/d It 15 noted that thlS table is not well established

* .

because there is still a ]ack of necessary 1nformatlon and aoparently

*

. . the tab]e is not applicablé¢ for wet snow whach was not stud1ed in thl%
'f - research. , Thereﬁore, snow classificatidn should be comp!eted in

ey,
cen

future in such }a way proposed in this study. =

- Ll
S

. VII-3 Conc]uding Remarks - .
) _' Theoret1ca1 and experimental 1nve9txgataons on propertles
and behav1our for various types of snow were made, FErom the study *
undertaken the, following conclu51ons are drawn. .
- 5 "'"”h...,q_’ , ‘ R
(— - .
L ‘ ' Py . * .

snow, i.e., freSh granu]ar semi- bonded and sintered snow, are present- ,

&

-
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_;5,_7J6itial-b0nding of snow i;.vegy impbrtant for the stgengthhkh )

[ |

' - snow structure, ° - | <

t —
L) .

* ' ' - ’ L)
1. * The adhesion the7£y based on the assumpt'othhét two dis-
" crete solids ad@ere under plastic, .viscous or ereep defor-

) matIQn. and as based on the wo;¥ done by Bowden and‘Iabor .
{1950, 1964) i§ applicable to snow. It is concluded that
-‘duct1le compness1on plovides for an increase in contact
; arégrbetweEn‘snow g;ains. ‘Thié'éanses a hardening of the

‘l

e a——

- -

-

)
o

- -

2. Type of behaviour of snow i5 mainly describéd in" terms of .

‘bnittle or ductile. - 'Brittle behqyiour of, snow is related to

i, . o
' fa:lgre or:fractgre whereas ductile behaviour of snow is des-

-

cribed in,te}ha of the adhesion theory.

%. ", - R .
3. 22conf1nedf¢omgpe551ve strength of sriow is obtained from the

hr1ttTe s£;55§-§%r515 curve and it. is strongly d!ﬁendent on

~ e
cause lower uncohf1ned compressxve strength This trend is

! .

uncormon to other materials but is well exp1a1ned by the

e . _ . “

" adbesion theory. "% . =T e e

e

. .

» oa * T

- _ b . .
)

. charactéristics much more than densitf.

[ ]
‘ .IL . . »
a

Loos# snow fails by microfailure which does rot. follow the

'conventional spear theories. Snow uith a. densjty less than ,‘
the critlcai density possibly ﬁails by microfai1ure. Criti-

cal density ‘s defaned as the maximum pa ing density of snow

4
(3
3

»

- "

Snow type and. deformatjon ra&e. Hiqher deformation rate w:ll ,

L4

¥
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o / 6. Transitfon from brittle to ductile bemaviour in"snow is des-

L3

" Threshold density is strondly dependent upon deformation

&

without bond development between Snow grains. . *
‘ . [ . - "

jl"ibed in terms(\of‘critical .deformatiqn rate, snow tyoe and
‘temperatu::e. On the other hand, transition of snow is’de-
. pfndg?nt_ on thresheld d?nsity.. T‘i’ires_ho.ld density of snow 'de-‘
notes the depsity at the transftion‘from brittle to ductile

iri confined compression with contrfolled deformation rate.

-

rate, snow tygé and teﬁ'p'érature. The significance of thres-

hold density is that it indicates increase in contact area
A R A

between ‘snow grains, which occurs above that density. It

was mentioned that. increase in contact area will cause

el

increase in adhesion of smow. . .

L -5 '7.-\",§hear1'ng respons¢ characteristics with respect to snow type

. o. ﬁ'é’“‘r?ainl‘_{( divided into three types, i.¢., sand type, sensi-

i ““five clay type and rock type, from the appareni: ‘feature«of

£

T~ o, curves. On the othpr hand, shear strength of snow

is Very dependent on shear velocity. At temperature of -
L TN &
-IBOC‘ higher shearing velocity provides lower shear l;trength

«

. for granular snow. This Qrepd;i':‘r"‘uhcor,rmon to other miterials

- but it is explained by the adhesion thébry.

Rigﬁd p‘lateﬁ’enetration 'beha\;iour of snow is strongly dep'end-
| . :

ent on penetrating Spfed_ and snow tyoe. Generally, lowger

. &

. ~ 225 P

-, .. ‘ : -
. h )
nd ' * .

™
P

-

'

o

»

¥
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i

penetration speed will prov1de\higher penetration resistance.

This trend is similar to the compre551ve and shear behaviour

- of snow, but not to other materials, Very Tow penetratiqn .
speed will cause an increase in adhesion of snow below rigid

plate whtle relatively high penetration speed w:l] produce

mi¥rofracture of SROW. be1ow rigid-plate. 4.

: -
. -
[

9. Thin blade pehetration behaviouf into snow may be usefuI-?Or -

«

evaluation of strength characteristics of snow, espaecially

»

in the field, - Th1n blade penetrat1ng force has a relation-
ship‘htth unconaned comgpe551ve strength as shown in Fig.

1,33. 2 .
X
® ‘ ' SN

10.- The fact that there is ar extremely Varaed natureqpf snow. .

ineV1taS1y reguires c1assificat10n of snow. Snow type may
« be described by: i

N T T SRS
| .

a[~ grginﬁchqﬁ%cteristics, -,

b} intergranular inseractipn, end_ ~
c) density. )

' | .

Grain characteristics of snow.are divided fhto_?wo types:

i.e., fresh snow crystal, and metambrphic grain. So far as

the intergranular force are concerned, snow Is classified

“into four ‘types: fresh snow, granular snow, semi-bonded snow
and sintered snow. With respect to density. snow is divided
1nto two typeS' i. e . hfﬁh density Snow (1 > VCA) and low

density Snow ﬁx < Ycr)

w

i
-

.



APPENDIX

International Snow Classification ‘"
(see Fig. A-'I) '

For ths purpo'e the tentative snow classification P!
Commissin of Snow and Tec Js considered to be most convenient.
“all the 30lid precipltations are focluded.

3

the Intcmational
n this classification

I

»

Practical Chassification df Solid Precipitation.

¥ Craphic symbol

Reraals™~. .

Stellar erystals

q -
Spactal dendrites

Pla, Plb. Plc, P4 of I:geneml classifi-

cation of soow crystals
Pl& Ple, PIf, Plg, Plh, PI
. P2b, P2, P33, ?abg'r b ¥

“Cls, Clb, Clc, C24, C2b
{_Nla, N1b, N2

‘8 P3a, PSH ﬁ}“ . -
CPla, CP1B,'CPIc, CP2s, CP2b *

Capped colomns
Iregular erystals
Crpupel (Soow pellet)

I
I

b

Type'of pasticlo

Cr3,5,11,12,13
R4{a, Rib, Ric .

3laagazy

- " Sket (IoT pellet)

3

b) mmm:w)

. S. definltion; frozen
fairly small and u'anspuent

-~

bl

Solﬁpredpimhnfomcdbylhtm

tessive freezing 'of water kym

H -

" Additional
charncteristics
‘ L T |
“t
i

Broken crystals of typs 1, 2, et
Rl, R2, R3

N
-
‘t.',

Clusters of crystals of type 1, 2.dc.

Wet or partally melted crystals of
type 1, 2, ¢t -
Snow and raln falling together.

#
3
Stze of pifilcle

Tlnstu Ja.rudammth;rnmt

———

- -
-

(or a'm'agc

wpd hnl:l?limdm Forldusmd
crystaks R refers to the average size of

the crystals compasing the Eake,

gt
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| - B i1 a g | BT
— = | - | BN CQ}? g o
. - BT »
R2. A Rla  |R® Ria . |R&b_ - |Rde '
g t '? ””'w o '-.‘ B 0]
%f \&h:i - .r';%\\;‘ ' .'.{ \m: ."-t'. 'y ‘!’
Vet :’% ity . &9 | Wy | Ligh
- . " [ : e
) [ ‘ -* I e 4 & .
‘e Fig. A<1- Irrterhationa'l Snow. Classification (see Table A-1) a,
. . AR p

A\

. /
’ - . 'J 1



.creep deformation.

vvvvv

- INTERGRAJULAR SLIPPAGE BETWEEN SHOW GRAINS * -

*

Relatina to Fig. B-1, the intergranular sliprages hetween

grains may depend on the true stregses acting on gontact area, thé

intergranular interaction and th \ f ial.
nF? granular inte n and the type'o mg&gglil <

If we assume that snow grains are viscous, the deformation

- N
of grains should depend on_the rate of deformation 1f 3 very rapid

deformation rate is appl1ed on snow, it is expected that the grains

<

behavekifke rlgld material. hote that elastic deformation of crystal

is usual]y very srall in comparisgn with its large viscous, plastic or .

L - ————

e,

- I,This'appendix cpnsideFS the conditions of interaranular slip-

}'page,of saoy grains under bfth rapid and slqw gates qf dafornation.liw. ‘-

o

Equilibrium Condition ] -

e
.macroscopic point of view and true\forcg§‘P2 from the microscopic

4

in Fig. B- 1, it 15 assumed that applied force F from the“ Py

point of view, on a plane, are in a state of equilibrium (Fia. B-1).
Under an application of contrd1leq déformatjon rate, the forces depend
on the deformation rate. This is very common-to other viscous materials.

Referring to Fig. B-1, an equilibrium can be written by,

x e (\
F‘ - * b :‘ sesave ;‘B"T)

L Pz,

\
-y
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Where i denotes i th contact and n denotes, the total number of

L4 4 -5, -
contacts on the equilibrium plane considered. How, let us consider

,\ the following: - . ]

-:; 1. Rapid Deformation Rate .

i

We assume that rapid deformation rate\provigpg for the rigidi-

ty of snow grains for the following conditions: - \

(a) Uniaxial Force Condition (P, /0" and P_- P, B, Fig. B-2)
- ¥

As a simple case, consider a point contact of grains as sho&n
* i 19 ‘»i - -

in Fig. B-2. By using the Aronton‘s law, an-&gffilibrium condition of

- slippage can be given by, ) . -
A - . ':‘ - _
'Pz. sin.y Pz. cos
- . i * I, v" #iu\% 1 4 * L "
. - tany . u . R )
~1 o - ~ eeree (B22)

r

-

- If wé represent as u - tan ¢, EQ. B-2 becomes .

‘;'fp__‘¢ * LR (B-i-)-.——‘

\ \ ' :

. Equation~(B-3) may be concerned with Fig. B-3. &he figure demonstrates

-

that the' cone shape of depositing granular miterial % uniquely deter-

~— mined by a ratio H* / R* wheké H* is the height of the cone and R* is
1 o

the radius of bottom of deposits as shown in the figure. It is expect-

e

ed that the ratio H* / R* represents some_prbperties of raterial.
’ .

. -
.
"a
& - -
q'; »
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-
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. Fiq. B-2 Intezaranular Slippage Condition under Hniaxial .

] " True Stress Pz at Coniact between Grains
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. This idea’is used in this study (Appendix C).-

- \

=

»

[ ~

(b) Biaxial Force Condition (P, 7 0,P / 0 and Py O Fig.B-4)

= -

- ) T——
With a sigilgrity to the uniaxial force condition rentioned

earlier, an equilibrius under biaxial force condition can be given by,

’

. Pz; sin , Pr; €OS 3 ¢ b (Pzi €os . 3,Pxiusin ) -
- c P . - " -
\ i | -cos_; + tan : sin A
. Px. sin , - tan } cos
. Q

i N . ~  tan (fz-- Lort)

. . _
e -0 M . RN (8'4)

Equation (B-4) is being used by rany researchers for the nmicroscopic.

.

— o~ _ -

¥ R - -~ —_" . _
\ ) )

h , -

study of deforration rechaniso of sands by assumiing rigid sand particles.

r

. . - .

-

- -‘=“'-'_‘-—__—-l -
2. "Slow Deforration Rate -

we assure that slow deforration rate provides for therviscous,
1 -

. plastic or tTreep deforration of snow gr;ins for the following situations.

L4 »

(2) Uniaxial Force Condition

«

We assu~e that a point contact increasgs up to 5, at 2 Yimit-

ing equilibriua condition of slippage. _Now we assume that an adhesive

r
- -

*  force is proguced by the increase’in'centéct area (;he adhesion theory,

LS
.
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Fig. 8-4). Then, the limiting equilibriun in relation to“the increase
2 . D e ’
- in ckin{act area can-be given by, . » v
. B G .
Pz o A S uPycos o . t
. A, S, .
(sm v - t an :¢os ;) . .i
! . - .,
T
- r -
. . 1
» L
where sin o - tan ! cos y > 0.~ .« . - - &

% . .-

- If the grams\are spherig‘l and the mcrease in coptact area is express-

. <
ed by Eq (4 1]) i. e., deforn'atl\on with respect to P is assu*ed “to be
zero, Eq (B-5) canbe expressed. by, e . .
., ~ . e . - N
- Z 3 - -.--’ -
A, T (3.9 ¢ cos* ; - 1.78% t’ cos* :)-
Pz. . . -
ak (sin w -- tan i cos ‘) )
- < * - “ass s {8-6)
I - . = . * -
. where 'Ac js adhesion _force . o
r is tll? radius of spherical grain -

¢ is the strain apphied
) y is the contact angle _ ° !

hapted 1Y).
F?EENE aptet 1Y)

The equation assumed that ;10 breaking of .grain occurs under force Pz'
I - )

X A, 71 (3.9 - cos? ; - 1.785 c2 &os" ;).
’ Pzi' <

(sin ; - tan 3} cos ;) P
. . . NN R (B"G)

*

apparently, no intergranular sli?pa'ge occurs,
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(b} Biaxial Force Condition ’ - W ’

With a similari
L

-

»

_force condition at a c?ntact can be written as:

A »

ty to the, case (q), the 1imitingleqﬁilibrium

: oo

LI §
a

\PZ = p'x i

L tan 4 sim ) ' .
,! + b ) + fc S;Cl\ .

(sin ¢ - tan 3 cos }) >
. o . ¥ e (8-7)

¥

Erom Eq. (4,11),

£

L (cos p ¢+ t

: {
an & sin ) + c ar (3. 9 cos” ¢ - 1,785 g2 cosu v}

Fz, = =

. v

(Qpnded) snow as below: ~

rl

. AS

(sin »~ - tan ¢ cos ¥
[ n ‘.

”’:“ P21 -

-
-

where A is the adhesiohtby sintering

‘e

h

‘/ 4
ZPx; {co

sin p - tan g €OS ¥
1 .

js” the.frictional angle for sintered snow.

”

sy + tan &g siny) e A sc*,‘*

eeen (829)

- Pzi O
-

;—

) However, it should bé nit
- . tered snow.. Only qualita

"can be possible to apply

(sin p - tan §, cos }) . -
. T - i )
-_--v N Y

ed that Eq. (4,11) is %ot app11cable for sin-

tively the concept of 1ncrease in contact area

for sintered snow.
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UASRIGEE : O
- DEPOSITING CHARACTERISTICS DF S50 WITH RESPECT
» " TO ITS _GRAIN SIZﬁ DISTRISTUION AND GRAIN SHAPE | -
-~ N e . - 4 ~ * -
[ 2 ™ ’ ’ i . _%:’ [ : . *

_The d@siting cﬁarat?.eristicf of snow depends on snow type. -;

» » "

It is expected that the internal structure of the dep051ts may beﬂn-

f!uenced by the gram character:stxc@1 e., gnal sue and shape.

!
- \ . The attempt in this Appendu is to ex
.t L
1

of varwus snow .in relation to predmthn of snow,ctyp by knowing the

; -."

H
‘\' * de \‘n
pes1t1 g ‘charactemstics
Y ox \ \
’ . v T ’\\ .’

4 ) Experimental Procedure o~ . v
i - « .\‘ :\

- Cs - . SRR
1. v/Snow was sieved into cups\asw ‘in_Fig. C-1.
-~ ‘l

N 2. The ma’ximum depositing height H* (se\e\ ng\c-l) was

»
<
A—-d—"""‘"-'-'w.—_—
.
x

. . T
R measured and a ratio H* / R* was obtained where R\
. ’ ) the ::adws of cup. In add1tion, the deposfhnq density ~_
» o D = of*snew ‘was also obtained. , !
. & " “‘t . £ ¢ .= 'i . * . ) o ,- .. - Pl .>
" "' - - Y
. ' Results . - e ~ ’

p _n . <

- l\ -, Flgure C-Z shows apparent depos1t1ng figures of (a) fresh -.

' N . fnd J(b) Z‘year ‘o1d sngy. Sy ’ .
’ :

T e, The depositing density and H* f/ﬂ* of various types of snon ¥
"‘:‘} ) = - ‘ v -
N * are. e p esented in Tab]e c-1. . ;o : ' L
4 ’ . ' v ’,

BI'" > . - - + :- .:
R““‘I‘ » & ¢ L] L4 o~ @ - . -
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TABLE C-1 DE\POS}TING DENSITY AND H*/R* QF SNOW ,
Lo o ‘ . %
« A\
. . . \ .
Vo s
3 | F 3 ¥ 4
‘ 1. '.'I/ ‘-3 H*/R* v‘
- SNOW TYPE DENSITY (g/cm”) .
J R* = 2.5 cm R* 1.3 °cm
1 \ - » "
Fresh snc;w “ 0.12. - . more ”t;han more than
V. 4 Lo 3.2
Jweek old . 0.39 1.6 1:6
-~ - . . CoC
2 year-0ld - . 6.4? 0.6 ! 0.9
. . L] M - % B
1.19 < G < 2,38 mm . 0.37, - ,0.4
0.598 < G «1.19 mn 0.48 ! - 0.8
0.417 < G < 0.598 mm - - 1.0
L . . - \\ §.
L] n .r ‘?
. » Y
— A ! *. 03 . \l )
. - G denotes grain size.
= * ] [} “f 3
, \ \
% l' \ ‘
. ' + .
f . . . . L]
l\\ * ':
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_TRUE GRAm SIZE OF SHOW OBTALIED FRD"I THE MICROSCOPE ANALYSIS
B AND APPARENT GRAIN SIZE FROM THE SIEVE AHALYSIS

~ ~

~

-
I

-

The object to this Appendix is to compare grain size distri-’
burions obtained%y the microscope é}ialysis and by the sieve analysis

which is being used for snow. -

\" ’ - )
. .

]

-

Snow Sample - ¢ - o ) . . .
‘\ Snow :sample wa:s.;unifom]:} graded by sieves (sieve ovenings

~  of 0.598 and 1.19 m, i.e., 0.598 < 6 < 1.19 mi). / - N

!

Micréscope Analysis
L \‘

;
et

"Photodraphs .of su{fjci’ent nunbers of grains’of, thi SN0 1' - " .

" (i.e., 0.598 < G < 1.19 mm) were taken through a microscope and then

* ‘the short diareter DS and the long diarmeter DI of each grain were
N O - -

. measured fron the pliotographs. ) ' .

”

. Results o . /
M . - L™

- ’, 1 7
» 4

-

obtained:by the microgcopé analysis and the apparent grain size (i.e.,

0. 593 < 6 < 1.19 rm) obtained by jhe-sieve analysis. Jt should e ..
. ﬁoted tr;,at the distribution Curves of true grain size cannot be compared

with £ig9. 5,2 because the curves of three grain size were ob{amed by

-
-

pur,ber percentage of grains while the ordinar,,r-.grain size distributions

shown in Fig 5,2 were obtained by weight percentage . .

Figure D- 2 shows the fkequency d(st?ibution of-D s/Dy of stiow - .

sa-rﬂp uwd in thic Arnendiy, ’ . .

. Figure D-1 shows the comparison between the true graip size s
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-~ Ty MOHR'S ENVELOPE .

et
r . ~

The Mohr's theory assymes that thé shearing stress at a

yield is a ‘function of the norﬁat stress (o) acting in the considered

. p]anevor | A ‘ i S

-‘? . ) ’_i f (o), T (E-1) _ :

L} -

L) * b
-~ -
B .

This relationship between t and o can be represented graphically by

~ . "

pa Y

making a qiagrak inwhich T and ¢ are tqken as coordinates.
Figure E-1(a) shows such a_diagram, called Mohr's circle.

In Fig. E-1(a), Cupves AB and A'B', called Mohr's envelope,
are assumedbto be parts of €q. (E-1). Appﬁrent]y. as a change of the

[3

siifhj:y)) cannot iﬁfluence failure. Curve A'B’ ls.a mirror image of > -
A

AB state of stress can be represented by Hohr s circéle in atr-o

pf&ne, it fol]ows that for any circle Iying wholly within Mohr's
‘ enVelope the combination of shear and nonnal sfressés ni]]’represent a
. stable condition. Because no portion of circle can lie beyond the en-
. velope of the infinite number §f possible cirtles passing through point
-« ,P-only the one tangent at that point can exist. Thus, the Mohr's enve-
L ’%ope {or failure criterion) is-the locus of the points 5f tangenﬁy
corresponding to circles in the r - o plane. The circles showg in
, Fig, E-l(b) represent triaxial compression, simple shear and

-

simple tension. In many cases, triaxfal compression and'dircct shear
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\
tests are being used for the obtaining the enveldpes.

S

\

—

-

If Curves AB and A'B' are replaced by two straight lfnes

It is found that some of ra
how the straight envelope and some do not.

s,
Fd

L

terials

)
T

%
3
£
E]
E
E
E
=
L
5
»
%
£
[
>
L]
4
=
k-
£
5
k]
%
k1
H

) . :
inclined at an angle ¢' with the o axis, this envelope is déscribed
in terms of Coulomb-Havier theory..
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