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, . 
As a basic.concept in snow ~echanics, the adheslon theory 

was developed. The adhesion theory requlres assumptlon that contact 

area bet\1een snow grains increases wltl! the local f10\1 deforrratlon of' 

solid near tlÎe contacts and the adhes Ion at contacts lncreases ~litlJ 

the size of contact area. The results obtalned From the Mlcrosco~lC 

and macroscopic experlments shorl that the adheslon theory IS appllca~ 

ble tp snOrl. . . 
The deformation mechanisms'of snow under conflped CO~DreSSlon 

were microscopically studled by using a microscope and thln sectIon 

method. The experimental results showed that the type of deformatlon 

depends -upon the deformation rate applied. 

For the requirements in'snow ~~chanics. simple t~stinq tech

niques, i.e., unconfined compression, SIngle load confined c~preSSlon, , 

incr~ent load confined compression, progressivè loa~ confined ~o~p~es

sion, direct sbear, thin blade penetrati~q apd rectangular rigid plate 
.~ . ~ . 

• penetration tests 'were examlned liy usin~ various types of snow. ,Jn 

addition, the ll'echanical r;,esponse charactel'Îstics of Yariou~ SIlO~1 were 
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studied~y performing the mechanical tests. The expp.rimental rpsults 
.' 

showed t~at the behaviour oi'snow u~der th~ mechanical tests was,~ell:> 

explained by the adhesion theory developed in this study, 

The test results obtained from confined compression testing, . , . , 

and 'observations made in regard to physical performance 6f the test 
• 

sj)ecill'ens, ill11strated the need for establishment of crit.ical densÎtv 

and t~reshold density. These quantities give the signiricant chanQes 
• • 1 

in the bchaviour of snOIi below and beyond thesp points., 

The failure modes depend on'the type of testing, snow type 
, 

an~ size of specimen. The experimental result~ show that the con-

vcntional shear theory is not always appliéable to snow. 

, - , 

On the basis of the'present research, snow classification .-. ~ 

based on the ill'portant . ..factors governing snow properties for engi

neering purposes was proposed, 
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• \ 'La théorIe de l'adhésIon fut développeé comme concept de base 

la ~~canlque de la nelqe~ La théorIe de l'adhésion requiert la 

Itlon que la surface de contact entre les graIns de neige s'ac- , 

n l''êl'',e ter,ps que la déformation locale de l'écoule"~nt des 
~ 

solides rès des points de contact et que l'adhéSIon ~ux contacts 
" 

s'acCroit ave/;, la dlPlension de la surface du con~act. Les résultats 

obtenus pc dant des expérIences rlcroscoplq~es et wacroscopiques 

JT'ontrent qu la théol"le de-l 'adhéSIon peut s'appliqueé a la neige. 

La\~c~nlque de la déformation d: la neige sous c~pression 

avec étreInte latérale fut étudiée par l'usage du mIcroscope et de la 
\ . 

l''Hhode de la s'ection MInce. les résultats des expériences montrent 
\ 

\ 

, 

• 

• que le type de déformatIOn dépend de l'allure de la défonnation u,tflist'!e. 

'. '---

Pour les exigences de la ~~canique de la neige, de si~ples' 
• 

techniques' tl'essa,l, tel.les ;we la CO"lpr~ssion sirrlple, la compr~ssfon 
, , , 

avec êtreinte ldt~rale a charge unique, la c~pression avec t'!treinte 
t' 

latérale a charge aUgT.entée, la cor,pression avec êtreinte latérale 11 
.. ~ " ." 

charge progr~$sive. le cisaille~.t~~irett, la pênêtration de ,a lame 
,- , 

~ince et la pénétration de la plate ri9fd~ rectangulaire furent 
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exJmlnéel '\tans oeil IsaCIOIl de d,,'ers-types,de neige. De plus, les 

êaractères ~~ ']a réponse mécanIque des différents genres de neige 

l , 

furent étudiés ~dr les essais f'êcaniques. les résultats des expériences .. 
montrent qu~ le conportement de la neige dan;;{es essais mé~àniqu:s 

pouvaIt bien s'e/pllqueé par la théorIe de l'adhé~lon developée dans 
.~. 

cette recherche. /' 
, 

les résultats obtenus lors d~ la cOmpression avec étreinte 

latéràle, et le; observations A l'égard du fonctIonnement physique des 
'-- -" , 

échantillons, ont .Illustré le beSOin de l'établisset:;ent d'une dens"lté,H . .f'_ ,., . 
crItIque et d'une densIté du seUIl. c~s quantités produisent des 
"'. . . 

Chang~~~nts slg~lflcatlfs dans le caractère ,de la neige A l'intéieur 

et au de Hde ces den, ités. ' . 

. !~~ ~anières de la rupture dépendent du type d'essai,. du . . 
tyce de neIge et de la ~ensl~n de l'échantIllon. Les résultats des 

. e;.oérlences ~on~rent que l~ thio~ie ~~nv:ntionne)l~ du cisalleeme~ 
n'ext pas toujou-rs applicable a la neige •• 

Ayant pour base l~ présente recherche .• une classification de 

la neige établie sur les fa~i~~s import~nts contrôla~t les car~cté~is-
'" t1qu,~, es.t proposée pour_~~s. fj~s !de f' 1 ngénlérie. 
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INTROOUCTI ON 

A:~ ? 

. 1 

Gene'ral Problem Oevelopment 
, 

! 

( 
., 

The behav;O)l!' of SrlOW under load fa11s w1th1n 'the considera: , 
• " 

tH1n-of snow mechanics . .,.Figure 1,1 shows a general f1oW'l(;hart:.wh1~ .. 
portrays the involvement of snO\1 1n'vanous kl-nds ,of actlvlties. The 

--- ' ... , 
need for a proper-and baSIC study of the beh~vlour of 5,00\1 under 10ad-· .... 

~ -- ",> t ~ .. • ". 
lOg ln the case of tlllS thes1s aflses rom a reallzatlOn of the fa,çt 
~ ... ,~ . ~ .. 

... . ' • '1" 
·that ln off-r.~ad ~h1cle mob1~lty on sn w covered terra ln, the înflu. 

, ., 
ence of snow coyer prQPért1es on vehlcle performance IS very slqni.fi-

ca'nt .. For proper pos1t1ve tract:ion development . .. .... . 
tracks and snow (for tracked veh1cles), the 
• , 

to ~e ful~ll1ed: .' 
. . 

V.eh1cular 

. .. 
'c-.. 

~ 
, 

~ 

(a) 'lntegral adhesion or .bond1n~ (no S11p) b~~weén the 'mecilanical -
, 

• 

(b) 

• 
traction device and snow to ~110~1 fOr) generation of orooul-.. ~ . . 
sion" .and • 

, 
, 

stable snow compression, ! .e.; compression of. underlying snC!~1 

.Wit~.out :ield, or failurEh, .t~ p~vide/or ;.upport of .th: 

vehicle. >-.LJ ' 
1 Thus, proper positive tractio.~ per~orman'ce requi'res that a minimum 

• 
• 

~ 

. , '. 
amount of 1nput energy is expended cn non productive work-thereby 

, . 

• 1 
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, .==S=N=O=VV===9M~E=C~H~A~N~I~C~S~ . 
"Snow type 

, 
External cond ition " 

• 

• MOBlllTY '" 

o ... 

.' 

• 

, . r--'''7-~;;;:==;=;=~;Zr~-, lavalanch. ". "'iI.. 
-:-hoel-snow truck grou.er-sno.., temporal Du,ld,ng .~ port on 

. ,. 

J,n'tera cil on Interaction' on snoYt cover nOw cover. 
",Ii snow and ' parkIng 101 

·1 • • support _ În sking 
1 nteraC~lon ability place 

, r·""-' ..... tt !èe on road, 
ln sea and 
canal b.t", eeh' .. .. snowand 

",-,- iristruments '1 > 
prediction • _ 
and counter- "'-
plan. Iflterlocking, Friction and Adhesion of ~now 

• 

• ; . 
-~ 

. . 
SNOVV TYPE, 
EXTERNAl 

CONDITION 

& 

stress 
strain 
relation
shiP 

. " 

ultim ate 
strength 

. i 

bearing 
ca!,l~~i~y 

• • . J' densifica~ion 1 0', 

( 1 IT~,!;TING J:. 
TECHNIQU E 

j,. 
j 

1 

" ~~ 
-r'-

.....". ~~ 1 , , • r ~ \q ) 
II 7---- ~" , ..... 

-

• 
~ 

MECHANICAl f\ESPONS~. CHARACTE'RISTICS OF SNOVV 
1/ 

i: 
,.-
1 • 

~ , ., ~ . , 

• • FiQ.·l,l '. Gener.al Flo'" Chart for Snol< MeclJanics , • 

: ? . 
,~ . .. . . 

• 
• 

f t. -' 

, 

N 
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producing optimum drawbar pull . . ' . 

3 

, 
\ .. 

'.. .Chang~S 'in, :th~ state and c~actet, Of. sni.':'., frqm a :.~.re'sed '. 

reglon to an jJnstresse4 can be easlly ohserved In,,'ô~' s~udy of;lOo'1 
,~, > ~ ~ .. "\, ~ \.. -.i..~~-T .!; .- " ,. 

performance u~de.r lo~d: Types of shear failure .1~~Ô\'::~f~$~:fiCU1t 
• -," •• ~ !.:..-: :.>~ ..... -

. ~to characterlze or evaluat!' - both qualliat:ively d~.-q~~.~ively" 

The reasons for thlS are due to the extreme'ly varied nâitr;;;ti-sno,.,' .. . , 
.prope~tles and characterlstics which are climatic, physiographic, . . 
tempera tare , and pressure ~pendent. 

"' 
Thys fO-; example, variations or 

dl fference lIT sno,~ propertles and èlJaracteri st ICS are "found lÎ'et~leen • , , 

" . . ) ~, .. 
tree::-llOe snO"1 and praIrie snoWs, coastal as opposed to alpIne, arctic '~ 

as opposed to sOM'rctle snows, etc. Tak1ng in.to ,account the influence 

of cllmatlc and phys lographlc factors, alld othe'r eçndHions such as,' • 
, , ,. JI'" "~ 

tl~e and local perssure WhlCh WIll contribute to the wetamor9h)c pro-
-

çesses ln snow, it beco~es ObV10US that for a proper apprecla~ion of 

sno ... properties,\ it is nècessary to recognize: •• 
, 

, . 
(a) the prOblem of appropriate and valid of • 

snow and 

. -
(b) the.fact that response perform~nce.of snow is condition~d by 

" 
the type of snow but also by the nature and m~nner of physi-

cal testing . 
. ' , . 

The problem of determlnation of snow properties thus becomes obvious. ... ~ -' , . 
It is therefore clear as to t.he nature. of the investigatoi9n required 

• 
• • iÎl this ~Hesis';study. 

( . " 

: 

, ' 
,.- . . ( 

\ 

, . 
. ' 

" . 

, 
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• 

• 
When the original grain structure is disrupted or destroyed , 

. 
" 

the snow is "considered to have failed, and the m~~lmum stress mobilized 
\. in failur~ is taken as th\! "ultilllate strength" of the snow, 

" The ~Iymate strength of snow has qeneraÙr been consid~red 
a fu."ctiOï of inter?ranular ,bonds established i~ the snow o~ den~ity; 
Keeler~(1969), JellineR (1~5~) and Gow and Ramseier (1963) in studyinq 
bondin9 effects described that snow strength incl'eases with the bondlng 

, , 'area dcveloped in tlfe' snow, ' 

The shear strength of snow is related to den;ity, temperature, 

.. 

~-~-.....,.-;---~. :, and.graiQ structure of snow, (as other strength prODerties are) and in 

. . 
. '. 

• 

.. 

, 
• • 

• 

a~ is a~so dependent upon the ~~essure normal to the shcar d~reè
tion. Attempts have becn made to apply Coulomb's cquation (bclnq used 
in sOlI mcchanfls) to describe the'failure condition o~ the sn6w., ,- . ' . , Experil1'c~tal results' obtained by llutkovidt"(I956) and University of ... . l' ... 1 .. ,. 
Minnesota (1951) show, however, that the relationship qetweQn shear 

.stren9th pnd normal pressure"f~r. bonded~now is not linear because of 
• 

the cOmpressibility of the snow, B~ard and McGaw (~965) and B~I!ard 
and Feldt (1966) assurned fr~ the results of th~ir studies on snow , . .' ~ -. -' . "strength that. the externa 1 str.ess on ? snotf'mass prllduces a uni form • 
, res's condition i~ the lnternal ,struct~re of snow r~ilure' 

oc rs ~en thes~_~ternal snow structures are stressed to the ultimate 
f ice, 

Alth~U9~ it has been acknowledged that the mechanfcal proper-, 
ties and behavfour of snow are influenced by the multiple factors 

• 
.90verning the, nature of snow, most investigatQJtS have confined their. , 

\ -p' , • 
-'. • .. 

> • 

• 

. .. '".. ;' 

• 

, 
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-
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• 

studi'E!S' of snow'properties to a J:onsideration of a 'slOqle factor, i.e., 
.. . r· . , 

densTry, bonds or graIn size., ,To 41lustrate the llmitatl~ns in slnqle 
, ' , 

~~ ". ,. 1 ~ 
~actor, consld~~iOnS,)t. should b oted that, ln P1dst Instances, ,dlf-

fereiii densities of natûral sno\ls demonstrate sno',</ grain cha-
. ~, . 

ractê'rist'ics an'd different types of bonds bet\1een the sno~, graIns. 

Tnls 'means' that the effect of denslty as ~ f~cGor Included the effect 
• 

~ :; .. 
of snow gr?ln charact~rlstlcs and bondl?q relatlonshlps, Thus, for 

. . . ~ 

example, the m,l!chamcal pr'ôpertles 'and bel;avlOut of a bonded snO\1 Is 
l, ' , 

easlry distinguIshabJe from that of ~.sugar snoll (for the same de~~ty), 
, 

To p,=-ovide for a prop.er characterJzat Ion of the-1>ehavlour of sno" under ., 
loadlng, It is thus,necessary to examIne ~he wechanlcal propertles and , 

• behavlour fDr a speclf'led sno.'1 condHion (relatIon to the multIple . 
factors) bY>J)rop-;' tes( techniq\les: 

. , 
Basis-for The'sis'Study 

, 
It IS noted that the,co~cern for 

" 
a baSIC developwent of the 

studY~Of snow'propertie~ Is.~otivated'b;, . , • . . 
; ...... 

ta) the lack of adequate physlcal mechanicaJ results and (!.Ita . .,... . ,,' 

;,leading to a ratiçna1 cha,:ac.térization of snow, . . 
-

,& 
lb) 
y 

d
' ", un erstandlng .. f b 1 ~ o snow ehavlour in re ~tlon the i!lcompJete 

" 
" -" f • • 

to snOl'l.naturé arrd type" test metbod and condittons ,and Jack' 
" . , 

• . , ., 
, 

• of ratiônal corrèlatlons between compressio and shea~ per-
~, ~, 

J • , 

formance vis-a-vis snow ~rength and ~t~ility. . , 
,,- , , 

• ., .... , 

" 

• '. . . -

:: 

-

.. 

• 

; 

• 

" 
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.' 
" 
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• 
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, r 

, . SnO\1 factors worthy of consideration' are: 

-
Snow propertles change with, t\me , even under constant . 

'~~. . ..,. 
tel1)pe;ùure. (sè~ cnaPt~rlI), ThIs means thr laboratory 

testing on snow specImens obtalned from t~~ fl~ld l~ not 
. " ~ 

nec~ssarily useful becau;e tne test r~~ults ohtalned f~the 
laboratory tests cannot nec~ssarlly bé d1rectly applied to 

• 
, the field snow •. • 

" 
T'lere may be dlfflculty tes t da ta be-

• 
(2) 

) cause of the l\adeQuate appreclatlon of the domInant factdrs , . , 
,operatlve ln the fIeld p~oble"'. 

'effect of changi n9 témper\ture, 

1.e:, un~no\ln sno./ cond it ions, 

etc. 
.....~ -
~ 

:.~ 
7 

,-
,-

Organization of Thesls • r '" 
~ ReCOQnlzlng fTlanY,of the dîJflcultles', 

study of s~o\'/ ln'-be aChi~ved \/Ith the following , J , "' 

• 

(1) SImple tests ShOU~ be perfonned ~n ~he lcrborato ~ for the 

purpose of examination of both test technique and snOrl 

propertles,\ The nature of snOrl should be established prior 

,to testing. 

(2) The ~mportaQt factors, governln9 snow properties should be 
" 

established,fyom proc~dure (1), 

(3) Based on the examination of the physical performance of 
? 

various types of snow, a scherne for classification of snow, . . . 
· • 
• • ,-

" ' 

~ \ , , 
-~. 1 • 

~ 

~ 

" 

, 
• 

"" 

" 

• 
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~ 

. \ 
• 

, 

",-
"-

from'the ~~tive ~echanlcal propertles an(\ qualitative 

" 
mechanical behaviour, way be estàblished. ~~·nrovide this, , ~ 

'" it is expected ti1at the s.tudy Mav require rrany years. 
. /-

, 
(4) Oevelo~ent of prop~ test technIques U$lng Info~ation ob-

" 
~ ;-

.. / -,' tained fro1l procedures (1).- (2) and (3) for detemination oL 

_ SOO.1 properties and be~our. lIith such a p-;:oj:edu-re, i~. i;. 
eypected that a proper appreclation of the)nature and t~es 

of snO.1 ln fIeld in so far as ... ec"anlcal~el)avlour and per

~lT'ance rray be actl1eved. rre," t'le sno .. clasSIfIcatIon es

tab 1 i shed thr,ough procedure (3). the r,<;!.Chan Ica 1 prorertles 

. . 

'. 

-
and behavlour of fIeld sno.' çay he predlcterl. 

~ These procedures have heen f::ed ln t,.o s'~oarat~ hut In-~ ? 
terrelated study schee:es ln thl$ thesls. 'Flqures 1,2 and 1.3 sho., the 

~
.: sche:res used'together ~'Îth' the forr-at for presentatIon 19 the 

t SI$ and the baSIC organization of tne study ~aterial. • 
~ -'r- ln physlcal presentation of the the~is,'Chapter II descrlbes 

, " , 
the nature of snow and ice as requlred necessary back9r~und raterial. . . 
Chapter III develops the adheslon theory to describe'thè ~echanical res-

t ....' -

pon~e c~~f~~rlstlcs of SnOrl. 

theory is that two solids i.e., 

An Important assu"'Ption in the adhesion ---.: 
. /" 

snOl'/ partic1es adhere as a result of a 

plastic junction sI11l11ar to that proposed by BOnden' and Tabor (1950, 

1964). Chapter IV provide.s a theoret lca'l exaninat ion of the increase 

in contact ~e~ between partlcles as required IQ'~he adhesion theory. . . 
Chapt~~s y through VIII describe the experiFental inv~sti9ation ta~~ 

.. . 

f.' .. 
" 

, • . 

, , 



If 

0\. 
• 

• 

" , 

~ 
.. 

, 
/ 

..- '. 
AmIES ION TlIEORY OF SNO\~ 
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, (Chapter III) (Chapter VI) 

(Construction of Adhesion theory 5' Micro',eople Stl"ty ~n r ' Incr-1o J,sP 

,Adhesion force 
- Contact are,) -. 

.. , 
{Chaoter IV) 

Mathematical A~proaCh 

- Re 1 il ti onsh 1 p bet~'t'en 
Contact Area and 
Str.llo 
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~ 

in Contact Area, as d 

of Strdln, Contact 
Functlon 
Anq"> 

~--~ 
Observa t 100 or 1 ntt'rr dl 

Struetul'e of Sno\l 1 y 
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(Ch,)pter V,,) 
< ~dcroscopic St~dy\ 

on Ad~esldn of Snow 

, 

lIoconfined Compression 
, 1 

Confined Compression 
Di rec t SIH',l~ 
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l, 
1 
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in the research . 
~ .. 

Chd,Pter '{ descrlb~~ the e/P~r1r-e!'tii procedure a~d 
• 

t"ate";als .used ln t~e reSeilrcll. Chapter ,1 d'scl;sses the e y cen:-ental 
.y 

• resu 1 ts on tl1e defo,,-at ion ar.d fa, l ure -ec~'iI01 S-S 0 f 'sno" . tHl s t 

Chapter "II d'scus~es the ~iSlcal and r-echanlcal restonse cl1aracter,s

hes of sno-" fro-, the :-eCl1an,cal" test'r.es1;lts obta,nip in the stud/. 
~ 

- ~ Chapter "III d, scusses the adhes, ~n tlleor f tased 0'1;, t,~e eypenr-enta l 
.'-

resu1ts, ard sn~ classlf'cat,on ~ased o~ ,~S ~~-Qnstrated ~ech~n'cal 

procert'es ar1 beha,'our. 
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OIf,PTER Il . -

IjATIJ1![ or S!1011 MIO ICE IN R~lATlO:1 TO PROlllEM WillER STfJIJV 

. . 

Th; obJ~cts of this chapter are to: 

la) provide for the necessary background for the proper -...., - . 

"'. \ 

- -< 
appreciatîon o~ the nature of snow'fr~ the review of 

1 itera ture , ." 

. 
(~) conslder the ~~In f~ctors qovernlng sno~ structure, 

1 
f 

tc) ~repare background for the oth~r chapt~rs in ;his --thes i5: , 
-.0;:. r " 

',le ""''lM e~pect that the l''echanlcal proMrtles- of snow are 
-, 

prl~~rlll de~(ndent on snow nature whiCh 15 characterlzed by Ja) graIn . . 
character.'Stics, (b) in.teraction force alY.l (c) density. 

• . 
Siote snow varies f~ frcshly fall~n one ta Ice as a 

- . 
function ~( ti~. t~erature and pressure (S~r(eld and laCha~lle, 

......... ..... ~ . 
·~1970. LaChapelle. 1969 and Sh~~ii, 1964), it i5 necessary ta uno:jer-

, 
_~ staÎld the wh~e process of snow transfol'l"atlon. 'Thereforé, this 

chapter briefly.describes t~ vatiations in snow nature with respect 
• to grai~ characteristics, interaction force between grains ~nd density 

• 

and points oui s~ probl~ Kith respect ti:s~ nature • 

• 

-
. ' • 

• 

, . 

• 
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• NATURE 01( $1/0(1 'AllO ICE IN RELATIOII 10 PROBLEM 'JI/DER STUDY 

" , 

, 

• 

.. , .., 
~ 

" 

, 
'.' , 

, . 
The obJPcts of this chapter are to: 

• (b) -. , 

{ c) 

, . 
provi~'for the necessary background for the proper . , 

, . - . 
• > -

appreciation o~ the nature of snow from the review of 

1 i tcr.a ture ; 
" 

~:: b:::::: f:::'::::::::; ::.:,' :].~", .. 
" ' 

" . tMs is:, • , . 
• ". ~c miqht expec~ that the mechamcal propert;es of. snow ar~ 

... .' ~ f 

,pr!marl1y d~~endent on ~now nature which i5 characterlzed by' i~) grain 

çharacteri'st ics , (b) in~era~tion force ana (~) dl)n~it:-t " l' . 
. . , '. 

Sinte snow varies from frcshly fallen one tb iee as a . , 

... 

functlon of time, t~perature and pressure (Sommerfeld and' LaChapelle; 
~ ~ ..' 

1: ~1970, ~'aChaJlelle, 1969 and Shums~i,i, 1964), i t ls necessary to under.-
, ., " '. .... 1 ' .,. '" 

$1 .. J. .... 
'Stand ~he.who!e process'of snow.transformation, • Therefore, this 

" , , . ' 

cha'pter briefiy describes the ,va\=iations in sn~ nature IIi th 'resP:ect 

, . , 

~ 9~ Jn Char~etcr~tics, , ... ......oo ' • 

interaction force between graÎns and ~ensity 
.. j 

and points 9u1 sorne problems with respect to'snow nature, 
. , 

• 
: .. 

, . -
• 

. ' , 

• 

" 

• 

, 

• 
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, 

11-1 GraIn Shape 
. 

• 
The shape of sno-.. crystal or 9raln varl~S ln ne'.ily fallen 

5no ... In cry~tallograDhy. single crystal 1$ an:: sIngle, ~ce cartlc1e 

I/IhlCh Ms a CC'T~n Orl~ntatlon of the orderlj arra; of 1"ol~cule;; .. hlch 

r.al,e up as solid structur~. In this sense. sIngle crystal and Qraln 

" 

'. often coinCld~, 

The r'ost ,;Idel, used clasSIfIcatIon is that oroposed by the 
. ~ 
Internatlona1 ,CC"",s~on on Snc •. ard Ice ln 195'1. In thlS cT.asslflca· 

.... "~ .. J 

tlon. there,are seven -lIn crystal tires, SIJCh as c>lates. st~lIer 

--crystal. col~-ns~ needles. spatIal dendrItes. caD~ed colu-.s d~1 

", 

ne .. lyJallen sno..: JS. not al1d'S IJS~fIJl lJecause It 1$ tM dlfhcult to , •• ~ 0 - .. 
CMSlder th€' shaoe effect of crystals. such as l"i"âte.s. r,-:lles/ .,te,. 

on ~he r~chanical response characteristlCS, . 

Fro., the therr~:lyna"lc pOInt of vie ... ne,.lv fallen sno .. 
-.-

crysta1s have very uns table shapes ~ecause of thélT large s~eclflc 

surfaces. A large specifjc surface. (Le •• a large ratIo of surface 
., 

: area to voltF~) r~aos that the surface r-olecules of the crystal have 
~ r~"· ~-

a hî9~ po!ential ènergy,_,lhe natural tendency of the.nr-odyna~ic . . . 
protess is to reduce the' surface free energy to a l'IiniRIFI. The Ideal • 

shape to ;chieve this ~rni~~ shape is a Spher~ (laChapell~1~69). 

This p~cess is cal1ed "~ui·t~perature ~~ta~-orphis~· in snow, an1 is 

strongly tiFe and t~peratur~ dependent. , • 

:' 

. ", 
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-
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, 

'. 

'" '. -, 
• 

.' In the tj es, L-e., fresh 

sno~ (non-~eta""orphic sno") and ~~ta-orphic snow (01 . . 
âre dlstinguished by the Shape chara~teristics. 

« 

• , 
1 i-2 Grain SlZe .' , . . . 

Fresh snow cI"'jstals cOTon!y range in size f,.o.., a fraction 

of il ~111keter to il f«'ft nillketers, :{hen dry sno,., 15 blown by 

s.trong ~1 nd, so-~ frag"",ntat 1 on occur5 and srr'a 11 er gra 1 ns farnl. The 
, . 

'graIn Slzes for co!d blo~n sno" rain1y range fro~ 0.1 to 1.0 ~ equl-

valent dla~~ter, 

Aft~r depo51tlon of fresh 5no .. , the flrst proce25 0 equi-

t~-perature ~eta~rphl$n 1$ the decrease of curvature of the rp 

poInt of ~rysta1. A little later, but stIll .. lt~ln ~he s ~e'step, the 
" 

sral! nec~s of ~rystd1 dlsapnear, causlng tne sno,'crystal' to Jose 

~~st of Its c~-p!icated shd~e dnd to ~r~k up Into sral1er qrains wi~h. 
- " -... -

, 

less total surface area. Ouring the next $tep ln t~e ~eta~o~hjc pro- -
,,' . --

cess, the tot~1 surface area 15 furthel decreased as the grains becorr~ 

rr.ore equi-di~~ns lôna i. Needles beç~-e SM-rte" and wlder, plates become 1. . ~ ... . 
thicker whlle thelr ~4Jor dla~eters decrease. The first step',. (~reak

ing up of crystal into s~aller ~rains), iS'called "equ!-teMperature 
.' 

After the destru~ive r,~ta~~rphism: destructl.ve l''etalT.orphlSl'l'' of sno .. , 

the 9fains beco~-e ~~re equi-dil'lenslonal ·and larger;. 'This increase in 
~ . ~ . 

grain size of snow is cillled ".grain growth" of isnow çrystitls, Thus-' 
1 

9rai~ slze of snow f)rst decreases and it increases later under natural 

environrr.ent~ • -" '. 'r ; • 
1 

• 
• -. . 

< 
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11-3 Intergranular Force of Show 

ln the previous sections, an individual snow grain has been 

dêscribed. In this section, intergranular force of snow is considered. 
~ - , 

At very~ld~temperat~re, as w;s described by Kingery (1960); 

packing of.snow grains may bring O~·thc.state :Sfrlctlonal InteractIon. 
l .~ <-

and interlo~ng of grains. Snow (usually spher ca! gratp) in t~is 

state IS deflned as granular snow, sometimes sugar snow. Ea~ly Inve~tl-
. ~. '. . 

g3tors_observed that Ice dfd not readily adhenc at tewperatures weIl 

be 10.-1 the l'le 1 t ing pofnt.· However, lIakaya and l'atumoto (1954) observed 
,0 • 

that, at a tell'perature of -7 C, ices adhered together due to a 1iquid-

like fIlm. The experimental result, obtained by "osIer and Jen~en 

(1957) sl~IS that cohesive force bètween two ice spheres is appr~xi-
.... • .. .. A .. 

.' m~tely 650 dynès at the rr~lting point ~na rapidly decreas~s with de-

1 

creas~n9 terrperature. lheir resu1t shows that cOhesiv(!'.for,é between 
o 

ice grains ~anished at temperatûte of approximately :5 C in dry envi-. ' 

ronment, ;hereas çohesive force exists in'saturated énvlronment with ......- ...... ~ . . .. 
, • 0 

respect to Ice down to -30 c: nelow these tempe~atures, granular 

cQndiÙon is obtaine<l for snow.~ . '.' -.... 

. ihere is 'evidence tha"t g~anuiar snow and semi-bonded (with 
: ... 1 

1}9Uid-lil<e~fi1m) become bonded.snow Witr time,., For instance, . 

/ingery (1960), Kuroil!a (196H, Hobbs and Hason (l9~.4) and- Ramseie~ 

and Keeler (1966) studied the process by whlch snow and lee partlcles . 
bond toget~ér ~ith tlme at temperature belo~ the mettln9 point. In 

L.fxperil'lent~s;o u't il i zing sma 11 spher~ of i ce brou9ht in contact under 
~ ...... " 

éontro~led çonditlons. Kin9~ry th~ht that surfac~ diffusion wa~ t~e 
~ (."-

'"'1 - . . -
, .. .. , , . ,. '. . .. ' -<, -:,.;. ",' ... "-

\ •. -

• 

'. . 
.\ 
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1 

" 1 ~ 

• ~ ! 
• ... • • lS . 

• 

l 
.0 

principal mcchanlsm of mass transféx wherea~ Kurolwa concluded that~ 
'. > 

volume diffusion was primarily responsible at' temperature above _15°C, 

and surface di ffusfon below tha~ t.emperature, 1!9bbs an~ lia'son . , 

)1964) ~inte~ out that evaporation-~6~~ensation I! th~ major mec~an~s~: 

hy which Intèr-granular bond proceeds under normal d nosphcrc cond}tlons. . ' 

'Ramsaier and Keeler (196~) measured unconf.i~ed, compr~, SlYe strength as 

a functlsn of Intcrgranu14r bond~ from ihe age hardeni of snQW in 
.. . .... ~ .... . 
both samplc~ under a s~tûrated atmosphere and Immersed i SIlicon 011. . , • • 
Tlrey de.duced from .the experimentàl results that the. evaporatfon-conden-

~. , . 

, satlon 15 the major mechanism for the intergranular bond formation.,. . 
, , 

'Thus, it IS deduced that the bond formation o~ 5now at temperature weIl 
• , . 

below the me!tJng polnt.is due to, sublimation (evaporatIon-condensation) • , 

with diffusion .• This proc~ss of the .bO~~ formatIOn, at t~perature 

b~ th/mE!ltlng point, is termed as "siotering" in analogy with the 
.' :<... . i 

phenomenon known in po~der metaflurgy. > ~,united view in slntêring pro-'. 
-: . \ 

cess of snow is that if the' snow is very c'old the sintering WIll be 
~ " '. \ . 

v promoted very slowly: but if it is clo'se to 'the lnelting point it can be 

• 

• 

• 

l '> 
" 

• 

. • 
. promoted very rapidly. • 

" 

, A~ mentioned éa~ller, the mainly 
- . " .. ~ ~ 

three types of interRranular ., 
; . 

,'forte in'sdow are as follows: 
.,' 'Il 

, ' 

• 

• 

. . 
1. friction and interlocking of grain withou~ sintering 

/ " 
at cold temperature (fresh and,granular snow) 

2. adhesi~ forc; ~ue to water-like film of grain sur;~ce, 
• • 

wtthout sfntering at refatively h!~~ temp~ratu~e (seml

bonded snow) , and . ~\ . 
3. bonMng due to ,~,lntering, as a function of time an(i , . . 

tcmpe~.(sintered snow) • 

• 1 , '-
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It is found that"'the 'mechanica1 response char~cteristi'cs' 
• 

.' 

• 

• 
• 

• , . 
~ of M\Y- asS~Înb1ed.materia1 ar! dependent 'on the intergra~1U1ar i~rac, 

tion.' The response characteristi.cs of snow. are also dependent on the 
"\ ..... ". 

, ,. - ",.,-'" ~.. . ~ 
typ~ of ~ntergranular force...f-! th~!. sense, at 1east four ma!.!! types 

_ o'f snow, consisting of va'rib s ~ntergr~nu~ar irl,te~act10n!t mentioned 
> ~ 1 ~ _ 

earlier,' shou1d be examined for the study of mechaniçal response cha-
• • racteristics. Those are as~llows: 1 • • • 

(a) fresh snow (wi th ori9i.na 1 crys ta 1 shape)1, . , 
, 

(h) granular snow, 
>, , 

- (c) semi-bonded snow (with water film), and 

(d) sintered ~ow. 

As mentioned e~rlier, these types of snow change one to .~ 

~nother with tlme and temperature as shown in Fig. î,l. Fresh snow . - . ~. . .. .- ." , 
becomfls sintered snow,with time an~ granular s~ow becomes s~l-bond~ . 

... ~ ;0' ~ 

~now wit~ temper;t~and becomes·sintered snaw with tjme as s~own.in 
::: . . ,.,~ .. ,., ... - , 

the figu~e. lIote t~at this transformation of ~bw type is often accom: " 
\ ( ,. 

panied by changes ih density and grain <haracteristics as a functlon 

of time, temperêlture and pressure. 
',' '''' 

~~ - \ 
• 

<'~"rI-4 

... 
6ther 

• 
.. 

.. 
" 

:- ' .. ; ~ \ li 

Oe~s i tv, of ~now '>--..-.. , _, ' .. 

Snow s~ructùre may b: desc~jbe~ by !he den~ity k~oring the 

factors, such as grain charact~tistics, and întergranular force. 
o -.. \ • 

Oensity of snow lis defined as: \ _, 
, '\: . . '. . lIeight 0t",s'l.0w mass 

. ~ 

Volume of snQw maS$ 

1 

•• 
. , 

\ 

• 
• .. 

• 
..... > .. . . 

• • . . 

'. 

• 

• .. 
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Oeposited snow range~.: in den;itF 1ess than 0.1. 9/00" 

for fresh snow to more thàn 0.7 g/cm3 for snow,which has~bee~ soa~ed 
, ~ .;' , , 

with water or denst~e~ •• Density of sno~ has been used as ~n indica-. .. ; . . 
tor of Illechani1:a1 propertiesof ~now by many lnvestlgators; howe~er: .. , . , . .' -

it is dOu~ted that snow prop~rties can be indicated by ~énsity a10ne. 
, 

This can be examined by the mechanica1 tests in Chapte.- VII. . . . , 

0 J , 

11-5 Some Prob1ems in Low Densitl Snow \ 
"" From the mechan!cal point. of view, difficulty of study for 

lo~ensity snow lIes in irrecoverable density çhange WhlCh causes 
\ 

the p~rarr~ters to change, such 'as compressive mo~u1us, Poisson's 
. ------

Ratio, coefficient of viscosity,.etc. 
'"'~ 

It is 'hereby consid~ thlt change in density of snow 

. results. fr~,the collapse ~r:es. For é,\amp~e, Fig. 2,2 ShO~S change 

, in density of l~os~snow un~er ri~id p1atéwith a constant dead lo~d. 
. . \ . 

This .ch&nge i~ den~lty is.consi~ered :o/o~our as a resu1t of fai1u~e of 

snow. Note that the apparent feature of failure shown in,the figure 

is d~hed from the genera1 shea~ fai.h'lre conmon1y found 

soiis which is shown in Fig. 2.3., 
~ " 

in " 

Whether or not fàilure of snow occv.rs is dep~Ddent on the . . . .... ""." ..... - ~~, ~ 
• • snow strength and load intensity. The a~aly~eS Of's~pportabi1ity o~ 

snow are estlmated from the strength at the fallure. Therefore, VIe 
~. • 1 

study of fallure mechanism ~s of,great fmpqr.tance In"the engineering, 
• - ... 1 . , , 

; 

practlce. The ~'lstinct dlfferences between those fallure modes 

1l1~d in Fig. 2.2, and Fig. 2.3 may be depend~nt- on the loose '. 

(/ 
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ELEMtNT B . 
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Fig:2.2 Actuaf Snow Failore under RiQid Plate with Oead Load, 
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Showing Cutting She~r,and Compression Shear '. 
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~ , . 
'or deose state of anYrmaterial. It is .found tlJat loose sand fails' . 

• \ 1 
ioto the so-càlled local shear failure Nhich is Ilot too dlSSlmllar to 

~ ; \ 

the apparént fail'lre mode as shown in Fig. 2.2. The prohle'Tl here is 

that the high compressibilJty fal'ure sho,m ln fiq. 2.2 does oot • , . 
~f~llow'the 'conventional fallu:e theories. In fig. 2.2: the macrosco-

,. .,"" ~ . 
• 

pic mech.anical response of sno,l is divided I1J3lnly InW'·t:<o types;. 
• • . .. ~ ~ , 

i ',e., (a) cutting shear at the edge of. plate, and ,(b) cOll'pression' 
~ 

shear'bene~th the plate. . , 
. ~ 

These t~o mechanlsms ,are apP,rently dlstln-

gUIshable: For in~tance,at tlie edge of riqld pla"te, "the cutting. 
, .' .:;0 

, ,-
shear" oècurs to t'Je dIrectIon of rnaXlf'lum stress aXIs ,:,hlte "the COOf-_. ....~ 

pression shear." occurs across the' maXil'1Ul1 stress aXIs as sho.m'In the 
, .. 

. 'figure. At tIle present, M1ëre IS nO'1"atlonal relatlOnshlp bêtlleen 

the cutting shear and compt~ssl0n shear. Therefore, th~se ,~echanlsms 
" 

~ are studied ln this re'search. The cuttjng slJear Of soo ... IS studred" 
- (. - -'~"'-.. 

by direct shear tést :'Ih~ the compressIon shear lS studied by- the 

uncoofinèd aJld confined compression tests' ln Chapter VII-3 and Chapter 

~tl-l & 2, respectivel). 
; 
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- PART 1 .. 
TIIEORETlCAl ÇOIlSIDERATlOfl ON DEFORl'ATION MEClfAlIIStI'OF SIlOW 1 

, 
, . 

111-1 I~!roductjon 
. . 

• At vcry lo~ tcmperature'snow consists of icc particles and . 
air. On the other,hand. at relatively higher temperature snow consists . . . 
of ice p~rtic1es: water andOilir. Snow structur.e· composes of t'ither 

partlçle-partlçle contaçt. bonding between ~articles or partlcle-water 
• 1 

system. In this sense, mechanical response characterlstlcs of snow 

dcpend on nature of snow.and·prope~tiés of icc. 
• 

Mcchanrcal propcrtles of ice are gcnerally described in terms 

of elastic. plastic and viscous comp~nents and arè very complicated in 

terms of "Ùmc-dependence". In the case of a prolonged increasing. 10ad, 
1 ;. 

the elastic limit dccreases sharply, the elastic de~ormation is over-

lapped by rcsidual deformatio~ and the MOre prolonged the 10ading is, the 

greater ~11 be thé amount of> elastic deformation that becomes residual . 
(Sh~skii, 1964). . , 
• 

ion, the mechanicaprQPerti,es ,Of snow are 

very complicated tn,terms f compl1cated pro~erties of icc partitl~ , 
and the fact that snow is composite material. 
" .;." ~ . \ \. 
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" . 
It is felt that the pr~sent poor understandinq and confusion 

on the prorerties and bell3viour of snow reslJ1t frO'!l t11e improper ap

IlreciatlOn '~f snow\type. ':-

Sn'ow var~ frOl'> fresh '. 

snow nature may correspond with sand to sandstonë or clay to shale. 

This J11eans that the mechanical' properties 'of snow also v~ries between . ,. 
extreme limi ts. Thus, lt may be too difficult to descYibe mechanieal 

'properties ~f snow in general way. 
::' ~I'" • 

frOA the engineering point of view, below tbe melting point" 
• '. 

, 

snow may be tlassified lnto four tYll.es, i.e.,' (a) fresh snow, (b) granu- , 

lar snow, (c) semi-bonded snow and (d) sjntered snow, as shown in 

fi9. ~. 1. , 
Fresh snow con.sists· of the.original erystals ,,'hieh are 

needle, plane, steller, et~., (see Appendix A), and the internai strue-
• . 

ture is very complicated in terns'of "interlocking" of erystals, as 

illustrated in Fig •. 3.1(a). Granular snow consists of diserete iee 
• "--~ -...... <,-

parti<les or grains and the apparent feature in terms of struc~ 

may not be .!!)§similar· to ordinary sand exeept snow porosity i,ofden 
, 
very large (Fig. 3.1 (~». Semi-bonded snow is deserÎbed in termS of 

grain-water film system as shown i~Fig. 3.1 '(e). This type of snow 

can be obtained at reiatively high temperature but below the melting . -
~ .... ' . 

point (~hapter Il). Sintered sn~ (Fig. 3.1 (d}) may be iden-

tlfled as the ordinilrily bon~ed snow or processed snow. Grains' of 

slntered snow are baslcally same for granular sn~ or semi-bonded snow . . \ 

. unl~ss trans4tion from snow grain to ice grain oceurs. These types of , 
• p . " 
snow have partia11y been described prevlously. The problem Is that 

• • 

• 

'J' 

• 
• 

'. 

, -
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" 
It is f~lt that the p~esent poor understandinQ and confusion 

on the prorertles and behaviour of snow result from the im~roper ap

preclation ~f. snow'\ typt. 
" ," 

Snow varies fr~ fresh , to near ice. This variation in 

snow nature may correspond,with sand to sandstoné or clay to shale. 

This meallS that the mechanical properties of snow also varies bëtween 

extreme hmi ts. 
• • . :,. 

Thus, It may be too difficult to de~c~lbe mechanical 

propert i es of sno~ in 9ET,;ra 1 way. 

from,the engIneering point of 

snow may b& classlfied Into four types, 

view, below tbe melttng point,_ 
, ... 
l ,e., (a) fresh snow, (b) granu- . 

, . .. , 

Jar 'snow, (c.) semi-l5onded snow aJid (d) s,1ntered snow, as sh6wn in 
, 
fig, 3,1. 

" • 
Presh snow consists of the. origInal Crystals ~ich ar& 

needJe, plane, stel1er, etc •• (see Appendix A). and the internaI struc-
• • • • 

ture IS very complicate~ in ,tems of "Ihterlockiiig" of crystals. as 

Illustrated in Fig •. 3.1(a). Granular snow consists of discrete Ice 
• • , ...... ., ._'", ~ 1 

parii~les'o~ g~ins and the apparènt feature ln terms of structure 
. 

may not be .!!)~simi1ar·~ordinary sand except snow porosity 1S often 
.,. ". ~ 

very larqe (fig. 3.1 (b». Semi-bonded snow is descrlbed in terms of 
• ,,_ ,.r.., 

grain-wat 'fi lm system as shown in. Fig. 3.1 (cl., This type of snow 
'. 

can be obtained at!elat~ely high tempera~ure but below the melting . .' 
polrit (Chapter Il l. Sinte~ snoil {Fig. 3.1 (d» ma)' be iden~ 

t 1 fled as the ordinaril.y bonded snow or processed snow. 'Grains' of '. ~ sintered S;IO~ are ba'slcally 'same for granular snOl1 or' semi-bonded snow 
" . 

. ,;ùnless trans'ilion from snow grain to ice grain occurs. These types of 

.' " snow have partially been descrlbed previously. lhe problem is that . 
" 

• ,.. 

, . 

" 

• 
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.' 
r;echanlca} îesvonse c cterlstics of snow F~l depend on the type~ of 

-
snl)w. Therêfore, 1 t-'is..~necessâ these types of snon . 

.~ 

• 

" 

........... -. 
" ---. - '.-

- '. 

• Snow Is.c~~oslte ~terlal. Therefore, I~teractlon between 

each const1tuent ~~y play an irportant role in understandinq the 

f'-echanical fesponse characterlstlcs:' 
· 4 

• B2wden ~p.j Tabor (1950, 1964) pointed Out tl\3t cree!) defol"f".a-

tlon of Fet~1 plate under F~tal baIl wlth load will producc adheslon 
~;. ~ .. } 

force be~e~n the plate and balt. They found that adh:sion force has 

dlrectly proportlonal to the slze of contact area between the plate 
-" . -., 

and baIl, as shown in FIg. 3.2. Taylor (1948~ described that, whon • 
~~ • 1< 2 

loads are applleJ to a sOlld, s~ type of Intrlnsic at~raction or 

bond elther exlsts or comes Into action to resist the relative dls-
~. ..... . -. 

plac~nt of adjacent partic}es. 1lfe.shearing st~~ngth whlch any 
" \ 

~terlal po~sesses by vlr!ue of Its Intrlnslc press~re is given the 

qcneral nae:,!! "cohesion". A similar concept has been used by Trollope 
• • 

(1960) ln hls shear stren9th theory of solls. 

, .' . 
• Il 

Tbis concept Is fntroduced to snow ln order ta descrl~ -· ~ 

~~chanlcal ~ropè~ties and behaviour of sn~. Any theory requlres ... '\. . 
certain assumptions whlch often are true only to a limlted degree. 

~ ~ 

• T:l1us', the precedlng mention may brlng us ta conslder adhe-

?on ~orcé. ~s a functlon of contact area between fee partfc~es even if . " 
snOtl 15 Inllially in a granufar condition" (point contact) because it is 

.. ~~ 1 
< • • ~y 

, quite possfble that Irreversible tncrease ln contact area may occur~~ 
.- . 
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~ Adhesion kg • • 

,~ • . --" • .. Fi9· 3,2 AdhesIon of Clean Steel Bali on a Clean Indl~ Surface · 
• • 0 . 

• The adhes 1 ve force is dlrectly DrOpOrtion~l to thé size qf Indentation 
t> 

forr--ed; .• Ilether the t I,e of 1 oad '"9 i s 19 sec. or I,OOr. sec. Th!'!; fi 
, . 

~uggests that t~e Increase ln adhesion witll tir--e is pssentialli a .. 
~ree[) effect (afÊèr Bo:,den and Talx>r). 
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~due to~ either .Iocal 

tOMs, 
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, 27 " . , 

· . " Thl~ chapter, therefore, l1'.3in1y considers failure and ,defor-
~ .. -

~tlon",,('C~~:~,15~S ,?f VdTIOUS types of snow, Wlt,lJ .r,es~ct \0 adheslOn 

"as à. func.tlpn oi con'tact areil, ~etween ~rains and friction and.al$o ' 

,prepares· for the expérimental investigation. 

- lIypothesls -• 

• " . 

• 

ConSlder 10ltlally pOInt contact of two partlc1es for 9rain~)' 
• 

aS' $hown in ,fIg, 3,3, Under cOfflpre~fve stress, irreverslble incr~ase 
, 0-

'in c"o~tact occurs under VISCOUS, (llastic or creep deformatl0n but not . , :, . --~-~ , 
elastlc deformat108, As found in filetaI (Fig, <B,2) the relatlOnship;'- • 

betwegn adhesion f;rce and conta~t area is ass~ed to be given by: 

• . ". 
----------- ~~, 

.. 7 
, • • 
,Ad Ac Sc • 1 ) • 

• • 
f~rce' • Ad is total adhesion • • -

o • Where 
• 

the adhesion, per ûni~ area with !espect A~ i5 to contact 
are~ .. • 

~o ~ .. S", i5 the.co~tact area.· • , 
• , --. • " 

• ~ . • D • ;, • 
I? • '. • • • . • tll-3 " • ~ Fresh Snow • 

• • .... ' " 
TheoreticaY considei"atlon of ",clianica1 respe"se character.is-

.; 0 ••• ..", 
• tics ~'fre5h snow jS~ather.dl~fJcu)t becau~~!Of its extremely cam-

1· • . . ...Â • 
ptlçated crystal sbape. The.,.ore, fresh snow 15 onl~ ~xamined by the 
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" • 

• 
" . 

expenméntal investigation. The resul.ts obtained are"comoared wi.th 

... - the other types· of snow and dlscussed .in Chapter 'III, ' 'v 

'. 

" 
.... ,. 

·11 1-:1 'GranuJ.ar Snow 

\ 
", 

• • • It\Was mentioned that pranular snow may not be disslITJilar to •• "'" 
'" • ~s .. 

other granular, mrerials, WhlCh.ls,..partially tru:. fig. 3.4 1llùstra~es 

possible relative rrovement of tl.Cl discrete snow oarticle? u~~er varlOUS ", 

load application, 'figure 3.4(a) illustrates the separatlon of 't\vO 

particles which lS idEtntifled as te~sile strength of SnO\1. ~in e 

granular snow' consfs ts of, dl screte grains as 'defined ea~r the on

tact area is assumed aS,a po!nt c'ontact or Véry i, 1. In thlS con '. 
" , 

tion, the nOl'Jllal force requirel! to sepàrat', \'10' gral~S may be negligib.\.e'. 
" . 

• • 
This is quite tr.ue for 'sugar 5nO\'/, ,Figure 3.4(b) ll1ustrat~s relative 

• • 
displacement (slip) of t'.vo pàrticles. In the case of slide wlthout 

" , 

nOrMal'~réssure the force reqUlred to cause slide is very small 

g~anular'condltion. Be.cause the Iconta " sm~ 1 as ,~tl~~;d 
above the adh~s'ion force in Fig, 3,·1 .ïs negngible. This 

• ~~d experimentalJy (è~aP-;er 'III). The 
.. 1· • 

tan force r ,uired to cause s'1ip be.tween t~o grains under/normal 
/ _.... ~ 

forCe is not ne91igiblebecaus~ of fri~tiôn~l resistance. The conce~~ 

of frictio~of materials 'lS kno\ln as Amol)ton's law whicjJ is widely 

~ing tsed in man~fields. \ • ::' >,' /' , 
/" , ' .. i 

, .~uPP'ose tha't two bodies wi th • ~n ~pproximately plane sùrface-. 

of contact oi apparent area. A are p'ressed ~-ogethOel" by forte 'Il"'norma~' , 
, " , . ) \ 

• 
. . 

.. 
\ 

.' • 
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grain. 
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(2) 
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• , , --, . . , 
Cond1t:io'ns for Ijranul ar' 5no.l: 

/ 
• 

( i Rg witll.9ut lIorma 1 5 tl'es s 
..... ;---...... , 

~ t;> Sli~~n~'~li~h lIonnal 5tres~, and '\ 
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.' 

.' A. ,'. ~ 
'J.!!L.J11~nder·1ncre~.ntact Area', 
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• 
" 

• 
cohtact., Il mi9ht alosQ be eXllecfed to depend'on A and Il bu~ experiment 

r ~as showp ~hat, to a r~asonabie approx;mat)~n; it' i~ependent of both 

ili'ese ~·ua.n·titi~s. ' 7, ' 
, 

- However, compressive normal force acting on thé contact may 
~ ~ ... ~ . .. 

providé' for an i ncrease in contac.t area (Fi g: 3.11 (d)). Hertz ... ., ~, 

has developed theo:etical relationship' between 'inCreas~\in ton~ct 
a;ea and normal pressure in the case of elastiè~sPherlcal p~rticles 
in, contact.· Never.theless, BowdeA and Tabor pointed out tha(, ft' 
their experi~ènt~l'rcsult obtai~~d~~.~sing'·lead, copper a~d ste ". 

;y.~.. • 

1 !la~tièles, the load rèquired to reach the èlastic 1 imit i~)(tr e~y 

, smalJ. .p~rutlz '(l~50) also described that ice had .j'0 clearly defined 
. . .... .' . .. 

'.: -9't'< ela':Gè limit with c'onstant loalat· Ooc, proyided that 1'Ite l'esi 
" ~~~. • 2 ~ "l' ... 
. \ . .'; .• ,~a~ce ~O"Shear the elastic l~mit does not exce~d 0.1 .kg/rm. At,ow 

• • "tempera tures, howeger, 'the elas ti c part of deforma.t io1f-t.Al;rt:ases eo~ . 

-. . .... ... 
o ' 

• f4.. 

r 

. 
• 

" 

" 

~ ~ 0-. -".-

." • ~iderab Y" Eyen a.t'O,C, she~r does oot ~pereeptible until the ~ 

. ~ce SU&~ed. t~ ,stresses Of. ar~und / kJl~\ As a first .approXi. " 
. .) 

• 

, , .. '"'' 
../"" ' 

" 

• ~. • 1 . . , ... .... r 

. matioo lee may\ ~e ~~9arded. as a. plastic sfbstance ,with a~ ~lasti? ~ 

limit of the order of 1 kg/cm2 (Perutz, 1950), byeonsiderfng,that; 

• • 
• 

L 

i\ 

. . 
• 

:::> .. 
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" 

, , 

. ~ 

(a) elastic limit of iëe is no(h.igh u.nde~..):ow :rate of 

deformation, , 
(b) elasti~ .defOrrna!i.on .of ~rYstal .. i~':~ry s~~lI, an~ ') 

{cl true stl'esses- at ,point cQntact- under even small ! 
• • • ~ ': ~I 

'. " appar.el'l~ s.~~es~ is ,cry lÎign •. 

·'th: l"rge de{Ormation'ô'f fc; partlcles~ i~ mâinly pla'Stic ~~' . 
• l' ..~) : • .. 

viscous .• niis suggests that 'the co"ta~t area urtler\ deformatl6'n'occurs 

. ~ve;sib~. "Therefore:lI'ertz equation is no~ ~p~li~a~Je fo:~tll'e~. 
large defor~ion of snow. This assu~ption is eX3mintd by thé experl

Il'Cnt~l inve~tigation·. 13'J comb:ning"Èqs. {3,1)-and·(3.3;. we ge~"lliê 
- 'f" • 

~ . tangentiàl for~e r~quj}ed: to initiate slip: 

• 
l , • f 

• J 

'Ac Sc t· ~ II. ' ': ~-~~;:?(3.3~ . 

Where F c· is t~e tangeri,:ia,l force r.eqUi~ed: '~~it}ate~'1 i p 

Ac ï s th~ .adh~s iÔn force perpnf tare! with respect to 
contac-t ar.ea \ ;! _ ,. .. 

• i. • . ' : 

• 

--- Sc is t'lie contac~.:area wlJen s1i.p init~ate1-: ~ 

t
'. p- .I,s t~e friétional coef,fi(jen~ ~, •. 
. 0, , ~ 

N is the normal force ac~ing ori the ion act. • 
. ~ ; f ""-

~ . .. 
Sc is not constant but, vari.ablc, If Sc is, negJ.igible angential f~r~ 

" . " 
required to initiate Slip fs ~résented by Eq. (3,2) ich may be re-

.. ,J • t:.. .. 

.' ·written.)!1 (ôrm~ of:: '-... .. .. 
.. ' ,1 _~ , • , j • 

. -;. ~ ." 
.; 

- -.---.- (3,4) 
, 

. , , 
~fie(e ~i;s the a~gl'e o( intérnal 

'~ 
"-, . ",-, 

" 

frittion. . ./' ~'\Il 
-' 
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~ 

In sal1~, the C~,~~ion 'for~e ~etween soi is generally neqlected. Th 1: . 

mean;. that ~ cohesion bet n san~g~ns may bé 5mall or the contact 
" 

- areâ'belween sa9d grains is a to be negllgible, Thére'fore; S.lml-
• 

lar equaÙon to Eq. (3,') being used in sand {Coulomb-Na~ler thcoryJ. 

• 
• by: 

• 

. ~ , , , . , \ 

where 

• 

In mos t cases the slip s~rength of grains can be expressed 

• , ,--. . , 
1 

~ 

C- o , 
..... 

Fe AS. Il tan ~i --------- (3,3) c e, . 

. F • ~:-' ~he tangential foree reguired to initi,,'e r~la-c ., ~ {> • 

. Il 

\~ 

. tive sliding of two grains 
of 

i s the adiiés i on force per unH area of -- ~ .... 
'Ço,ntact 

, , 
is the contact area whicn is variable as.a ,function 

" • 

"1' -./"'" •• ".',~~_~~:~ 
of 'l.iscous:;-'plastlc or ereep deformation, undér • . / ' 

, . "" 
! 

•• , 
• . 
~ 

. 

, 

• 

load • 
• 

ri is' the force actin!t nonilal to co~tact surface and 

'l>i' is the frictional angle 

(see Apperidix aï. 
• 

, . 

""'~~c.~ease in c0'ltact area between spherlca! parti clés as a 

function of deformation i~mathematlcally-treated ln ç~apter IV and 
.' , 

Is compared "ith the ex~erimental resu1t: General discussion on the 
.. . ---'--... ~"., - . 

adheslon of snow is present~d ln thapter VIII • - • ' ~ .:J_.-.:" 

, 
fi • 

' . 
• '. 

,:0' - : 

• 

" 

• 

. 
• 
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III-Sc Semi-bonded Sno~ 
, , 

'Éarlièr work by Shaw an,d leavey (1930)t has s~o,m tltat stro.ng , 
,adhesion may occur between ~~rface whlch h4 ve been cleaned 'and fr~d . 
of a)s~rbed surface films, but if the surfaces are exPOsed to àlr no 

, . '.' t 
adhesion is observed. On the other hand, the hork of Buagett (1911), , 

Bow~en ~nd Tabor tl9Sb, 1964) a,nd ather Ilorkers. lJave s~o."/n that l''arked'' 

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

other 1 iqui d films. !lo.,deQ and T <\bor cons 1 dere.j tha t the adhes i on due 

to water film be,tween sol 1(1' results from surface tensIon of hquld. 

Their simple calculatlo'n Ilased on the surface. tensIon" qUI,te a·Q~ees. 

with experimental res~lts obtained on g1ass.hea~. 

As mentlOned ln .Chapter Il, Ice particle holds ·.'reter·llke 
.;,.~. 

film on its surface at relatively high temperature at even belo."/ the .. 
i m,ÇJting .. poi1it (Na~'h~ d!ld flatsu.r.ôto, 195'4; IIoslt'r ~iid' ~'e~tln, 1957: • i$ - ,. . 

Kqroiwa et al., 1967, Jèllt!lek, 1967, and Flecher, 1973). Thus, adhe· 
, . ' 
l , • 

sion'due to '."/ater Hlm of $00\"/ may cause the tenslle -strenath of the 
• r. } ... ..,. • .- -

~now. )t js exp:.c~ed 'hat mech~nical response charac~ristics of • 

semi -bonded sno//" are dfs t i I}gui shed frol'l NIe others, such as fresh, 
, . . .. . .. 
granul ar, o! S intered sno,"/. Therefore, in thi s sect ion tlH:;oret ica 1 

considerations in relation to rroechanical response of seJnl-bonded sno\"/ 

are discussed. 

F~gûre 3,5(3) ill~strates separation of two adhered grains • 

du!! to the water film. This c<lse rroày be identified as mechanical ten

sile performance in ~ê.~i-bonded snow. According to·Hosler ft~d Jen~ 
.. --........ ..... - .. . 

(1957), adliesion force between two ice-p<lrticles eXIsts in a range of 
. " ~ 

t Sil aowden ,and labà. [1950.1964] , 

, 

1 

\ 

') .. 

• 

• • 

• 
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" 

t~mperatu''re from the meltlOg point ta approXlmately' -SoC for dry envI-
~ . 

ron:r,ent ~Ihile for humid ertyitonlrent, adheslon is o!>served ev en at 
• 0 

-30' C (see ChaRter Il). • . . 
'figure.3,5(b.) illustrates slldi~g 0:\ tl/O adheréd 9ral~S due Ç) 

to water- fHm. In this case. tl)e tangentlal force- reqûired to Inltlate • 
• p , 

slfding is considered to be dependent on temperature, graIn slze and, 

surfaée teJSion of water. 
, . 

" 
• 

ln the more gen~ral case (Fig: 3,5 (c)), the situation may 

not be to? d.issimilar to the clay-water systel'l. To ~Illtlate slldln<:I., 

it is required that tangential force must overcome adheslon force re

sulting from \1ater film, If sufficlent non~al force f"s actIng on con-
, 

tact surface the ~ater film mav brea~ an~ thus result 1 n an l,ncrease 
~ . 

in contact area -due to deformation \.hlch is nomal to the contact sur-

l, face coupled wl~h~thè' rlecham Sm'rrentlbml'tl for"~ràu lU Sn'ow e~~i iér. 

This ~ay cause increase ln tot~1 adhesion on the éontilct. Thus tangen-
. - ~ . 

,'"tial force required to inlJiate relat,ive sl~Jn9 IS dep~rident on: 

• 

" 

(a) 

. (bJ 

ildhesioll force due t,o '.1ater film •• ' 

friction" 

(c) normal pr\!ssur~; 
, . 

-
, . 

(dl' increase in adhèsiori resulting from increâse in 

. , 

contact~area,.and , 

(~l tempe~ature.' :.~, 

\ ' 

.. 

• 

• 

• 

• 

-, 

" ,'. 
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The fourth type of snow to be examined is sintered 'snow. 
,. 

Sintered.snow is obtaineij from the sirteri~Q process mentioned ln 

Chapter le Ilote thllt the proéess o'f s.intering is strongly dependent ,. ~~....,... 
!!on time and temper.ature~ Sintered snow is identif1(~d as "bonded snow· 

. which differs From the other types of SIlO"!,. In 'natural '.condition, 
'- . 

sintered sno~ varies in den~ity from, about 0,25 g/c~3 to 0.8 g/cm 1. 

The impor.tant role of sinterfng--ts a hardening of tire snow by the 
• 

~echa~is~ of evapo~tioQ.condensation as mentioned ln Chanter Il . 

Figure 3,6(a) illustrates separation of sintered snow graIns, FrDm 
\ 

the m~opic point of vlew, thjs 1S identified as tensil~.per. 

,formance,' ~!~ str!Wgth of ver~ high density snow . 

(0.8.g/cml,) a~ a telipe,.4,~ure of·i.'AJ°C is approx'ilnateJ'} zb kg)Ja.' 
• 

(Butkovich, 1956), Thi~ sU9~sts that adhesion due 

very high. 
~ ~ ~ ~ . 

, ~, 

In the general case, elative sliding o("two adhered grains 

\ (.F~g, 3,6 (b» is possibly dependent on~the adhesion .force resulting 

, from sintcring. and n0rm,11 force: .If the initial bond strength between IJ 
< • 

~ .. 

grains is sufficient!y hlgh so that an additional increase in contact 
l' { 

is not expect'";:erld-, "'n;-~.n9cntial force required to ini ti ate relative 
& 

s Iiding of a "IaSS from the macrosc~pic point of view 

, by Mohr theory. (Appendix É): 

-, 
• l 

.. 
of .. ~.' 
~~re slidfÎÏg force T is a function of normal force Gn, 

• 

. 
• 

- : . 

\ 

l ,-' . 

.. 

r 
~j 

1 

.. 
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flQ. 3.5 VàrÎi>U$ Load C.ondltions for Seini-Ilonded Sno 1. • ... _ ••••• 

. - (a) ~separâtlon. (b) Slid,nQ .lÎt~Out 'lorr'al Stress. and -
- _. • • CI 

(ç) S li<:t 1 09 lIitll-. ~ortT'a 1 Stres's under 1 ncrease in Contact 
-- 'v 

Ar..ea. .~ 

Fe 

" .. 
(a) 

f' 

grain 
boundl

'
, 

::'\" '" \ 

, . 

Fig; 3.6 arrous Load C~diti~~~ for Sintere<:t 5now . 

a) ,Separation and (b) 51 iding uith NorMal 
\ 

.-
. ,Stress/ under Incré" • 'r, "~,;tact Area. 

! 1 -
.. .' \. 

1 • • 
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- From the microscopic point of Yiew, the tangentlal,force 

requlred to initiate graill slip can be \~r1tten t-v: '-

• 
Fc .--1\s Sc t'II tiln !e --------- <,3,5) 

I.'here 
.. 

A is the adhes l'OÏl force 11er un i t area resu 1 t i nq fro:n_' 
~ .' ~ 

~_lnterin9 ôf sno\~ ~ 

h the compressIVe fOl'ce nO",,<l1 to tlJe slldlnQ' surface 

- Sc is the,bo~ding area 

:~:·i'~·the angle ~f lnternalJ.nctlon for slntered snow. 

There IS no Idea Ilhether As is equal to Ac ho.lever It IS expe.cted Vlat 

As is higher than ~c' , 
If bond between grains is not sufficlent enough, Increase in 

• r' • 

(ion'tac~ qrea .posslbly oççurs under nOl'!:'a(force '5~t~9 on' shdl!19"'sur-
. 

face becausp of local ~eforMatlon near contact. This may cause el~~er '\. .' 
dlsturbance of initiaI ordlnary bond or Increase in.ad~eslon force with 

respect to increase in contacr.area. -.---.... . ,-~. . 
The aboye l1'entlOned eQuatlon~ are based.o" the assumption" . . . • • 

that fallure ~Cturs a~ a result of intergranular slioPftQe. Equation 

(3,5) may be valld I~ adhesion force bet~een grains is not too strong, 
.r , -

so that int~Qra.nular slippage can occur withQut-breaking of grains •. . .' . 
• 

Thus, Intergranular Interaction and the corresponding sliding mechanism 

depend on snow fype. 
, 

Equations (3,1) ·t~rou9!d3.5) lndicates the tangen~ial force 

, required to lnitiatè' relative sliding bet ... een two grains based on the 
" 

adhesion and friction. 
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, 
To provide for the necessary background of experir~ntal' in-. . 

vestigation, ~for the adhesion , t theory, the mathl~atits ~escrlbin9 tpe 
• '-J 

increase in èontatt area as a funttl.o~ of straln is presentr:d in Chapter --IV. Chapter lV prepares for the experincntal-in'(estlgation · .. 1nch IS 
• 

... presented in Chapter VI. The adhesion theory is thcrefore examined 

through experimentation in Chapter V through Chaptcr Jill. Chapters IV 

and VI deal Mal~ly with the study of increasc in contact arca between , 
graIns and Chapter VII deals with the adhesion and fnctlon by experl

mentation and Chapter VIII discusses the adhesion thcory. . ~ 
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CHAPTER IV' 
'. 

WCREASE IN CorliACT AREA BETIIEEN StiOli GRAINS 

U!iDER VISCOUS O~roRI'.ATlON OF éRYSiAlS . , .' 

, The o~ject of this chapter is to develop a relationship 

• 

• 

between inc~eilse ln cont~ct area of snow graIns and Vi5COUS strain il _. . 
for the requir~nt in the adhesion theory. 

'. 

/ 
'-.. 

t 
-, 

... . 

• V-l Introductio,! • 

-

Firstly. it should be noted that ·crystalline flow· differs 
• 

fr~ granular flow in te~s of physical features. Crystalline flDW 15 

the flow of atoms or ~lecule in crystal'while granular flow occurs as 
f ,. • 

a result of intergranular slippa~e. The:~istinction between crystal-. -
lIne and granular flow j'S. extref".ely Important, 50 far as con;prehenslve 

r ' '. 1 . 
behaviour of snow is conGe,=ned. In this section, J..~ fund3Mental fea-

• :ur~s of crystal1.lne flowaredescribed in o[der to dt~P the cpnstitu: 

tive relationship of snow densification. -----, .' • 
Any crystal can çhange its shape by.self-diff~sion in such a . . 

way as to yield to an.applied shearin9. stress, and this can cause the . . 
/ll3croscopic behavior of -polycrystaJJ.ine soUd to be like that of a 

viscous fluid (Nabirro, 1948). This phenomenon may cause the creep . , 
of c.rystalHne-, soUd ât..~ery'.l1i9h ~elllpera!HJ:e and very low stressés, " . t Mt '7 ~rn ""~ conditions for ~etals (Herrin9, 1950). 

• 
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c. • • • 

• 

• 

• 
\ .' , • 

•• • 4l- • <) , ',' 
e • -o o " Olf'USlOn, l'Ihich win caus~·diffusional f1~" of c/y'Jal, • 

'. .1' /0" e 
can' be divided into two aspectsi ft) the ~rY;?allo~ra)0ht 'èOd;cJeo--
~ -t, ... 

!l'et"; ca 1 features and (2) the effect of temperâture. F, st ly, dl ffu-. . "' .. : . 
sion alp'-ost certainly talt~s place io e-leme".~ary() steps, of lfng11 ap-

• 'proxlI-1dtely one atO'llIC ·dlaJ!'('ter .. i .e.~ few an95tr 1 un:tts.-. The atoms 
, , 

or l'"~lecqles ~~ve ln dlscrete ju~ps frO'll o~e atOMic or,r,Q~cül~ 

lattièe poSI'ti~O to an adjacent one. Th:se ele~n.t~ry.j~~~ wheJ . 
-.:\ ~. ': 

- ~ "'.' . . é1dded tog'ether, pemlt the l'-olecules to travel large. distances. Once, -. 

'the5e postulate are accepted •• the questIon remain, of the detailed' 

''''cha01s1'1 by whlch the individual 1l'01ecular jUlllP occurs. Several possi-. . - ~ 

~Ilitx ex)~. vacancy ~~tion, interstitial motion, or SOMe sort of 

~t'oM or l'"~lecüle - Interc~ang~ mechanis~(lIert and ThOlllS.on, 1970). 
, - ' 

The posslbll1ty of viscous creep resultin9 from 5uth vacancy mi,9ration 
\. -

was.-SJI,ggested by Habarro (1949). and theory was worked out in a IlIOre 
. " 

refined Manner by Hcrrln9 (1950). Ac~o Hayden et al (1965), 
, 

at temperature close to the melting point, where th~ equillibrium 

concentratIon of vacancies is very hi9h and self-diffusion' is rapid, 
~ , 

polycrystalljne solid~y deform by a diffusional creep mechanism 

rather than.'sl,ip. .. 
....... \ ., 

Figu~ 4,l(a) shows the self.diffusional~currents of mosaic 
\ . ... , 

grain st~ucture\which is foun~. in métals (after Herring, 1950, an4 
\ . 

Hayden et al, 19~5). 'fgure 4,1(b) Sh~S the self .• diffusional / 

cur~ents to he ex~ctli ~e:. t~e'l~se gra~n strusture is subjected 

to stress.: ' f . 
Therefore, we assume that inérease in contact area curs 

at grain contact due tQ tte diffusional 

)' 
1 

flow in crystal. 
• 
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,Fl~. 4.1 ~_cal c'ra'n Structure of Polycr,'tall~ne Sol'd, 

~ ShQWoi.ng ~h(" ~(>If-r),ffûs;on Curre.nb to be (XOf>C~ 

~ when Sôlld 'h Sut>Jectêd to Stress, .(0) l'osalc '. . - Grain Strûcture (after Herring, 19SrJ) and, 
, t 

1b) Loose Grain Structure, 
, , 
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Important, a5sumption ln tll~dhesi'bn theory (Chap®r III) that in, 
, ' 

,rea~e 10 contact area odlrectly increases adhesion !>J)twee~ grains. 
~ . , .. 

, 
• . t. 

nils IS provell' through the ,experimental InvestIgatIon (Chapters V and v 
VII) , ln thls chapter, increase in.contaét areu with respect'to 

, . 
• 

straln IS mathematically developed. The summary of this chapter is 
. 

shown in Fig, 4,2. 

" 

1 

• IV·2 Relation between'Contact Area and Relative,Strain 
"'" ,. , 

Consider ~ contact betwecn two spherical ~~rtjCles\with 
~ . . 

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

upper particle under i?ading mov~s downward wAhout, r~laiivè slip, 

consequently the Increase in contact area between the particles occurs.· 

ln the figure, e< denotes the deform~tion.with respect to ~ axis 
.. . ... \. 

(dIrection of loading), e'l' denotes the relative movement with ',respect 1 
-,~;:-.... ,.. "-

to. V axis, ~ 'is d~fined as t'lie contact angle ana' 6~ is the ,'ncrease 

in.contact angle in rel~tion to the deformation . 

We assll1lC J/olume Vl , wliich is 'the overlapped portion by thl> * 
t''-' ~ f 

particles as shOwn in Fig. 4,2, flows to th'e neck, Le. ,"shaded portj'on 

show-;; in the figure. ~he volll1lC of shaded portlo~ (i.e.: wedge .' ~';r 
, . 

tioned ring) is V2, ,From the a~sumPti?n, we maltwr~te .Vl - V2, 

Thu$ the intrease in contact area can be described in terms of t as 
-\ ..1' _. 

shown in Fig, 4,4. 
, 

. 
• 

Volume Vl can be obt~ined with the Integration met,hod ~i th 

.t~t" U .~ V,,,'. ...... '. , : ... 
...... \ 
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,1 ;.. is'. the' relative strain" of' particle 
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Increase in Contact I\rê-a !>t>blee!l. Spherlcal 
as a Function of Relative l'.ovement' Ce) 'l' 
Simple AssumPtion 
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• 

- -

• 

/ 

e 3 
{r - -2':' t:.. , 
~~' 

", {4,n 

\ 

is the relatIve rr~ven:nt of t\'.o particles 
<" 

:- .;.~ 

. , 

r 15 the radius of sptlerlcal partlcle as s'l9'Jn in '19. 4,4. 

') , 

IIhere 

Theo, 

.,r ; -. .. • 

---• • \-
\ 

e, ... :.., . 
Vz ~ 

{r - -;z"} • 'f ' ' > 
{ r 2 -' V2}J 2" 1 .< ~. - dV; 

f. A 

• 

~ 

• . 
Ir2 

~, 

~2 
" 

" 

~ is 
...---

the ra<lius of circulaI' contact.. ... _______ ~ 

2 V2 -, 2" (r, r 

" • • 

~~-,--- . 
-- ' 

v. 

. -. . 
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1 •• ~ 
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Taking VI 
-,~ ... 
, 

~ l 
, .. ~ ç2 r -

"" or 0' 

e .-. "-
Zr -

aB 

v2' fro:,! EqS, .(4,1) and 

• - .1 

2 ',3 2 l ' 2 
:3 r' • :3' r - r. (rZ,_ 

, 
0' 

~ /~-: (')2 
l 

1 {() • 3 ~ r 

e 
2r 

, 

~ 

(4,2) 

1 
, e 

r. ) r'· ("2'~) 0 " ··.H~41 ---
? (!/ (4,4)'\ n - ... 3 1; 

& denotes the ratio of 

relatIve ~ove~ent e, to dla~etpr oç partlrle. Therefore, the contact 
> 

are~ by using S 2 or. Îs gÎven by: 

• 

el. 
~ 

• _"f'"11-

2. / 1 _ .L (:.r" _ 1) 
3 2 • S -r .' 

' .. 
With approxi~ation, 

• 

., 

, 7 
2 (or) 
3 -ç 

• 

... 

-
.. ' (4,5) 

f 

.:, (4,5) 

,/EQS: (4,5) and (4,5)< , denote the re)atlonships betl.een conta~t area • 

' .. ~ (and 'relative stra1n e, The equations shod that contact ar~a lncreases 

, . ~ 

wlth increasing relative straln E, " 

Snow COr1'Si~ts of large nUIr.be'r of grains (ice partlc1es) a,nd 
, . 

the arrange~nt of grains iS'considered ta be random, Exoerirnentally, . '-, ,\ . 
it is diffiéuJ t tQ obtain the relati'le ,strain e, i.~ .• ~~ Ile l1'ay 
. - . -- - 2r r 

assu'lle .that relative $trâin 1S b function o,f both the Il'dcrasd,pic 

.axial stftin and the conit angle" Tbere(ore, in the next section, 

rel~'ùo~ShlP ,between ;ela 'ive ~trajn and l'1acros~oplc a,xial s~r~in _ 

based on siMple assUffpti s Is l'1athematically developed. ' 
, ~' • > 

. . · • . ' 
• • 'j l, 

t 
-

r 

• 

\ 
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, 

IV-3 • Relati01lship between ~icroscopic Relative Straln anU l'acroscoPic 

Ax.ial St"rain, ~!' ............ 
, r 

,', ',- In the prec~dfu9 < sëction, increase in contact 2rea bellleen 
, ~ 

J. 

t~Pherical particles i5 expressed in tenns of the relative strain 
e • . 

,?-f: IIhere e,. 15 the relat!ve,movrent of ~artlc~es and r 1!; ~he 

,radius of particlé as sho.,n in Fig. 4,4.' 

Consider·a circular speèimen ~onsisting of large nu~b~ of 

partiéles as shown in Fig. 4,5. The SPPClw:;Yhas sectlonal area of A 

and height of L. 1 f ~fol"l'1a,tion d Jl.! th'e~ 1fr~n occurs" llnde~ l,oad-

ing the ax~al strain is defioed as: 

d 
L . 

0<'-

{4.6f 

From the Microscopie point of vi~rl~ materlals conslsting of ..... 
partic1es are never homogeneous in point size. I/evertheless, if spe

è1!1len consists.dt sll'fficlent 'nullber \Of partic1es it roay be regarded as 

homogeoeous, This stateM~t ls a basic assumption w~lch is being used 

\ in ~ChJpics. This suggests that we may ass~e that, under unlfonmly . . 
.~ 

, ,pÔillt size. In thl5- t y, the minimlJ'll scale for 'whlCh deformation IS 

, a~pli.ed stress, the dJ~e~tion..exert.e~ ïs also un!fonn but not t<1 

, valid May be t~e.dei:ljFlatio per~artic;e·. The"deformat,ion of partl- , 

• cles themselves ,iPaY.bé very complicated't.yn terms of the local deforma-
• • ~ .... ? 

tion. tt .. ~as beén assumed earlier. that the :vjscous de\o:atlon near 

contact (local ·deftJnnation) will increase contact area'. 
~ '" ,"" 

Consider'~orJ~ontal sections B ana.C in the specimen as . \ / , 

shown in Fig. 4,5. We ~y assume !hat the distributIons of contact' 

allyle t on the sections are similar. This assumpt-iun m3y be valid , 

if suffh:ient number<- of co~cts lies on the sections. 
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• 
IV-3 Relationshio bet~een Microscopie 'Relatlve Straln anU ~~eroscoOlc 

Axial Stl'ain' 
~ 

' .. . . .J:'"> 
,..~ , 

~ I~ the prec~dfu9'sé'ction, increase ~ contact ~'rea bet .. een 

~herical particles is expressed ln tem~ of the relatIve straln 

. -

e • • 
i~ \\ne-.I"e e. is the relat~ve.f"ovre~t of ,pa~tle2es 

radius of partic1e as ·sho .• n in F19. 4,4. ,. .... . - ) 

, COflslder a circular SPl::c·lt"e!'. consls~lng of 

and r IS the 

'':'" 

1 arge nu-ber of. 

particles as sr~~n ln FIg. 4.5. Th~ sPpcI~en has sectlonal area of A 

If defo".atlon. 'd 'of th'!' srecI("·'h OCtOI"S 

lng the a'I~1 straln IS deflr.ed as: 

d 
L 

. 
undP4 load~ , .... -

• 
(4.6 ) 

Fro.., the I"l1croscopic point of VIo;-.1,.. ratèrlals conSI.stlng of _o . 
partic]es are r.ever ho-')geneous ln fOlnt slze'. ~jevertheless. If soe

etî-en conSlsts Of sU'ff~ient 'nLAler\()f parttcles ît "3y he regarded as 
l ..' 

hO-09-Q. u.s. ThIs st~ter'e'!t 15 il blSI' dSSU",ptlon .. hlch IS belng u-scd *' \ en~ ., .. 
in ~J,nics, This "Suggests that ~e ,-,ay asswe tlJat. ünder unlfomly . . 

'""" ... .'. 
appl ied stress, the-dè(or,4iltiQn,.exerte1 is also uniforrl but not to . 

• -t:..~' , 
point·s\ze. In thls study, the nintl"'tFi scale for .. tllch defornatlon is ' . ... • 

... 

. . 
. ' 

valid na,:llle tbe'd~f~ation per ~article. The defon::ation of partl-

cles th~selv~s ~ay be very.c~pJicated'~n terrns of the local defo~a-
, , . 

tion. It has be~.assured earlier. that th~ V1SCOUS de{O~atl~~ near~ 

contact (local deftln"ationFwill increase contact area. -
, ~ 

tOnSi~:lio~.i1ont~1 seOfion~ Band C .in the S~eE:i~en as.' 

shonn in Fig. 4,5. ~e ~y. ass~~ that the distribution! of,co' act- . . 
angle } on the sectl~n~~re siMilar. This ass~~Ptlon ~~. be';rlld, 

if sufflcient nlP"ber<- of con:tacts 1 ies 0(1 the sections" :~-

'. • 
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Thén, 

where 

! 

'. 1 51 1
1

1 

J • • 
f • • ' 
l' 

condition cln'be written'by ,1 

1 . , 'l' 
1 • 

l ,- r· 
• 

. 1 

d is Ut total axial defol1'lati n 

1 • 

• 
, 

• 

,/ 
/. 

, . 

• 

'L Î$ ty-.hei 9ht of sr.ecimen 

L.d lS t~e vertIcal defomatlOn ,r the collJ'lln B - C I-Ilth len9th 

0'1 1, •• • " 

CônsiJer arra~gement ~f partî les as sho",>/n ln FiQ. 4,5, ln 
1 
1 

" the ~i~olsst ca~e, i.e,~· all thè c~ntact anqle are zero, deforll'atlon 

'~i thout lntergr1nUIar slip c~,n he uri }"tef by 

.-d " 1 

~" 

, " 

e is the deforv'ation of a par icle \Ijt~ resoect to Z axis , . wher<e 

n is the nU'l1ber of particles etl'Ieen se~t Ions 13 MC C, as 

shOhn in Fig. 4 ,6(a), 

.• '. si,,, ";,,., '1:'" of ",,," ,-- 'f, ''''':' 
. " i 

.. ' 

1 2 r n" 

• ·the strain Qf crumn is gtven by dividln defomatl0n bJ the. imtlal 

height, i.e" 1 

'-. 
" ~,p~,.;~,i "'''''. ';'- ,,", of 

particle is defi'ned as relative strain. 
~ . 

.' ... 

-• 

• < 

eformation to diametet of 
• • 

• 

• .. 
• 

, -

• 

• 

,) 

. -

\ ' 
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" d "d arid e Since c - [ -1 zr E 

'---'- ( E (a\ y' 0) 
, , 

"ThUS, macroscopic aXIal strain accords '~lth the 1'11crOSCOplC relative 
' .. 

strain, if ail contact angles are zero, Ho.~ever, t~is, IS not valld H. 

\ contact' angle is not z~o, 

Consider the case of 
--, .... w 

o 

~s sho\"/O ln Hg, 4,6(b), The 
, 

numoer of particles bet':een sectioos B aJljl C is . . ' ........ 

~n. , 

n Îs the nUTDer of l'articles at ,0, ", 

\ '\ .. 
,rf ,.e assu.1"-(! '" (Fig, 4,5(b)) 1$ s!1'all deforœat,lon eT Nith res.pect ,,' 

aOis can appr.oxi!1'ately be given as: 

, 
. ~ _ ;.' e .. cds , (4,81 ,(see Appeodix F) '- " ... 

Since M e JI' and 1 'Z-I'o' èos ' . • y' , 
~ 

" 

• e, 1 cos .. 
'·d e ~ 

" -f 
2.r COS\ ;,' 2r cos .... 

• 

e, 
" 

" 2r cos 2 ~. 

/ 

• • 

... 

"-, 

. , 

, , 

, , 

-

.. 

i , 
• 
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Interpret~ti~n of Local Flow'Deformation as a Function of Contact Annie an~ Axial Deformation ., 
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, 
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Th:refore, 

0) 
I(here 
~ 

• 
-~ -54 -. . 

• 
• 

'~ CL 
• 

' .... 
>: e 

COS
2 

•• 
" 

• 
," 

~ 

, 
€ r cos' (at .' . ) 

," Il .. 

" is the r>aeroseopic axial str.ain • 

e 15 the relatIve straln of partlcles. 

',. 

~ . 
'.' 

• 

... 

\ 

• 

(4,9 ) 

Eouatlon (4,9) denote5 the re lat lonshl P t>e-t...een the <"acro-

scop.ic axial stral,n an<1 n1croscopic relative straln. The ~QIJa on 

ShQ~S that re~n € decreases \lïth IncrN5Î'nQ '. ThIS 1$ 

true beausê of condItion of no lateral def;ort"at • Therl'fore. If 
• c~ ~ 

.,0 - 90"'"degree th., relatIve stralll éF'"ust' zero. EquatIon (4.9) 

• denotès the general ea~e of Equati (4,7), 

f" 

IV-4 Iner e in Contact Area betwe n Particles as il Functlon of . , . 
r~ctoscopic A,ial Stra~ and Contact Anqle 

The rela~ionship between ~elative4strain e and radius of 
• 

contact area ~ can be deseribed by·Eq. (4,4) and the relationship 
• 

~ betweën,the relative straiQ and macroscopic axial strain can be ex-
• ~ressed by E~ (4,9), as fol1o\~s: 

-
e 
:.:l:. 
2r 

• 

• :s::c-
r 2 r 2 2r 2 (.) {H ...-l} - 3" H 
r t, r. 

(4,4) 

, 

• .. , 

. ..:-

-. 
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-- • 
" ./ . • 

and 

- .. 

---fr~, Eq. (4,4) and Eq:·(4.9) 
" , r . . 

2 
~ cos .. 

.' 
• 2. . 

The calculatlon of Ir) ',p.rsus, 

flJ. 4.7. The fIgure SllO~~ that 

• 
and. FrOM Eq. (4,10) IS [lr~sented ln 

r 2 \ 
() 1 ncreases \11 th S tra III , and i t r . .\) 

. .' 
(4,10) can be re-r/ri t ten \/1 th the appro~ 'Mate f 1t t lOg • 

as: 

s 
. 2 -r (3.9 .- cos' 

- . 
2 " 1 .785, cos ; ) 

"h S t(\. . 7 , "ere lston:aèt area, I.e.,-r; 
" 

>: 1S ~he'l".acroscopic axial strain 

is the contact a,ngle defined in F1Q. 4,4'. 

~ 

EquatIon (4,11) denotes that S Increases with axial strain. 

(4,11) 

• 

Equation (4,10) is .experirr~ntally e~amined, and the r~ults are : 

discussed in Chapter vi. 
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\ EXPERI'r:ENTAlIO:1 , 
• 

, .. 
• , -. 

• . .. 
The experunentaJ .lnVcst1gat10n ln ·this toesis 'comprises of . ~ ~ , 

, . , .. . ~ _. -

some character1stics SWdiéd-as sho~m ifi fig, 5,1 :wito obJective: 

(a) to- examine the adhesio~' theory deve\o~e~' in ~h~ter, 

. . 

• ,-:J' 

-. 

'. 

j' 

(b) 

lII. ", 

(The ~dhes.iqn theorY' is examined ,by the mi crosco!>ic 
• • • 

ob~ervation of internaI structure of sno,l by means 

of thin section method( The macroscopic study, ~y . , . , . 
performing mechanical te~ts, a~so.e~amipes the 

~. 

adhesion'theory,) . ~ • . . . 
to e~mine the simple mechanical 

> - • 
tests themselves 

which I~ill be populâr in snoll mechanics, and .. , 

to.develop a simple technique for the evaluation of 

the basic 

, .. W". 

-' Th ï's .chapter. therefore, 'rovides' for the necessary bac!:! 
~ , 10 ".' ..-... ,. 

ground of the experirr.en(al inves iqation and 1tS' ~~itical e)(â-,tuat\On. 
,,~, \ . .' , 

• 

" ". . .J~, 
~ .. 

o ' ' 

i 

" 

. ..' , , . , 
" 

, , 

• 

• 
• 

, 

• 

", 

-, 

• 

• 
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.. " ~. . '. ,,; ~ . , 
• 

.Th~S .:ha~S {i.ï'vided~ i~~' ~Ol1otlinq flV~ sections! "; , 

... . (1)' dèscript"orrs of thé snow used i.n the eXDerirr>ents 
~ " " ,,' 

, '(2) ,method of prévaration of .thin :s(ction Of SOO\l. '. 

" ~As'ïnerat'ioned above;. th~tiiT:~Ùon methl!d' IS used 

~ . ..... for't) obs;;rv~tion ot iot"ern~'I' Str'ucture of &nO.I. 

~~ <,;J" ?i~l~~ ~f tli';"~e.thQdS Of':load~1l9 ::'h.1Ch ·d.re 
. ... ' 

_ -.-:. ··normally- e:nD)oyed. . • < lit . ~. . , 
(4) deséri pt'iorr·of various tes ts ,,~rfonned in th \s 

ct : .. 

.:-t:es~'arèh, an;J final1y, 
; 

• 
'(5) 

• l '_. • 

tne r:'ethtld. of preparation of:!;no\'1 sJ)ecllr.~ns used for 
• . . ~. 

".r::'-;~:, w.eèhariical tests" ... . . . 
.. ~ , ,". ' • ,~. 1 

i .. ~e,sections.ar~ diSCUS~~~ in detaiJ 
" '. l., ! 
'. ". M ~ ... _ • 

t \ •. ,."t 

1", .il 
" 

as foJJo.ls: 

-; .• "1. . 
t 

V-l • • 1 

., 

-~ .. • 
•• '. • 

.' 
• 

, 
. , 

),~. 
of' 
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• 

'" , , 
" . 

• . 
~. , 
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• . G~AI~ SIZE ~IS~inU~I~N OF Sl.OIiSUS~D 'n, 'T~TUDY OBTAINED' 
, FRQ.l:. THE sn:v:; Al;At:lSlS. A = FIŒSII !;r;ow, B ,.TIIREE WEEK ,OLD " 
_ S!)pW,. C ;; TiiO Y'EAR OLD 'SJ:Olf, D, E AND 'F = U/iIFOR/I.LY Grl!DED • 
~\i, G AND Il " -ARTIFICIAL SHOd OBTAIlJED Fllj)H LAP.ORATORY ';,' 

PULVERUER. -: ' • 
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• 

Fro!." the engineering point of v~, the graIn- CO'l,/,O$ltlon 

of. two Illdin types of snow should be examine~. . . " , 
-~ 

., " 

, ,. 
1. r!"~~h __ Snow. (Non_-M~!~~I~tlÎC_ .Gr~in~,) 

~, . 
, ' " '"':: 

In comparison wHh metamorllhic'grains, ~h(> Q.I"<lln shapr. of' 

thls J:ind of sno,! is conJidered to be' fllOre import;nt fcletor on the 
~ • ' ,r"'.-::-

control of en9Îineering properti~ than the qrain SlZ~. Thp initIal , 
$i?e and shapê of crystar tesoecially needle and p'lane crystal) are 

,; . 
easlly brea~able,. As a result pf fragmentatiop by externill and 

~ . . ... 
, - ',.$ 

• .. 

internaI conditions, initial sno~ crystals bec~ smaller and granular . 

• 
• 2. !1et3lllOrphic Grains (Aged 'Grains) 

A'Jed snow approaches sphericfi ty Tn shape 'à1ll!oothermOdynami~al-
-, . 

Iy speaklng is'~re stable bèèa~s~ it has~ minimum surface energy. . ~ . . 
. Genera,l1y t!!e ~r the "age ~f snow,th_e .. greater~ grain size, _ -- ' F!om t~~ point of vieW. of me~ha.nfcs of ~now, lfr"lrin.~~ize dis-

tribution of UlJs .t~pe. shou~d ,be examfned.. 1. 
-< " . . . 

• Tite typical l'lorphology of three tYJ5es of snow, I.e., (a) fresh snow, 

'--(b) 'seasonal snow a!Îe~ for '~~ree weeks and '(cl seasonal.sn~·..ag~ for -';"':;r . . 
two years a;:;;, shawn fn Fig. 5,4. .,.'. ';;;J" r -' 

" . ~ . ..:.... 
. From ,a dffferent pOint of view. i.e •• frt1ti'gra ar interaeti'on. 

snow ean he dfvfded into thre~·.~y;es, i.e~,~J) granular snow t (b) semi-. ----, /"' .. 
bonded snow, an«!.(e) sf~ SliOw, as.menttoned in Chapter: III •. In , __. • 00'" 

the .expë~i~ent~ ~h grânular and 's1ntered snows WCt;e use!. G~nular 
• ~..,-.< ~.... •• ./.. , .. \ 
,~now was obtainM (rom the dfsaggregation of.snow whtle slntered snow • '\ ., . .., ~ '.. 

.was obtairled f~~ 'th~ "6 intering proeess of UI~ snow. SerJ\j-bOnded' snpw 
... ' ":'''' .. , . '" 

• 'l .... ...:, • • .... , ' . 

• 

-' 

• 

• -. 

\ 
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' . 

froT the engIneering point of vic.-w, thl! grain C()'1'llOsltion 

'-of two Jlldin types of snow ~hould bel exaonine'1. 
* 1"'-. . ., 

, 

~. l ' 

.1. rr~ .... ~)no~ (rlqn_-M~.t-k~h.iC_ ,Gr~i~~:) .;~.' :' 
" ".. ~~, • • ". "1*: 

" 

-, ln comp<lrison wl th meta~l'1I~iC'grain~ th('. Q;dln -;nap ... 0/;';>-

this ,Und of sn~ is con~ider~~ to be' ~';é }~por{ant /âctor on the" •. -'..s)..i-- , .. 
cô~tnl of englll(!ering,properties than the grain SlZf:. "Thp initiaI 

$i~e and'shapè of crystal (esoecjally needle and 'plane crystalj' ~re 
- , 

.. .. ; 

.\ édSI~y bt"(;a~able. "~s a result of fragmentatlo~ by.exte~n~Land 
• , " _ lit 

Intern~1 conditions, initial snow crystals become snaller and granular: 
~ • - ' 1." 

. . 
2. Metamorphic Grains (Aqed ~rains) 

/ 

\ -~ 

Aged S-llOW appro3ches spl\eri~ity ,rn -Shape~3IIl!=thcr'll'.odynill!ll~al; 
\ .. - ~ . ' , 

• .... •• ~.;.~I"- ,. -=-- ~ • 
Iy speakin'1 is~re stablè bëêause it has'a ~inimüm surface ener'1Y. 

q ~,. - • • , • 

~ _ Ge~:ral1'y t!l.e ~r the a'1,e of, snow,th.e.:.~eate.r t~e ?raln ,size': . . . 

'-From the Jk)int if '!\~ of mechaJlics of-sriow:-9-ra;n.~ or ,size·dis- •• 
". . . t-:--.. " 

tributiori of th s type;'should be examined. ." '" .. ~ - ..-:.... ~ .. 
: 

The typlcal norphol'ogyen three types of snow, 1.1., (a) fresh ,snow, 

'(b)' seasbna{ snow' age~ for ~hreè weeks and 'écl 
. .. .. \ 

• • 
• ~ ~...., 

seasona l ,snow ..ag~~ for ~ . 

two .years are s~own. :111 ~i,g •• 5 ,4. ,. . •• • ! ':" / 
,." .~"'.I 

" From.a di ffere!!t point of view, i.e., lntergranular interaction, \ ' \ . ' 

~sri~ can be diXiÎled -roto- three types, ~ .e., (;i) g~anu'lar s~ow, (b) seml-
~ ". . . 

bonded snow, an~ te) sintered snow, as mention~d fn Chapter III. In 

.-

.. ":, : .~,'. ' . ~. ,. ~ . " 

• • the experlmerit, bO~~ granular ~d s!ntered 'SIIO\(S wcre used. ~nu16r~: . " 
. ',. , .. '"" , 

Snow was . .dtaiO(!d frO!!l'~he'd1saggregatfon of snow wMle sintered Srfpw "\' 

, • ':., \':.wa$ ~'t~f~ed (1-001 'the sintèrlng ~roce.s~ of the' s~~. Senti-b~~de(j' sno-:, 
, ..... J' ..... ' .. '\o'~' .. 

'II ~ '"' -, \,. ." 

:' .. • .. • 1 f ". .., . 
.... ' .. "... :..' :.., .:: . 

;t.;:.;t; • _ _.'~ '," _ \\ • • ~ 

J 
• • 

, 

• . 

-, 
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was oot exanined in thls research because elevated low teTDeratur~ of 
o 

-

-13 C used does not provide for s~mi-bonded snow çondltlon as,~~ntlon-

ed ln Chapter II. 
~ 

.1 

V-2 Preparation of Tlnn Section of Sno.1 Samole , 

1 n the- adhes 1 on theory (Chapter "I), it lias the bas i d ------
assumpt 1 on tha t i rrevers 1 b le. 1 ncreases -1 '!.. contaè t area betl/een S(l()\"1 

1 

graIns, under P~stlC, vlscou~ or crcen defonmation except elastlc 

defQ!;!nat ion, occurs . 

ln Chapter IV. the l''athematlcal treatrr.ent \Jith increase in 

contact area, based 011 simple assumptions, 11a5 made. 

_.,-"'_ .. _- -- -
1 • 

interna 1 structure' of snOl'l. Bas Ica 11 y, the obSèrvat ion .of interna 1 

structure of snow can be ~ade on the thin section of snon speclrèn~. 
. /. 

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

prepare thln sectio~ of SOO.'I. The expcrimental results and discussIon .... 
on the Ob~vation of internaI 5nOll structure by this techni.que ar;e 

ptesented f n Chapter VI. ~ '" . -. .• /. 

'. 

r.05t methods of preparÎn9 thin sections of snow 're~:;~ \he ~.- -) .' ~ \ 
prelimlnary.filling of ttie pore spaçes whiC~ facilitates ~ounting and f ~~ 
as weIl reinforces the structure against brea~age during sectioning. 

1. 
Various kinds of liquid h~ve been'descrlbed in the literature, 1.e., 

~. ~ 

~ • ....., ...... ~--: __ .;..te_t_ra_b~r_omo_ethane (Bader et"al. 1939), dletliylphthalate (S~hytt~ 1958) • 

• and·<lnilline (Kinosita and Wakahama, 1959). iln·illine,:~ ... ~. u~e~ ir.tlliS 
",... _ ,., .. .pt , t, ._ . 
'\ ''- study. .... III 

. , 
.. "--Â' 

, 

\ , ., 
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Thin ~ectlons were prepared in essentially the sarne n~nner 

. , 

... l,." as describ~d bY'IKinOSita and, ~akahama 1952), The Main proce~ure is - , 

~ .... -"'-~ ,,_.v. 
\ ..... 
\ ~ - '., 

.
< 

. 
_ 'lI6. ' 

~m_,-;--__ , 

, 
, 

1 
as follo~I$~ 

, . 
Il ". 

'. (1) Sr~JJ ~locks of snow sample, approximately 3 x 3 x cm. -r . Î' . 
~ere l~rSl!'d in water satur ted anilline ât appr9ximately 1. 1 ., •• 

-i'e (above the melting point of anilline) and werè allo~lCd ., 1 "1. ' ',v ~ 
, to free~e 8t -20 e (belw th 1 melting point'of anillinc)., 

" ..' ,. lia ter sa,tur.lted .lnill.!n\! was btained by pla'clng ice r~k in , . 
, . 

,ani 11 i ne'l i iquid~· \ ~ . 
" ; .! ." .... , 

(2) Ollc'side 'pf block samp.le was M,to bj! flat.by a sharp \. 

bJ,ade pla~é' ~nd was att~che~ ô 3:'/!Iicroséope 'slidc with • ,_ 
.-: = Ilfjoltr':Hin1înêCtij:::-S-;S-(a).-;-After that, the sample with. ,. ' 

• ~ . thb micro~ope slide was froz agajn. Note that lucitè 

plttes ~r; used for the /!Ilcro éope slide and we;e ~ade to 1 I, ~ \ 

be1lightly ~OU9h surface by a i~e s~ayer be~ause~9b\ 
1 1 

• • surface wlH ",rOVi? for tM b tter cementatio~ between snow 
-sdwple and t~e microscope s!id when ani!l!ne is frpzen. 

(3) 

plaoed ~nti! he thtëkness of s ow becomes approximatel~., 
J.;J ... -, 

O.! r.. 0.2 1!JlI. '(Fig. 5.5 (b». 

~-.I!:' -_ ..... ~ 

• 

~ i . 
~ \ • A (> .J(4; AniHine was a)!owed to men at pproximately -7 C. Then 1 1 or·· 

anil)ine becanJ: t;a~sparent'. (IQ. 5,5(c». ~ 
1 ~ 

• 

Thcr~ are'both adyantages and df advantagcs ~n the use of 
'1 

... 

thin section ~thod, Hai1'advanf:age 'fs th t df~<.'t observation of • 

\ , 
f 

~~ 

\, 
.... • • 

.. 

,\ 
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SHOW WITH ANILLlHE ' 

M,è,oscope Shde • 
, 

(a) --
• • Saow w,lh An,lIlIl~ 

"zZ?ïVllOWZ77771V:;;;;ZZ . 
M,closcope ,Shde " 

--------~~~-------

\ . (b) 

~. 
, . 

, 

SLlOE 
. , • 

• 

• 
(c) 

, 

. , • 

Fig: '5,5 teparation of Thin S~ction of Snow,S;l~ple 
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ThIn Sec lIon 

• 
Fig. 5,6 A POSSt e'Thin Sectfoned-Graln Size and the True.Gratn Stze 
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'r 
snow structure can be achieved,. ft is Ule disadvdnta'le that the 

ob~erva.tion of internaI structur() is always made on two tlunl'nsinn-. , 
al section of snow structure. This ~iJl cause proba~le errors for t~ 

measurement of grain size, grain shape or pore'slze because thin sec-. . . 
tion can be made across a give~ seétion o~grains as shown in Fig. 5,6. . , 

Therefore.'grain size.obtained from the thin section js re1wtively 
. ~ "'... ~ 

$maller ~han' the true grain size (ti~. 6,4) . .. , ~ 

\It slJould be noted that anilline is poisonous. Therefore,. 

- it must be avo~ed to breathe the vapor of anilline. 

• 

, 
V-3 Method of ComQressive loading' ,', 

1, ," . . , 
- The method of compressive loading in particular Influences 

"'" ~.,.~ ,. 

the behaviour.of snow under stress. Whilst there are many ways in 
• '" wlJich stress may be appl(~ to snow, it .ts ;observed that for rnqst 

purPoses it is sufflcient to dfstinguish the typical types of loading 

as follows: ," . , . .... . /"') 

--~ 

\ 

(a) Dead load application 
~ \ " " 

~ . t~iS is baS!ga1jy, a dyoamic,1oading ~eneraI1~ identified ln\" 

tenns of a sudden 1oading. This ~ituation occurs w~en 

"4ead,1oad" ls sudden1y placed upon -the snow mass. Host . 
~ngtancesl ot sudden loadlng are ·~ct~~l1y instances .of very 

l ' 
~ck propressiv~ )oadlng. 

\; ". , ./~· 

1 >, 

, . 

\, 

.. 

• 



.... 

" , '. 

, 

, 

• 

'1 

\ 
\ 

Il 

'\ 

• \ 

00* 

69 \ 0' 0' 

- • 
~ 

1 
/ 

/ 
, 

(b) . .Rezr.ova 1 of 10a~ • 

• 
Typically, a"load or stress 0 is applied and IIholly or 

partially removed or reversed, 

(c) Creep loading 

.. ", 
"{ 

r:ost mate'hals \/ill creep or flow to SOl1'e extento under 

constant stress or decreaslng stress, Ihis tendency is 

stronglv temperature .dependent. In the case of 100se snO\l, 

a volumet~lc creep (i.e" density Increasing) must be taken 

into ·account. , 
(d) Short time static lQ3p.;ng 

~ 

In testing, the 10ad is Increased proqre$sively ~ntil 
o 

fallure includlng micro-fal"lure occurs, a04. total tiPle re-

. 

_ . qUir~O produce failure' is not more t~an fe"; m~~utes, The' 

ultimate strength, yield'point and ~ield~strength of mater-

. 

'\';;';', ials àre usually detennined by sho~t-'time sta~ic l,oadin9 , -

test. . . ( ". , /\ • 

.. 
\ ft isJelt that ,the prese~n:usion Of, snow properties •. 

,' ... 
.r 

-, 

.... 

• 

\ ... / 
and~ehaviour is due to the p~o~ understanding, of th: p~ysical aspects 

of d6fonnation mechanlsm lf snow. in rel~tion to the loading rate and l ' 

• , , 

• 

, - " 
In t~e appli~ation to the p'roblem, \t is neces~ary , . , 

to examine defonnation Inechani~m of s~ow unde~ various ·loading condi-

tions, .. • 

\ 
• 

, '. ! 

,c. 

• • 

• 
1 

. 
/' 

\ 

.' 
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.v~4 l:echaoiC'al Tests 

" 

1 \ 
"-

., 
': ~' , 

, 
. " • 

• • .. 1 • <$ 
V-4.1 Uncooflned CompressIon Test • " 

In,en9ineer.ing practice, the loads rr~st often applied are 

1 ) \~ compressive. In this sense, the compressive response cha actet~stics 
• 1 

" 

1 l' of snow May be one-of the MOst import~nt. 

, \ 
The unconfined compression tj!st, in'which right cir ular 

cylinders are compressed paraI leI to their 10~itlrd-lI'ldLa"is.)s the' 
, " 

si~~lest tèst, and continues to be one of the MOst conven ent and 
, . . 

useful ways for detennining the mechanical properties of row. The 
~ ~- ' 

• exami/)ation of types of fai lure for snow may also be achieved by 

• 

\ 

, 
.' 

• 1 

~ 
• 

• 

, 

perfonning unc;x,fined compressfon tes ts." ". • . . 

G~r\erall~ stress-'strai~ relatfons~f materi.~ls is t~ ': 'S " 
, . 
Stre~s is basically part of statics 
, '. 

• 
MOSt basic concept fn mechanics. 

... \ . ..Jl:-' . 
and strain is ~ part ~f ge~metry. snow, The mechanical plJOl=t.H~~ 

/' , . 
Su ch as strength, yfeld stress; compressfve modu uS (ofteo Youn!l-'s .... 

0,' , '- ~ 

~j.üsj, ~tc, ,. f~r the re.qUireme~t ,for 'en~in,eerlng analys'e~ o~e~ 
:isfgnff4ma obtain;d fr~ ~ stress-straf~ relatfons~fP"of sn~. 

'. Th refore, the f}rst attempt in ,;s research fs to appre.-. . : .. - .. 
( . . 

cfate th'e stress-strafh relationsh.lps of v,rious types of snow, 
, ;-." '::- •• , .. .t.,' 

, 

Secondly,·the type of faflure of various types of snow is examined. 
••• • T 

/. - , Mother objeét of p~rfonning un~onfined comprèssion tèSts. \ 
~ . . . . 

.. C?n sn.w fs tO.obtafn imporfwt factors governfp? snow p'ropcrties) by 

• 'F:" ~~~g vaMous known~sn~w. :: ,\.0 . f!" . 
, \. • . J 

. . \ \. ' . . 
. ; 

\ 
" . 

f . r . .- • 1 

'. 

\ 
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• tCSot wa'l;" ; 

5.7. 'The 

• • 
'!h~ aflparatu$ use~ for the unconfio,ed o,"pre~ion 

type\being uied for soil testing, a; sh h ln' Fig. 

. , 
the same 

, 
deformation rate on s~ow was con~rolled by a 1.5 H,P, AC ~tor with 
~ . pulleys as shown in the figurè. The eva)uation 0 Stress dod.!lltimate ~ " ~ , .. " .. ., . . streng)h ~fisnow in the uncon!ined compress1on~tesl wcre calcul~ted by 

\ dividing the' force recorded by the sec~ional area ~f specimens, \ 

" 

• 

Basica!ly, the force exerted was' record~d by a h~ type:pen recorder' 
, 

'~~ through a pro/ing rjng- and transducer<as ,sffown, in t e .figure, '" :-----
" , , ... The size of specfmèns were chosen as 5 cm in diameter and 

" • 
/ 15 cm h~'9h' This ~nsion is_not uncQlllllon' for the unco~ined com

i "", ,presslo.~ test for s~s. ,,p, . , "-~ " 
, Spec~mens for t~e unconf{~ed ç~pr:es~ion t sts were basic~l- ~ , , 
ly o~talned from thF arfiflcial redeposlting manne;', hrough a,.-sieve 

1 ~ • • 

into:,lucite cylinder!;. After a certain time, whic'fl roVides for the' ~ . . .... 
a,ge hardening of snow sample in the lucite c,y14nders the snow 'samples • 
~re ~~shed ~ut br a piston.made of.paraffin,wax,. 

• • Jt .", ~ 

· · 
Ilote' that time will cause the hardening of now from the T • 

• .... " 
• ,1. .- _... • ~ 

. '. 

" -
sintering process as mentioned ,inf~~Pt:er: 1~1" 1her~f re, effectoof 
initial bond ,ili snow is obtiine1 frOl)1.:~!i!ng after the preparation of \ ' , , . speGimens • ... . ' , 

" - . ~ . • The experirnental ~esu1ts and ,sIlScusslon on,u confined • .'. 1 ~ 

'compression test is pr~\ented in'ÇJ1apter VIh1. 
, ... ~' 

. ' • 

" 
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• 
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Flq, 5,7 1I1ustratlon·of·Apparatus for IJnconfine't.Compress1on Test 

'. 
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-~ The- l~ost practical type of i~st .in sOlI mèchanlcs"Î'h he 

~~I tr,i-a:ia.1 C()(llpr~~sio? test WhlCh, ;stabllshes the iofh/ence of 

... 

.. 

/ 

; 
• 

. . 

" • 

confihing pressure: .. 
1 n ·gcfltota Il ~rOCedUrll-. the rcsult obta Incd in thc tri dX i a 1...

test c~n ~~ plotted 111(0 ~ohr-Coulomb CI:Cle envelo which I\~?:n.? __ . 

widely uséd as the failure criterion. ~ 
- , 

TrJ~~ial tés-t, however, requires a assu!lipti0!l that the 

specimen docs not fall by the confininq pr 

loose~sintered 'snow has poss'ibllity to fai 

Howcver, 

under conflnlnq pressure. 
~, ' - .. • • 

ln addition any snow possibly has the vo .. 
under confining pressure applied . 

• 

trIc creep deforroatlon 

that the volumetrIe creep 
. '" 

deformation changes internaI structure of snow. Under thls Gondltlon, 

the proper ana.lysis and appreeiation of triaxial test on snow are 

quite diTfieult. *\ \ . • 

. The eo~ear of snow (Fig. 2.2) illustrates the 
i 

crushing b~haviour ~nder the load ap~lteation. ThIS response charac-

teristics of snow IS majopdiffi.culty of the progress in snow mecha-
, 

nies because; 

(a) compression shear is consid~red to be micro-failure which 
~. . 

. does not follow the conve~fQnal !.tilure theori~s in the 
l 'f' ".'.,:. • '-

macroscopic s~ale, as mentioned previously •. 
~ • . . 

~ . 
(b) thi~'fai~ore mech~may only be explained hy 

f' ,", " 

."~àpic co·nsiderati!l~s. (, '-. 

?<' • 
the mi e"o-

• 

\ .. , " • • 

· . 
• 

, 

• 

• 

• • 

• 

• 
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r 
ln the condition illustrated in Fig. 2.2, th(> "confiOlng 

pressure acting on the ideal taiture plane can ~e illustrated ln 

Fig. 5.8.' ln. fact, confining pressure PI indicated in the figure is 
• 1 

dependt'llt on the i ntens i'ty of 1 oad· app lied and POl sson' s' Ra t 10 of 

snow. In the figure, cOAfI(llng pressures PZ and P3 apparently depend 

on appl ied forcè F. Ilote tha~ the failure under P3 are not conmon in a 

depse assembly. This ,is identifled as the mièro-failure of snow. The 

importance is that confining prpssures 'PI, PZ. and P3 are never con

stant in actual case, but they are variables whl~ aXt_dependent o~~ 

the method of load application. Under dead load applIcation, the 

confinjng pressures. PI , P2 and P3 exerte~on the }deal failure plane, 

increase very quickly. Under progressive load application, the 

confining pressures, ~I, PZ and P3, may be exerted pr09ressively. 

Thus, in a~al çase, the confining press~re in snow de pends on the 

• type of load application. ThiS suggests that the standard triaxlal. 

test is not necessarily useful for snow because usual procedure of 

trlaxial test, the application of confining pressure prior to the , . 
axial load application, may change snow propertles. .n addition, snow 

fail by conflning pressure as me~tioned above. Thus, the soil 

testl 9 is not always applicable in snOw mechanj~s. Thus, snow test

". ,ing requires very care~ul consideration based o~. the properties and 

behaviour of snow. At present, sinc~ the propertles and heh~vlour 
1# .; 

of snow has not yet been understood sufficfently, the testfng perfor-. . 
mance for snow is very d)fficult. Therefore, ft may be $uggested that 

simple tests should be performed for 

tion of snow properties. 

.. . 

the purpose of proper apprecia-

1 

• 

(-

. , 

. . 
,-

, 
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1 
For tnese reasons, the conflned comoreSSlon test technIques . 

were used ln th j s research. TI';O tyPes 0 -conf! ne1 CO'1lpres S Ion tes ts 

used ln the r~search are as (0 110"ls: 

\ 

(a) Oead Load Confined Compression Test --, 
ThIS test apDarently examines the sno'l behavlOur oder dead 

-./ . "-
load appl ication \,hICh is noore l'cal istlc in actual case of, 

load application in fIeld.' The Illustration of the dead 
. 

load confilled COClprCSSlon test apraratus is, sho.m in Fig. 5,9 .. , 

This test type 15 rat~er slMilar to "consol idatlon test" -bClng used in soil' PlechanJcs. This type of. test enables 

one to obtaln ~oth the instantaneous defo~~tlon and con~~-

Quent creeo deforfl'iltlon cnaracte.'istics of SOO.I. In tIJIS 

tes t. various terMlno 1 ogi es. ;'"'' \onfl npd co"'rr,ess IOn 

(by Costes. 1963). consolidation (by Feldt and BaJla~d. 

1966) and confined creep (by nellor and Hèndrîcrson, 19631 

'1 • have been used. Ho\~evcr. there ilr€, VilrJOUS comb 1 na t ions 

of dead loads applicatIOn, l'IlJlch are desâibed as helo"I: 

(i) Sinqle Oead Load Apollcatlon 

This method of loadlng provides for one incre~ent for 

loadi09. :By using s~lI!iJar sno:~ specImens and 'VarJous, 
~~... :. 

dead loads, rel~~r)lJhip between defonnation and load 

riote- that thls relationship 

• 

~~t~l.~\ can be obtained. 

~'not ;ecessarily sarre to that obtained fro~ dead • 

loads incre~ent t~st. , 

'o. "-
~~.' 

..... 
-( .. 

, , 
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(i i) VolumetrlC CreeD loading 

By s.imi!.ar tests~l1':e~tioned above.'relationshlO I-et\leen 

defo[l1lation and tlme for sno\~ can be obtained. This 

i s i4ent 1 fj~d as "conflne~ creep" or ~'conso I1dat ion" 

test perfomance. Ilote that conflned creer of snow 

means volumetriê'~ep defonnation. 

(iii) pead load Increments L 

By adding dead loads ln Increments on a sno.: speCImen. 

relati.ons·'\î~.,,:en SOOll deformatlon and tiFe can be 

obtâ irled. lIo.:evet-,-tbis loadlJlg method dl ffers froCl 
r • 

th~ single déad load aopl1catlon. r'echanlcal response 

of sno.1 under these three tynes of 

(b) Progressive load Condned Co?pression Test 

ThIs type of test provldes f~r the condition 

load is orogre$sively anplied and the conflqed pressure IS 

"'9",,;,,1, ""t,'. '0' ;" "0';' ""\;'" " th, 1.,t 
section, the mechanical respOnse ,c.haracteris \iCS of sno\l 

\ under this conditi,on a"re examine(i.~{_ 
\ --

\ 
For the confined compress ion tes(s ~11 tl! control \ed defonna-

.... , \' 

tion'tates. the Slzes of' s~ecimen;4,6. 7.3 and 13 cm were\examined.< . \ 
The dia eter of specimens was 5 cm, The apparatus for the ~Onflned' 

compress n'';tftii.c5.îitrolled deformation rates lias basically same to , , 
that used or the unconflned compression tests. except the conflnlng 

\ 
\ ' . 
. 
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c 
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./ 
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/ 

.. ' . .' l , 
device (standard lucite test cyllnd~~)~ -1 

Because the confine~ent provlded bv the luclte cyl inder ln 

the conflned compressIon tests cannot be properly l'Jeasured 0,' eva

luated, It l'Just be consldered as an experlmeotal constralnt .that need 
, 

to be dupllcat'ed for a11 conflned comqre%loo tests. Slnce a11 the 

test speCImens \'Iere Slmllarly prî!pa~ for the same ~lnd of test, and 
:<' 

slnce the technIque for confJOed cornoreSSlon \'Ias ahlays malntôwed as 

standard, It can be re~s~nably aSSumed that \I!ith similar denslty 

measure~ents durlnQ comp~SSlve stralolng, and the developed conf!ne-
! 

ment betl.e-en soeClmens ',ould not, be too diss Imllar. 1 t is observed 

1 f~ that \',hllst the luclte cy lndncal confinement effect does not oro- -.-. 

VIde for a~e~~ct duplIcatIon of the confining effect, there IS a 
• 

oasIs for IntroduClnq t1le confined compreSSIOn s.tudy. Genera11y 

speallng,the lateral expansIon durlng vertIcal compreSSIon depends on 
'. 

the Poisson's ratIo of materia'l, Thèrefore, it may be a functlon of 

i -------.. 

,\4 J" 
J' \ 

density of m~teri~l. 

• 

\ 

\ 
\ , V-4.3 Direct Shear Test l, 

: Direct Shea'r test,lwhich detennines slrear strengtll 'of , 
\ 

materials, is one of the tos~ popul'ar i.o soil mechanics. 
, l , 

According to Hohr theory, shear strength of materlals can 

, be presented by: 

'. 

,. . . '~ 

'. 

" . • 
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f ( (Jn ) T • 

Where 'f 
< is the shear strenQth of material 

, 
f 

1 

/ 
/ 
/ 

IS , so:ne functlon to the normal pressure acted on 

shear plane. 
the / 

, 
. 

For sand, the equation by Coula.1Ib-llavler tneory IS \Iritteo by: 

, <1n tan ?' 

Where· .' is t~e angle of frictIon of rraterlal. 

As mentioned previously, one of the snol/ be viour 

pressure IS described ln terms of "cutting shear" ,·,llIch IS t 

on a plane betl,een tl/O asse.nbled m~sses. It IS found that the 

for sno.·' IS very cO'11plicated (ButkolllCh, 1956, UnIversIty 

of 1~lnnesot-a, 1951). 'At present, however, t~ere IS a coos~derable 

lack of examination of shearlnq characterlstlcs of snOrl. for this ......... /' 

'reason, dIrect shear test IS performed ln this research and shearlog 

response of snow is exaroined. 

The obJect IS to oMain the üiiknol~n function f' ( ;'n ) for' 

snow as a function of sno.~ type. and shearing veloci1.y: 
'" 

The apparatus used for direct"shear test is illustrated in 
. .. 

Fig. 5,10. The shear boxes used ~ere w~de of tYansparent lucite 

/ , 

whlch enable to observe apparent failure mode ln sno" specImens. Toe '. ~. 
size of shear boxes IS 7.6 x 7.6 cm2 (3 x 3 sQ.in.). The sh.earin9J 

. 
was promoted by 1.5 H.P. A.C. motor as shown in the figure. 

, 
. -

'. 

• 

- " 

• 

1 
, 
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The s.hear stress was calculated by dlviding the maXImum force requlred 
~ T '\" 

to shedr by the constant sectional ilrca of specimt'n. ~ Tlle sl>'êçlmens 
, .. \"" ~ " 

• _\ for the dIrect shear tes! were prepared by the mecha'1rlcal'.depositIn9 

\\ mailner (see Chapter V-4.-S). The resuHs and III SCUSS ion on the direct .. -

'\:hear test a~e presented in Chapter VII-3 . 

\ 
\. 

V-'.4' Penetration Test 
\ 

< \ Although penetration techniques have been used for the , . . 
\ 

evaluation of snow properties, the analyses have not always been suc-
\ 

cessful because penetrat4~n response characteristlcs of snow have 
, , . 

been pqorly understood. ln fact, the analyses for penetratIon test . -
'resu1t; require a basic mechanics based on the behaviour of materials 

or need'some relationship between the results .obtained,~~he 

penetration test and the ot~er test results obtalned fr9m a eSta~sh
ed test technique . 

To develop a simple technique, .for evaluation of ~now 

properties especially in the field, a' thin blade penètration was 

examined (see ~hapter VII-4). A r~:tangular plate penetratIon tests 

were performed. The deta' sare described in 
• 

• The snow layers f the penetration tests werc basically ! 
1 obtained by the mech'anical depositing oi snow. The test result add 

, 1 
di,scussion on the penetration performance are presen~ed in Chapter , 

VII-4 • 
• 

. '. '" ;;.-

l, 

• 

, 
\ 

, 
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.. , 
/ 

'1-5 Saniple Preparation 

/ 
laboratory tests usually conslst of SImple experlments ' 

• 
appropnate to the nature of snOl1 ln ,1'hICh Important qùantltles, 

• • 
often stress and stralO or 'straln and time, are deternnned. On the 

other hand the mechanical behavlour of o$no'l is Investlgated by per-, 

forming sImple tests. Because ofrconslderable lac~ of ~ in~-
.' , 

tlon of snOl1 properties, and lack of thE' examioation of simple 

experiments, 
,,'l' ... 

mechaOl ca 1 tes ts shou 1 d' be performea on .knOl'iO SOOIi 
r \ 

condItIons. A pOInt l'Ih'ICh deserves more aJention than it has 

generaJ Iy recelved IS the extent to whlch the'!easured behavlour of 

. SOOI'I spec Imens depends upon the experimenta 1 sys tem. The ex tra'po 1 a

--------. tlon of behavlour-LOduced by the system,to dl~ferent Clrcumstaoces . 
can be mos't misJeacllng, and every effort must be made to dlstlnguish . , 

. betl/cen the propertles of the sn.ow and t~ose or. the exoenmental 

system. • 
The structure of snoll and its mechanical nature are Dârtla1-

Iy mentloned ln the earller,Chapters. Its mechanical propertles may 

de pend upon. the gralO Slze, gram shape, Interaction betlleel). ~rains 
• • 

and denslty, as found in other materlals.-. Therefore"the most basic 
- -' 

mechanical properties of snol~ are those of a specimen of a size suf

ficlent to contaln a lar~e oumber of constituent graIns but sma11 

enough to exc!ude maJor structural dlscontlnultles, 50 that it posse;~ 

-hO!l10geneous propertles . .spec~m,ens of snow with dImensions. of a 

severa! centimeters are usually adequate for this purpose and can 

conveni entl,..)Je tes ted in a 1 abora tory. 

r 

" 

, ,< • 

, . 

/ , 

\ 
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Tl]ere are tw methods for ~ampling of .s~'t with ~e~ent 

One i s the s mp 1 i n9 from the fi.e 1 d snow conditIon, Fie 1 d . 
Sj}lnpling basically pro ides for the prope'rties evaluation for a .; 

particular snow in thel glaciological' c~ntext. Because of cohsider

able varIation of S1loJ properties in field, and .the diffJcultles 
-\ . \." 

for 'the elimination of some of factors governing snow propertles, it 
, 

may be difficult to do systematical examlnation of the mechanical 

beha~iour of snow by t is method. Another method is to obtaln show 
1 

sarnple .by an artificia ~eJl<lsiting manner by uSlng nat!lral fallen 
. . ..,.. ') 

snow or artiflcially p tlP,~re<l. snow (fine ice partlcles) under the 

specified snow conditJ·on. This method will take into aCC<lunt the 

factors gOV!!rnin~ sno l ~tr~ctu;'e. Since some fa~to-"s are el'J1);nated 

or C9ntrolled in thi\s method it is êasier to anal)' nd compare the' 
, 

test results. In this reSearCh\ artificial manner for sample p~epa-
( 

ratiorr was used. 

_. The ba~,.snow obtained for fabrication of the test speci-
9~ \ 

mens were obtalned as the various types of snow, i.e., fresh snow, , 

metamorphic-snow and arti.ficially prepared snow as stated in the 

previous section. • • t. . 
Thus basically aIl the specimens ufed in the mechanicaJ 

• tests mentioned above were prepared from the artificia1 deposltlnq 

of snow samples into the lucite test cyli~der, shear boxes and 

penetration boxes . 

.. 

l'·, • > • 

, '. 

. . 
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CHAPTER VI 

, . ; 

• , ... 
• " " 

S{W:·; , 
l/~' ," , 

• , . 
N1CROSCOP"I~ S.~:N OE:ORtl~T.IOrl" nECH~NIS:1S' OF 

t. .,,,.. ," 
..: .' , , . 

- , ,. 

, ,(a) .observe internaI' grain structure of snoù. • 

• , 
, , ~ " ",.' 

(b) ~xamlne' experlme.ntally an lOorease.4n contact area between "'-'" 

..,.' sno,~ gra ins under confined co:npress ion. and 
-:J. 

....... ' ." 

'. 

\\' " 
.' . , 

" 

• 

, 
• 

. . 

-_:.. 
. " 

Cc) compare the test. results ":1th the theor::etical vafues 

"Presented 'ln Chapter IV. '. 
1 

. . .. 
. /" .. 

Internal"S'tructùre of Snoo'l ,j.mder 'Ouc't Ile Conflned • Change ln , 

Compress iOJl. ,.;.0. .. 
~, 

ï # .:r 

VI-.I.I Introduction 
~ , 

• .. . . 

'. 
.' iF... • 

" The •. mcrease in, contact area bet"leen sohen ca 1 Dar,t i cl es 

as aJl!nctl0~. of graIn Slze, co~tact a.ngle. and sirain can b.e express- .1. 
.. t •• 

• r 

ed mathematlGally by Eq. (q,IO): " -'"., 

. ' 
Where e 1$ 

\ , . 
.. 

,-

----
• 1 , 

0 / . 
" 

• 
2 / • r 2 r 2' 

1 t'5 . 1 - (~) ( ( ç-) -1) . . 
.' 

• • t.."," 

.. . .. 
2 r 2 .. H 
3 ,l; . , 

' . 
macrosJ;oplc' axial' stra"in I-ohich i5 assume,sl to , 

be u if~rm th;ough ;~~imen d~riQ9 ductiie confin~~ 
• • • _. ,.. 1 

comor ss 100 ,', . . . 
", . 

" 
T : .. . ,. .... " ~ 

" 1 

o" • , , 
Il . , 

, ' . 
1 

. \ " 

. 

.' 

• 

, 

, 
'y 

1 

, 

-. 

.1 , 
1 
1 
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' ... -'" ~ is'the radius of clrc~ldr con~ct area 
" , 

r is the radIus, of svherlcal grain' • 

is the contact angle às defined in Chapter 1'/ . 

. . 
The term "duct\le co:nrression" indicates that no apparent 

• 
. fyKture ôr abrupt decrease ln stress 'in sno:, takes place dunng the 

•• ~'" • J • 

,lompr~S'Sion, The d:tdi~ IS dlsc~sed ln ?~a()ter 'Ill. In th.fs chao-
~ ~ ~ ... . . 
ter-; the ~,~rev()~~te lOcr('dse ~;tont?ct area" betl.een ',soo./ graIns 

under ductÎle'confined co",preSSlOn is e"renmental1v studled: 
• • 

" InJq, (4',10), :00\. gralns"ilr" assu',ed as sp~erical, 
p'., • a 

hO'lever, actual sha~E'"of sno./ Qrain is eot Ideal sp~ere.· For fr;esh. 

.. 

• sno", \.hlcllohas Ôrî9~r.al'C01lpllcdted shaDe.,the assumot,lOn ts appa

rent ly lOva lid, 10 ("etarrorDh IC gra HiS thE' as sum.,t10Z"<.1~av 5e (",ore 
r \ - . , 

" 

, . , 

valld though the share of.gralns IS not loeal (s~ ~poen~'x Dl, ln 
;. 

thl s ChaDter, therefQf'e, Increasc i'fi contact area ~et\.een oral ns for 
,. ., ~ ~ .1fi."~ 

~ . 
metar:o.rphlC s!'o./ u~~ductlle compreSS1.Qn Is'()t>serve,d._by ùSlng. ml- . '" 

.... ,..- - ;!" ~'P1 ~.. " ..; 
cro5'Co.~e and,' tfllrl"se~~~n .... ~O!chniqUe, ,Tb techOlque of pre[la':lIl~ :-}~ ... 
thin sections has beenidésc,ribed il1: ChaDte~-2, -. , ,. 

, .. '" tIIIIt .... ~ -. ........ =" ~_ '" .. • ..... 
,,: .. J?- f ~"' • .",.- '" -~ • '1 ' 

Fl~re 6,:J ~O.IS. the o\-ga~iz.atlOn 'of eYren,.,~n~~.l, -stlJdy •• ' .. 
~on~ in'this Chapter. The study cons ists'of: 

# , 

',. 

• 

• , 

• 

(l) s.amplEt preparatIon f~r, thln sectIon of s"nO>"l, ffno .. speci-

m~~s (curve F ln Fig, 5,2) :'iere compréssed at a como;~ssive ... , 
-' , 

,speed of Q,097Mm/J'~, in the standard confined compressIon 
," ,,;-:... ... " ...... .. ~ 

. ~ylinder ÜP to various strain, i ,e" 6, 10, 17 aiio''2S -, , 
• 
percent, .. . ' " 

" 

~ -
.' 

• 

, 

• 
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Theoretical Experimental 1 
, , i ' • • 

1 • 

'. Tfl-i~~i~n TèCI.l, .. I~,--..-,-_--. 
• • 

€ cos2\j1 = Con.fined comp~-;;-;~i~~I:. / \' 
l • 

" 
'2 2 

, r 1 • - '3 (~) L· " 
R 

- ;. 'I/~ ~, '"r ''l' 

. 2 l, ~.2 ( r 2 ) 
1 + '3 V J -( r'~ (S) -1 

, 

1 ~ ~~ , -. ~. . 
. .-/statisticDI. Comparison/I---------' 
;, 

, 
.' 

.J " 

., 
Fig. 6,1 

• -t'~ 

OrganizatlOn of tho "icrc:Ïscopic Stull'l.oQ {lcforn1H ion ""çhan·i~m .of S'no·/ 
.,. .. - .. ' ~ • .)11 

"... "-/1' .1-
~ . . 

"1 . ' 
f',!' 

, 
.,Î' 

, . 
.(: 

, , 

j 

• 

'0 , " 

~ 
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.. , ' 

, ' . 
('2), sno\'; blocks'I:ere eut off, from 

• L -. '~ 
'. r •• 'as sho~n in Fig,-1f;Z. -- , 

" 

,t3)'hthe blocks were SUbJe~ted to ~a~e'the thln_~eçtlons and 

then the micrQSeoplc-photographs llere taken. ~;ote that the 
• 

(4 ) 

, 
dlreiltion of force appl1ed should be kr,o,.n Hl the ttlln 

J 
" . 

sectlons~because of the need for evaluatlon of contact 

, angle' y~: 

... ' 

.Ehe reasureC'ents of • ~. R an1 . * l'.ere ,"ade on the l'lIcrosco-

ÔIC-Photog~~p~s and a s ta t ïS' t'i ca l COTQarl son bet .. een the 
, . 

-* • 
èy.C,eri'j..ental (R-}e:. 

~ 

a~ the t"leoretical (iltheo ..• 1th 

-f'eSt"·ct· to contaét angle and ,'l:raln t/as nde. 
1 

$ 
~Il éXdl'1ple of evaluatlon for .-. '{ and •• is S~o .. n ln 

FIg. 6.3. There ,.a~ an extrere difflcuHy of evàluatlonfor~f . . . ' 
so:-.e.graios because,of'thelr cO'pl1cateo sM~e (sec AppendlY Dj-, 

~ 

lherefoie,~ the evaluatlon \':as rade on oralns ,.l,lch '.ere rel{tiveh 
, -- . . .. 

" 

: 

~pherlcal "'strlctly speaklog. clrcuJar because of ttll0 .ectlon ln . . . 
two dlren~on). Stat1stlcally grain Sl~e obtalned fno. thln sectIon 

lS' relat-iTY S'111er than the true grain ~Ize as sho..n in Fig. . ... . 6,4. 1/// 

f 
ihe bbt!l'" dTstri b\l>tl on curvet ~e;'e obtalned by using rncroscooe 

analys is Gee Awendlx Dl. 
" . ThIS IS because the thln sectIon does not~ 

as sho~n in Fig. 5~6~ often cros; over the IT'dXWU'1l dldlT-eter of grains . 
-, - A sirnlar situation can be cited for .the- ~luation of ç*. R was ., 

eva.luate~Ï>Y an approxll"dte ~.ay. i.e., by taking sralle.r curvilture 

near the c-ontact for the reason: , 
,-' 

- " '. .. --- --. 
• • 

" 

..... '", 

-. 7 

• , 
. - 1 • 



," ~ 

• 

. 0. ,) 
1 

, 
", 
l ' 

-

-

-

, . 

, 
" 

" 

'~ 

" '. 

.... ' 

• 

CO:,F RESSiù SI:O 1/ 

• 

, " 

S'.O il DLO::K 
:"Oit THI!: 3E~1!IOtf 

• 

, . • 

. , 

" 

.. ~ . 

PISTÔ:: 

----=~-- __ 'î~~_ 
Co-pressed Sno" Sar-o) e Used', n Tf" n Sec t l on "~t~od "~ 

J' • ~~~ 
" . 

" • . ' 

'. 
.' 

.. . ... ~ ... 

• • 



" 

. " 

c 
) 

• 
Vertical Thin"--_-1~ 

Section 

, . 
"\Jo, 

,%'. 

' .. 

• • 

90 
.' 

Grain 

, ' 

Sphere . \ 
/ 

/' 

- 3.~'. 

.. - .,. ,,,-. 
---'V_ 

THIN SECTION 

. . 
"FIg, l.3 T~ree OIl-enSlonal ~nd T"o nir enSlonal 

Grain Sizes, Contact 4nQle, and Contact 
• 

4rea. 

r - radius of sphere 

R - equivalept ~adius of curvature of qraln 

Rb - s~aller radius of grains ln thin $~ction 

• actual contact angle 

contact angle In-thin .section * . -
• 

ç _ actual radius-of contact area -. 
,* _ radius of contact area in th!n section 

• 

'. 

• 

'. 

' . . 
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~ 
" 

:;..\ '. '"'''' , , 
":'Ill Fi(l. 6:3(a), 'the condltiol). Coll be clted: 

; . 
and 

appareJltly 

" 
.! R; , 
r . 

Ho .. ever 

Therefore. 
, 

~ 

h~ dssurre 

, -
!-.. ~ 

r* r,* 
r R~ R 

, 

o'* was l1'eas1Jred by IJS ing a protractor. 

• 

, 

• '. \. 

-. 

"' --, .. 

• 

• .. 

~ , 
A crUCial clrc~mstance IS that the exp~rl~ental * callnot be trans-

fered to three dimens i~n and varies fro.', 'zero to lIowexer, if 

• 90'de9rees. ;* IS always 90 deqrees .l'litll respect to vertical 

thio section. 
1 

Since tne alm of study in thl~ chapter rather lies in the 

qualitative observ.atlon of increase , 
.', in contac t area llÎ th respect to 

.. 

~* 2 
(ri lex:- .. straln, a statlstlcal comparlson between the experiMënta} 

~. 

, 

" , . 
, , 

. -
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~ t:. ... :( 
~~~ .. , .... 1. 
~ .. 

and the,tbeoretical 
2 

(~) th,eo. is made and the t~end 1$ dlscussed. 

The stàtistical comparison baslcally é~osi$ts of: .. 
(a) evaluatfon of 

~) evaluation of 

;" and c 

. . 
r* 2 

(a.-) ex .. 

r 7 

(r) t~eo. 
(Fig. 6,6), 

\~i th respect to 
1 

.. ,* and' c 

" 
(En. 4,10) \lith respect to 

r* 2 

(c) calculation of the relatIve ratio ! (it) ex. l 
1 2 ! 
(hheo. 

lIith 

(d) 

respect to • " and ,', and 

olottinQ of contact nu~ber versus the ratio 
~ ~ ~ 

/ 

o ." . 
(R)ex. , 

2 

(~)theo. 

,~ 

• (fiQ. 6;7). . . -. 

The resu1ts are ~iscusseq later in this section. 
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ThE.' mechanical propertles of. sno..~ls used for thin sectIons 
, 

are prese~ted in Table 6:! . 

. TABLE 6.1 

-" . 

--~ 
'W 

l'ech~oical Properti(ls of Sno.ls 

Used For Thinléctions 
, 

(Basic ~no"I; uni/or'nl: gr?ded 
sno\·,. I.e., cufve F ln F'lq. 
5.2. çO~Dres1ive vèlocity; 
0.097 nn!o;ec.l) 

; 

1 

Specit1'cn 
~lo. 

Inlb~1 density. 
y J 

fina l dens i ty StralO, c Final Hress 

1 

2 

< 
, 

(g/cm ) 

0.43 
"1' 

0.42 

<4 

• 

-

, . 

19/cf'l ') 

0.47 • 

0.52 

0.57 

VI-J.2 ResuR an,!! Discussion 

( ) (~9ftm ) 

1. 10 

17.7 1.45 
'. 

25.3 2,50 

. - , 

• -,' Fi9ure'6~5 shows typkal vertical internaI structure of snow 

obtained fro~ the thin section technique, fIgure 6.5(a) Indlcates the 

structure of co~pr~ssed snow up to 6' ax,al straln while'Flgure 6.a(b) , 
shows the structure for 25~ axial stralo. The ~ajor differences ~ 

, ~ 

bet\ieen thes'e .two ~igures are in pore slze and contact area, between 

grains. It may be"'f'ealized that the pore si.ze decreases ;;ith straln 

, 
1 

" . • 

.. 

, 

.. ~ 

.. 
~ 



, 
1 .. 

" 
.~. , 

" 

~ , 
" .t , ,'-, 

.' 

l 
J,\~PL1ED 

, 1 
,FORCE 

-1 
, 
." A>ÇIS 

. ' . 

(~' 
/ 

• t 
( t,) 

• 

~ 

Fig, 6.5' Thin Sectioncd - Interndl Structure of Compressed SOO'I under Confined Compression 

(a) /lxial Strain •• 6' 

...... _-----!. 
., 

(b)' ~5'. Compress i ve Ve 1 oc i ty. 0.097 nun/sec, 

, 
,/,. i 

.' r / 
.. ~ / . 

" , 

.. 

.' • 

.ri -

" 

, 

" 

.' . 

/ 
--' 

"" '" 

• 1 



, 

• 

/ 

• 

( 

, '96 , 

and the ontact area increasës l,dt straln . 

Theoretlcally, from Eq.< (4 10). Increases \'J th 
... , ~, .. 

axia strain'31ld decreases \Ilth contac angle'. as shOdn in FI . 6,6. - . . 
If eQuals to 90 

of' 

, , gree, . 

• 
:r 2 i s a lilays zero 

(r)'theo. 

• 1 

1 

ThIS provldeS"for the assumptlon'that no lateral con of sno'~ 

occnrs. 

SIon or 

Therefore, FIg- 6.t> can be valld onl; ltr pniaxial COl1pres

laterall)' constralnt cOJl,htlon. The aSSulï~tion used for 

?btalOÎng ',g. 6.6 Is o.res~~d i';Fig. ~.) , 

FIgure 6.7 'snO_I~ t'h destr\uti~<n' of (atlo. {~*)~x. 
. -. • \ .. (~)~heo-. 

J . . 
with reHect to contact nu,~ers for (a) ,10 aXIal straln (hl 17.7 

axial strain a.nd (c) 25.3' axial straln, resoectively.'" ln t,he 
_* 7 

figure, in the range of zero to one for (R--)ex. ratio, the 
? 

(~)~heo. 

• 

percent of contact nu"-Der for 10, 17.7 and 25.3" axial strain are 87. 

81 and 74.5', resr~eJy. As r-entlonea earlier, the theoreticaJ 
t 2 ' 

( ) Increases l~lth the axia'1 strain. This means that the exoeri-r theo. 

rrenta 1 

ratio 

2 ,,, 
(if'lex. a1so Increases illth the axial strain' for a given 

., 2 

(~-l ex. 
2 

{~)theo. 
1 

/ 
1 

'. 

, 

, 
/ 

.. 

\ 
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J 
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Theré may be malOly three ré'asons ~Ihy the d'Istrlbutlon . , 
,SDOIIO w, n.go 6.7 spre~ds .mairtly between the..,rélat1.ve ratIO of z~~,o . , 'II", 't 

: tQ one: 

" '. 
• 

'~ 
1 

1 
, ., '\ ,. 

'. -\ -1)'~ Sdl11e-,:'<V.'the contacts "ere inl'tiellY"dle and 'the~ the 
'... 1 ~ 
,', f ,-

.~"~ ~O'. .O' . ., .. O', " .. ~ 

\ 

" 
. 

\ , 

• 

.' 

., 

; 

. 
"' '. -

... "'. \ \ \ 
~ \. , 

• .. - str.6s appl1ed did not-transmIt throù<ltt tho>!! Qr.llns.· ThIs 
~ .., - ~ 

• ~~'" ~/' ..t 1'" • '.. ' (1 

y -, 

.. 

-

.' 

, 

0 

.. 

,-', •• - ,J:onse,qtjent-ly r.-e~~lts ln no relatIve strain between grains. 
";' .' 1 .. ~ .. 

_'\ Sorr.e of 'Î.hè -contacts maj- be made under 'compre;s ';011 ,but tlJe -r. • '. • ' .' 0 

. 

_. • t'l'ue 'réîativ~-st~ain ;·in'I be srraller than t~at of the COf' 
'" ' 

• :' ; rèsponding c-acro'sCOpi-c strain, .. , .. " 

1 

. ' . ... 
" 2) there "as ,ân error ln the fT1easure.l.ent t>ecause of tOlO dlmen-, . 

: , ":si~naJ ~ljr) sect~onl. as l1'entlonpd prevÎoûsly, 
. , 

. - , . ,~. .. ,; .. :, ~... 

,3) thert! ./aS a. true'v<lrlatlon t'ecau~e ofrvaried nature 10 
..... :".-:""J ~ .- ~ " :JI. 

sha~~ and size Qf snO.1 Qral'ns~n 'comp;rlson ';l1th the~ theore-
'. fi _ 

. ti ca 1 a.w'r&ach. : 
~ t • • . '. 

'. " . ,.,.' . . 
t I~. .. ...... ~... ç;- , 

~ . .. ..... .. .... ' 
•. Figure 6.8 sho\l$ the freqyency dIstributIon of the cOR,tact" 

" ~, ~. ~ , '., . 
angie, ~*. ~ in th'e $I)OW spec'imens, Ils c.an be seen 'n the figure, • 

, " . . . " 

,tJie fr:eqùsltCy ,dIstributIon dftcreaseSI,n,th th~ value of ~* Incrj!a,slng. 

""'«ThIS './11;y b;:packi~9 ê~~~cteh stlcs '~f snou (sl'e App~nd~t'C). 
" : 'r, .. « ,- ... _~ J A. 

.. 

, 

, . The lOcrèas6. In contact nYJ"l)rr per gralO under the oconflned .. ...): '" 
\ . ". ., ~ 

compY€$s~'on }So ~hO\'m "ln FÎg:6,9 . . .. ~ . 
~ .. - " " -'" . 

the figure shows that the number of 

contactrs sll,ghtlY..,io/lcrease~:~tith the aXIal 'StralO increasinq,,' It . . , . 
, ";hould b~ noted that bot~ the freq~ency d~striôutlon ~ ~~ and the 

" , 
• 

-, 

. . . 
Ilumber of contacts_were dlrectly obtained from the thllY sections and. 

",,' .. ,'- . .. - ," 

t~se ,v~l,ues 'ca~n(,}t .I1.t.:a.~al val.ues I,n three dlme'r\sional c1nslderohon, 

1 
- , 

" 

• , -

.. 
. 
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,~ 

'. , -. , , 

J' ..... .. 
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" -" .' . 

. . 
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. 
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It is therefore eXJ)(!cted th,~,t .th,e actual nUR'Jler of cont~ct$ 1$ fela-$ 

tively great~r th an th~t shown in the figure . 
, . . < 

The increase in yield stress (fin~1 stress) wlth respect 

to the axial s.train (Table 6.1) under the 'ductile c.ompresslOn èan !Jt: 
. " 

d~cribed in terms of intrease ln cont';ct area ([;9: 6,!) fnd the JO-' 

creasë in contact number (Fig. 6,9). 
. ' . 

ln fact, the rate of increase' 

in~iel.~ stress is also iofluenced by the strain rate, !Jeca!,se crys

ta Il ille fi OW i s dependent on the vi seos ity of crys ta 1 (llerrîng, 1950). , 
• 
Thus, .tIle duet ile compress ion of snow ca",be quaI itatlVely . . .. . 

deseribed as: 

(a) increase in contact area between grains as a function of . 

qrain'sjze, ax~al strain rf:. ~::::~ct angl~, 
(b) increase in contact number as a functio~ of axial strain -. .. 

or dens i ty, . and • 

(c) ... riscous bêhaviour as a function of temperature_ 
- . ~ 

should b~ noted that i~..:now is initl\IIY or: strongly sintered 

nature the situation way he partially or totally changed. . " • • 
1 

From the mechanical :point of vi,ew, the constitutive equa-
• -tion for ductile eonfined compression may he in form of: 

- ----- -----. --
f ( S, n, .p, 1), ;,} , 

• -. . 
\''here .0 is the stress, whieh is a function of contact 

• area, S, 

/ Il, is contact number 

/ f,',--
• 

. . . '""-. 

! 

• 
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is t.he coefficient of 
1 / 

is contact angle 

i s s tra1n rate. 
, . 

• 
! 

viscosity of ,ce 
l' 

1 

!-'~flY rcseJrchers have regarde<jAènsity as a functiolt of . ) '\ ~ 

~uctiJe ,co;-res<-I';~'?t't"ess fron th:'~acros"oPiC PO'/'Vlew. 
I!orlever, It;should he noted that the increase in co(,tact area between 
grains should he- ta~en into }lccount. This IS dlscussed ln (hapter 
VI I. The fatt, that increase ,in contact area occur under ductIle .. . ,~ coofined corr~ression, is extrer~ly irrportant for the developnent of . . 
the;adhesion" thE!ory- which rnàyl be the r;ost basic concept in snow ~ < ' • , 

, ,,1 " 

... 

rr~chanics. As described earlier, one of' the objects of the research . , ' .. 
i s to deve 1 op and con fI rrn '~he adhes i on theory. Therefore, for next • 

,step, it is Êecestary to examine that the adhesi~n force with in-. . . ' 

cr~se in.c0l,tt'I(:t,'!lr:.ea wi.lI increase •. This is exa"llned through the 
~ , 

~chanicâl t~sts .Ilres.ented in Chapter VII and the 'details are sum-

, 

- • 

• 
.-

o , 

marized and discusséd in Chapter VIII. ' .-
~ 

ln next seétion, a change in internaI structure of snow . . 
• 

under brittle.c~nftne.d compression is discussed fror,) the experirnental 
results. 

fi' .' . 

.. 

. • 
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" 
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• 
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VI-2 Change in. Internai Structure ~f S.a .• under Grlttle Conflned 
! " .C~,ion -~ " 

!~-1"-' ~ 
~, . 

";', presented In.Fig. 2.2. loos! sro,. possI~ly f Ils ~ 
1"'. • 

, l';·-t.1 l n
t
r oduct 1on 

;incr -fallure. $nllarh 1005e 5no., f6'115 ln Cjllndert' '_, .wely ----, 
hlgh deforr~tlo~ rate IS dpphed Qn sn.o ... ,ThIS t>ehavlour of 5no .. IS 

deflned as I;>rlttlê be'lJVIOUr of sno ... The e'rerlr~ntal .esults ln 

. -
ln Ch~o~er '.!I-2 and t"" <:!et311 lS ,h5Cusse1 ln a15~ Cnaoter ':11-2. 

It 15 of >ccorta~,ce ta eYi11P" ~v~l a<;rects 0" ~rlttle 
, . 

be,~aVlour of '00 .• for co·oarl50r- .... tn th" ductIle t'r"ilVl0ur 5"0.n ln 
,,~- . . ",-; 

Frc, th., r,lcrOSCOOIC DOlnt Of vIe .•• hrlltle 
<", 

of sno. 15 e/a~lned in thls sectIon. 

perlrental. orO'cedure ',s ~aslcallj 51"'1'ar to the on" de$crt~ed ,n 
. ' 

ttte prèvlOus sectIon, Ce .• ':l-1. 

$no .• spec Iren (Init la lIy .granu lar ,no,,) :,.as CO-Dre~sed H, 
f , . ~ ~ ,.-

the s~ndard JucHe t:$t cyhndel' at a velOClty O~ 0.9$ (',-/sec. 

TItis veJocity,provldes for the brlttle behavlour of the sno •• ::ote 

that the effect of CO"1preSS1Ve "eJocltv IS one of the rrost " .. ,tortant 

factors 9Overnlng.sno .. bebavlour. ThiS 15 dlscussed in Chapter 'Ill. 

The defo~atlon rate used in thls sectIon 1$ ten tlf'eS .hlgher than 

that used ln the ductIle c01pression presented in Section VI-J. 

ln the cylinder. thé brittle bphaviour changed into the 

ductile at axial stralO of 13 percent. ~hen the axial strain reache1 

to 22 percent, t~e speciren \':a,s pushetl out b'l a piston made of 
" -. 

• 
. 1 

• 

"" .-
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paraffw waX and was used to !'Ial.e thln sections. The lInl! scctlon ..... . 
technique ha; bpen described ~n Chapter V-2. 

t , 
....... ~ ..... 

-, 
'11-2.2' Rew1t and DIScussion 

- ---------,-
, 

• 
Tt,~ Ir.ter,na 1 structure of snow, ."'lIch l'dS.been suhJected 

-'~to brittl,· conflred ço";preSSlon, is sllo.IR in Fig. 6,10.' In the 

figure, r4n:.:.llre4~dges of grains 'and crac~s .. Ithin grains are seen. 

It ".l~ d('sCrlb(,d in Chapter III that 1ee is viscous C'atérial . 

~lSCOUS rlterldh under 'e'trel"-ely ràpid 10ddlo~ehdve li~e ngid fTa~: 
rial. This Idea has weIl been es~ablished ln th~ rt~ology (ref. Reiner, 

1960). ThIs rean~ that the ,~re raPld the defo~4tion applied on snOri, 
. . 

tne core rJgHlIy. the qrains behave. If snOri Qrain t>"haves lne 

rigld, the defo~tlo~ of grain can be neglected. Therefore, the 

der~~4tIQn applled F~st be dissipated loto elther grain brea~age or 

Intergranula~ slippage to the exclusion of slgnlficant crystalline-j;lori 
.1( ~ ),' 

found in the ductile confined corr,presslon presentéd ln Chapter VI-1. . . 
Thus, the brittle ~chanisM of snow i5 distinguîshed fr~~ 

. the ductile. Slnce both u~chanisms ~ay acc~pany Wlth density chanqes 
~ 

under c~presslon, the effects of change in density ~hould also be 

descrlbed in tCrF.s of brittle or ductile. 

ln s~rizin9, it ~y be concluded that snow response 

characterlstics under compression can be divided into ~ainly two 

~Ch,lnjSIllS, I.e., (a) ductile and (b~ brittle. Howevêr, general 
• ".. .. 1 ' • 

defon"atron r.-etJ,anlsms of sno .. ma} be dependent on 9ra:ln eharacter-, 
./' . 

isties, InitiaI density, bondtng trength, t~pera.ture,.etc. SOI'le: . 
of tllese fac'tors are examined by erforminq the roethanical testS' 

and dlscussed ln C~apter VII. 

• 

.. 
'. 

• 
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• • 
F19.6,10 Thin Sectioned·- InternaI Structure of ('roressed Sno.1 

uo'<ler Confi ned Co:-.press ion. 
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-Axial Straln. 22 
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, 
,CHAPTER VII 

~ . 
RE SUL TS MW DISCUSS 10;! O~; ':ECHArIlCAL PAOPERT 1 ES 

A'ID BEIIAVIOUR OF S1:0;~ 

VlI-l Uoconfî ned C01!press ion Performance 
• 

o 

':11-1.1 Stress-Strain PelatlOnShip 

r:ear!y 200 cyllndenca'i sno,l sreCll'èn<,. of \no,in charac-.. ~ 
terJ st 1 cs. :,ere co· pressed un de r uncon f 1 ned cona 1 t Ion a" vanous com-

pressIve veloc1tles. I.e •• 1).0)7. 0.176. n.227. 0.508 ,and ~.980 rrm/sec., 

.. Frol1 the exrerJ"1ental results. thé' relationstllP ;'et,;eeo <" 
stress and >traHI of sno.1 unôer unçonflned cO'1Dl'eSSlon 1$ dlvlde1 Into 

many types in te ms ot' deforn'ation rate and sno.; type. \ - \ • • 
FIgure 7.1 <'ho,l$ typical stress-strain curves ln \relation 

to the c"<>"presslve veloc;ties. Th,e c~rve a; sho .. " in F-iQ, ~(a) 
can be obtalOed 'for relatIVely hlghpr COl1preSSlVe velocl~':': "hl'~e- tlJe 

, 
curve (Fi'J. 7.1(0» can be obtalned for 10:ler velocltv. t \ 

" Fl gure 7.1 (a) dex9ns tra tes tha t the stress i ncreases a l!1"oS t . - ' 

',f '.. #>.>' ... t:,.r 
proportionally wlth thé aXIal straio an~ abruptly decreases ~own t~ , . 

, 

zero ~hen the stress reaches to a certaln POlot. T~e apparent feature , 
of thls tYPlcal curve 15 simllat to Q~~er brlttle materials. T~erefore, 

• 
thls behavlo4r of SOO\'I 1$ deflned as the "bnttle behavlour" of snow. 

!.'hile, f19. 7,l(b) denoostrates that the s,.tress Increases "Ilth the 
• " Initially hl9h Qfadlent and t~en slowly. This behaviour IS deflned 

, 

. -

. . 

• '1 

• 
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a~"the ductile..behaviour" of sno.l. I-.tllcr IS oDPoseti to bnttle be-
.' 

haviour. It is",noted that a 1 ittle difference l1~t"~en sno./ and other 

ductile·materials 1 ies in, the yleld stress 10 relatlOr) to the aXla~ 
'. 

straÎn. for 'example. the stress in ductile tlehaviour of sno 1 In-

.~ 

creases continuOusly ,'Jlth the înereasînQ axial ~train ;,hlle thE' yleld 
• . 

stress of other ductIle raterials aeneral]Y starts to deCrNSE' .hen 

tlte- progressive 's>tear f.:ulure oeeurs. ;\s E'x~rl\ned. In ChaDter'VI, the' 

duc t i 1 e behavio\i'r of soo .. li i 11 1 ncrease the con tac t area bet .. een sno./ . -
gr;lins. Slnce the irlN is that the încrease Hl contact area reSults 

fro'Tl t~'? VISCOUS- flo./ of crvstals, It can hE' sin1 thdt thE' 11Jctlle 

behavlour of snO>l is rath'?r vlseotis. ThIS sUQQests t h3t t~P conceot . , . " 

of faîlur'? is not aDDl jcable fo,: ductile hehavio')r of <00.' • .,4 • 

• The uncor)fined CO~DrpSSlve str~Qth • , c 
-

the rraXII",U"1 stress ln th~ 'brîttle tyre of st"eS$-Hraln CJrv'? as 

sho,n in fig_ 7,I(a). • • };neh the qS tress reachp$ 

thé stress decre~se$ abrurtly as 'entloned eaI'11l'>r. Thl~ ilhruot drop. 

of stress 1$ idelltif1ed as the "fallure" or "fracture' of SfiO ... 

,- • increases \,1 th /:londlng as sho .. n ir) the fIgure. lOIS 1$ ~lscuss~d , 
in tbe ~eyt section. .' 

-: .t'" .,:,...:...(.;. ... 

As !1'entloned ln Charter 'II, the-.,failure of sno'", (1 :P." hrit-

• tle lÎehaviour of sno .. ) ("ay be <lescrIbed ln tenns of lnterQranular 

slippage or/and qrai~ breakaae. 

For th; ductile behavlour of sno ... ; the "yield rOlnt", " . ç 

'~ay be defined as the stress',here the clear change ln sloDe of stress

strain curv€' occurs as shc1 ... n in Fig. 7.1(1:». The :/Ield coint 1$ ver'f 

• 

• 

• 
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'. 
dependent oro the bondlng of snO.I. ThIs lS dis,cusserl later 10 this 

~< • 
S~Âion. ,-

1 t "as r <,:nt 1 oned 10 Chapt~l( II tha t the bond i n9 (,f snO./ 1 s 

dependent oro t 1I"e and te:rpera tlJre (s 1 nten nQ rrocess). The 1 on~er 

The bondln'} effect on stress-stram relatiooShir of sno.' IS 

shO.n ln flQ. ~,2. Cpcau~" of the pffect of CO"1nress'ye .... lodtv as 

(o,ntej out earller, t~e stress-stralo relationsbip in relat,on to the 

bONllnQ IS also divided lnto brîttle and ductIle t,res. 

lro FIg. 7 ,2(a), Curv" Î indlcHes tee 'str"ss-straln relation

ShlP of st~onqJv rondedosno ... Curve S ln<j'cates il t/oÎcal s3'.,-~ 

type stress-straln relatlonS~IP of r01erat€l'" ~(\nded sno,_ and Curve C_ 

../ 
lndlcates a tjPlcal c~atterlnq E'ffect of poorlv tonded sno J. The 

~ 

type,; of f~,lure rode concerning wltl) t~e Curves A, Band C are (11<- ':--.-

----_../ 

• 
cuS5~d ln the next sectIon. KS ~entlo~ed e3rlter, t"'" urCQnf'"e1 

CC"oreSSlVe stre.nqth,· _ IS 1efined as t",,, ~vi'u- stress ~s s'.c"n 
C \ 

\ 

ln FIg. 7,2(b), Curves.A, 8 an1 ç ;ndlcate the ductile 
~ • 

strets-straln relatlon;hlP of ~tron9ly bonde~'SnOJ. roderately bQnded 

JI, .' - , 

sno./ and DOOr'\" -boirifed sno./ resçect i VE' 1 y. e figure de-ons tra tes 

c~in9 bonding. 

ço~~inerl'behaviour of 

• 

.,,' 

, brittle and ductile for sno .... ;S o'Jtaine as shOlln ln FIg. 7,3. This 

• 

behaviour is deflned as the sc:,Î-brittle or ~ehl-<1ucti1e hehavlour of 

sn\M. The apparent feature of sc-rll-bnttl" b"haVlour of sno 1 is that • 

• 

'. 
0' 
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a fel·l. or several abrupt stress drops ocçu,r dunnQ t'tle unconflOed'com~ 

pressIon but fwally the behaviour.becomes ductIle. Thus; t~e stress

straln relatlOnship of SOO\1 is dlVided malnly loto t\lO tyves, i.e., 

brlttle and ductile, and addltlOoally ~emj-t>ritJJe or sem,l-ductlle' . . 
with respect to the deformatlon rate and 500\1 type. ThIS 15 furt~er 

discusserl later in tljis cflapt",r .. 
• , , 

• 

'111-1.2 Apparent Failure ":ode for SOO\/ in Britt;e ùn:onfln~g 
Co~pression Performance' . -~ 

~-- ,,;---

,'- , . Apparent fâllure mode 'is ob ta lOed i Il br! hl~ unconfined 

compresslop. TYPlcal tyôes of fallure performances correspond lOg O/Jttr , . 

Fig. 7,2{a) arê i~lu5.trated in FiQ, 7,4 as follollOgS: , 
( 

" ; .. ; -~ ,- . • 
• Type 1: Complete and distInct ·fracture "Hh an ot-servab 1 e 

\ 

~::. -~ 
.1' 

) 

. fallure surface toncentra~ed near the :n1 nlat",n~, 

ThIS IS Ilke tllP. t)nttle derfol'l~ance 1,0';:10 bv otoe:r 
-1. ~_~ --

---
s. 

plane ffa~ture surfaces 4$ o~served 10 

• 
conflned compressIon tests, The results ~f con • 

fined comprèssion tests are pres!'nted in ChaDter .... 
" 

VII-2, .1 

. 
Type 3: Local crushinq and dlsrocation o.f sno\-/ part.icles 

" . and aggregate groups at the en~ platens. . . 

.. 

.' 

. 
;.r. 

1 

• 
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obtain-ed in ~1l9h denslt ..... -naturally D 
• t~'& 

But~(lV1Ch 19%). 
. ,~ "" , 

I-:hen bond develorœent 'lS"not s.,t[on. enouQh~.-4~_"" __ H_~_4no.1 -.,. 
'lo ..' • -.\ 

failure perfol11'ance .IS plane fractur -~lJr. 

faces as sho~m ln Tyoe 2. 
r 

r~ss-straln relatlons~IP s~o s abrupt 

stress release wheo a plane fl: cture occurs: Stress hUI Id-ur 
• • 'l' , 

again as the test speCimen r gaIns rlQl(lity and lt' IS appar ntlv due ..., ,... . 

to 'the collapse of pofes -;- ~mtlaT 'fal:ure $lJ~faée IlhlCh ioes not 

permît fur the; .fallure. ci eloç;~nt alonQ that oar~~cl!.lar iunture sur

face, ')ln otner ,·Iords. Il'tf.li1Jgeneous dens lÎ:y cha09r prodyced by g;rane 

falluf !"av' :r~ult ln th,e 'hlqh sun?Ortahillt; 9n the fa!;U~p, DIane 

agalnst furt"er f<li uré., Anoi~er.fal1ur" oceur: on/; alane ,.hlelj· 1$ 

the ~ eakest P!lrt ne",stnh~ deveJol'Tllent": l:~én notl1f>r rupture 

surface îs ~,ener ted. an abrupt stre~s ;-éJeasè oc~ur (FI~. 7 ,2(a», 
.~ '. 

the sa~'- taothed pa ttern (Curve 8) ~ f the·.o; tress-s t~a 1 n 

curve . 
• 
# 

failure i's tyoical Of a verv rly bonde1 sno.·I. • • 
• 

ThIs lS 9 nerally the case for 10" <1enSlty snO~1 . Local crusning for 

O:i occurs at the loadlnQ surface (pla en). This phpnomenoo 

rOJ)ag3 te lOto the specimen $InÇ~ there 1 sIl tt 1 e continu Î ty 1 n 
• 

~ 'Fqpagatlon and dlstrlbutlon lttVlew of lo'os!! asSemb~~~Q.~ . 
'," '.. ,.~ -... ft. .. ~. 

op r bondlng. Thus, contînue<1 local cru,s lOg :I~ o.ccur ln t~ face ,. . , 
f.advanclng laadlng surface, pattern (Flq, 7.2(a),~·~ 

4 , • 

, Curve. C) S'hO\1S a tYPI ca 1 cha t ter! og -eff. .cs, or 1 oca 1 rupture due to 

.. 1 

- " 

• 

J 

" 

• 

Î 

. . -"'l, - .. 
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• 
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V'!-1.3 !1!Iconfined Compre sive Stren.!jth Qf_~_n.011 .a,L~Jjmction : 
oLC!>ElJl!_ess (v .v~~city_,a!lG:-~~ of Sinterio9 

As ment'loned '~rl ie , unconfinedèÔ<npressive streogth of J 
snow is de(irie~ as ,the maxim ID stress,only in britt;e s';re~;~strain " . .. '"\ curve, The'result of uncon lnèd compressiQn t~sts ~n tho artiflciaj 
snow during sintering for 0 minutes, l' hour, 2 hours, 3 days and 6 
days is shorln ,in fig, ~,5, The~te7iOg process in snow is presented 
in Charter II. In the f gure, the poin c-ate<!--by -the triangle, 

• , 
square and circle show the unc ined compressive strength Qbtain~d 

~ 

from the ~rittle type stress-strain curves, The fIgure ~ndicates. thr'ee 

'A 
(a) uffconfin d compression performance on soow is divlded into - . 

(b) 

main tw types, i.e. :,hrittle and ductile, , : -- ' 
• 

. , ~ompres~!Ye strength of sn~-1s lnfluenced by the _ .. ~ ~ 

comp essive veJocity, and 
\ 

• 
(c) un onfi~d compressive strength of snow tncreases with the 

ge ,of sintering, 

,,----.-- -

e and ducti 1 e ~n~s- wi tn r~spect to the .stress-strain curves-
are in~ cteô in th,è fiqur~" As dè~cfib~d earlier, brittle curves are 
obtai d for high;r compre~si\le ve'locity whlle ductile behaviour of 

obtai~9d 1r. reta~fveIY~OWer com~ressi~e V~IOC!ty (see Fig. , 
7,2 , 

, 1 ...... 

/ ' < Tpe boundary {J.e., the brofen Ilne lndiêared-in Fig. 7,5) , 

/ • • .. 
• • 

! • 
/ 

1 

-\, , 

r 

• --! 
. ~. 

" 
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bet"een the ductile and bnttle zones may ~e deflOed as "cnt1cal de-
, . 

fonnatlojirate H or "crltlcal veloclty" as pr~posed h~ Yoslda (1963) . 

Ilote VfÎ~t, at or near tho; critical defonnation rH(', s('M1-brittle 

stre$~-st(aln curves were obtalneJ. . The cntl;ql d~fono~tlon rate . .. 
seems to be a function·of,unconfined compressive strengt~ (I.~., s~ 

type rllth respect to sintering tlme). The figure shows that the crl-
o • 

tlcal deforrrHlon rate decreases wlth increaslnq unconflOed cClnpres-

Yosidl (196l) described that crÎtlcal deformation rat~ 
. " -ooJ'", By compan son, the meta 1 tran-Increases WI th IJItreas Ing temperatud,: .. 

sition is a function of defo~tion rate, temperature and grain size. 

(PaSfllore, 1965·a.lld-J\r(~stron9, 1969). Thus, the transition between , . 
ductile and brÙtle behaviour of rr~terials may be dependent on many 

"..,-- .. ) . ' 

~ctors: It is deduce1.~at the problem of transition (or snow is 

~ependent 0,0 the InternaI and external condîtions, such as grain slze .• 

booding, temperature and lateral constraint. The effect of.lateral 
j 

, 
- , 

cOnstraint for,the transition problem of snow is dlscussed in Chapter 

VII-2. 
. 
-Figure 7~5 shows that the unconfined compressive strength " 

......... .J .. ; 
-increasès with bonding (I.e., sintering time) and decreases wi~' 

increasing cOllllressive velocity. Since the. density changes of 
• 

snow specimens'were not obtained during the si~t~ring process of 

6ld~ys for lnitially granular conditio~, the i~crease in unconfined 

~ompresslve ~trength.wi(h res~ett to sintering time as shown in the 

figure IS almost entire}y,due to the bond developMent. Note that the .. 
denslty of eath ,petimcn was almost constan.t during sintering because -
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the speclrren wa~ kept rrore or less in a cjosed sy~tei1l H. VIeil of /l'dSS" • 

1 
transfer,~and ba~ic snow sample used was not fresh SHOW • . " ... 

. .Th,?, trl'nd ~that unconfined co<npresslvP S~19th decreases 

wi th Int~~as'îng deformation rate as l'lentlOned earner~F1i"'7 ,5) IS 

uncon~on (0 ~her ~aterials. 
, ' 

This effecLof defonij,tlon'rate l'lay be - , 
very c~plicated in terms of defo~tion and fallure mechanlsms. 

-.: 
1I0w~ver, it is consldered that time until fallure under load ",ay ef-

. . 
fect the unconfinE!d co"pressive strength. This is discussed ~Iith other . \1 
test resu~ts in Chapter '/11-3 and Chapter flII-I. 

ln su~arizlng", it Il'dy be concluded that unconfin~d CO~Dres-
" ", , ' 

" SolOn" fI!-'rfomance of. snow is stron~ function" of defomatioA rate and 

bonding strenqth (sinterinq tll'le). Therefore, these factors must be 

ta ken into account for the unconfined cO/l'preSSlve str~ngth of snoll. 

ln the.next section, a relationship between unconfined compressive 
, . _'~ 
strenQth and failure strain of snow is ~~éussed. • 

". 

• 

VII-I.4 R~Jationship between Unco?ffned Compressive.Strength 

an! Fa il ure Strain at a Given Brittle Compressive 

Ve I!!,c i ty 

> CI-
Figure 7,6 shows a relationship betwee~ unconfine~xompres-

, ~. ',. . 
sive strength, ·oc ' and the strai~ at failure, 

pressiv.e velocity:~f O.98I111l1sec, whi~h:provides 
Cf ,for a com- ,"-

for the brittle be-
0' 

havlour of snow at temperature of -13 C as shown in Fig. 7,5. • 

The stress fs measured throuqh the proving ring and dcfor-
", 

mation transd~'cer as descrfbed in Chapter V. The total defoll'lation 

(Le., compressive velocit,y x"Ume)' consls.ts of the defo~ti'on of 

- • 

. : ....... 
~" _.< 

• • 

". 
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.~ . 
-'.. .. both th~ proving ring and snow specimen. The deformation of snow 

specin.en alone, lherefore, "ust be corrected by sUbtracting the de-' 
forwation of provinq ring f~om the total deformation reco~ded. 
Therefore, the corrected line indicated in Fig. 7,6 indicates .the 

1 , . 
dctual uncoofln~d CQ~pressive strength-failure straln relationshlp. 

10' ~i9. 7 ,6, t~e higher s'trength for a given density l11eans 
the longer age in sintering process as mentioned earller. The result 
shorls that the failùre strain ranges from near zero for poorly bonded 
snow to approximately 1,.0 percent for ,snow with unconfined compressIve 

~\ strength of 1.4 ~q/crn • • . 

There are two important features in Fig. ;,6. Firstly, the 
relationship bptween unconfined compreGsive strength and fallure straln ., , 
seems to be Independent of the dens.ity. -Secondly, the unconflned CO'll-• • 
press ive strength of snow increases with the increasing failure st!aîn. 
Figure 7,7 sho~s th~ compressive modulus, Oc , as a function of - 1 ~ Cf , . 

,unconfined compressive strength. The result'5h~WS that. the comfres
~sive modulus of poorly bonded snow i5 approxima tel y 80 kg/crn2 and it -
increases with the increasing,unconfined compressive strength. Note 
that the unconfined compressive strèfigth of snow is a strong function 
of bonding • 

• 
It may be ~oncluded that unconfined compressive strength of 

snow is greatly dependent upon the bonding of snow but not upon the 
density. The effect of bonding is much more obvious than that of den

"'~ty iQ the unconfined éOmpression performance. Nevertheless, many 
re~rchers have obtained the fact that unconfined compressive strength 
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0t ln-sltli sno~'~~ a Qulte fune,t,on of densit •. H -;u te eonS1(j(rd 

that there IS 'so~i correlat'on ~et,,€'en bond,ra ard ~enSlt. for t"re 

in-s Hu sno, •. 

The anal stra,n at me fa,lure ln ureoof>r"ct cc-~reS5'~e 

test '$ ~erj $~all ln ec~~ar1SC~ 'to otoer "aS'",-~1€1 - Her,als. '~or 
e)a-~le. tne aXlaT ,tra,n at fa,lure ,n or1"'~1 "rj oft~n ",'cee;, 

, 
3 re.·Ci?nt (Ta .. lor. 19':8) 1n tl",E' trld'lal ti?st. -"'(0 €'''r:~'-€'r"ita' res"lt 

~ 

a_"j,r'J,"')r ste r, lf' rH' . 7.6 -sho .. ' {~at. f~r al-"st COr:""ltH\t"\. t'e f~, 1-
.;. 

ure stra,n ~ ) la to..(' r~Ql€:ct"d, 7t"J' $, -->?a:r,$ t.-, j ~ ~r~ 'a,lur" ?f Je .... .. 
coori .. t?r1ed Sr1C+OCCurs lï~(11j:~1?1, .• f"~n ~r-? lo.):! ,~ ~":,11-=-1 d-$ 0 

-
streplijtt, as -"nt'oted earl'er, 7~~ fa,!.,re Gf t""..:!.'j ,ro '~c"rs 

. - " 
abrupt1j .. ~en tne str~S5 reacM~~ to tr"i~ ~lti-3te s~r~r9t~ d~ -€'~t'c~e1 

" . .. 
e.al:'her. Th1S :-echan's'"1 -~J te ct"scrü,,1 "nt'rel, '~ t'êr-'<>0' hnttle 

" . 
, 

" 
.' .. 

• 

' . 

• 

, . , ,-
-' 

" 

, . 

• 
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• 

-ThQ.use of slnqle lo~ding confined c~presslon tests on . 
Ind'v,dual dupllcate' snow specjp"".!ns provides a basls for studylng the 

eff('cts of r.;p,d CQI'",pression of snOrl. for tlle snow used ln tllis test 

ser'es. ~ondlng betrieen snOri 9rains was establlshed through age-harden

,n9 of the tc~t Sr-eClf"".!ns for 1.3. and 24 hours. The cyllndrical 

t,,~t SV!C17~n', of sno ..... ere 5 Çl'\ ln diill'«:ter and 4.6 en ln helght as .. 
r--entlo~d pre'lIously. The tests we!e perfon-ed ln the dral/led condI-

tIon ... hlch ~dS acc~plished by providing a large n~ber of holes on 

tne up.".!r loadl/lg cap as illustrated in Fig. 7.8 (to allow for escape 
" 

of. aIr). This teChnique is /lot unc~n in testing of snow. Io 

enSure unifornlty in the snOri sa~ples for testl/1g. eiQllt speci~~ns -.. ere orepar('d at the sa"'.e til'le. Ihese were th en subjected to conflned • 

COP"pression tests, eac~witll its own individua~ single load ranQing 

fr~ 0.1 to ~.08 ~9/c~2. For a ~nown initial speciF-en density, a .. . 
change in denslty was c~PUted fr~ the axial deformation ~easured 

i~diately after load application. With this procedure, no creep 

defo~tion was included in the c~putation. This was confi~ by a 

continuous F~nitorfn9 of the loa~-defo~tfon phen~~non for the indi

vidual sa~ples. Extrapolation of the standard creep curves obtained 

confi~ the viabflity of instantaneous defo~atjon ~easurements as 

~apid c~pression defo~tio~ (Fig. 7.9). 

• 

'. 

• 
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..,---" .-.-
The relatlOnshlr bet .een"lt)ad aod'resultant denslty obtalned . . . 

r 
after raPlô dead load ço"preSSlon for the various sno .. s tf'sted IJ> 

. , . \ 

sno,.n. In FIg. 7,8. 1 t IS noted tnat eac'" data DOlnt Sho.,n represeots ,. . 
. an In~lvldual test. T'le apparent field strengtfJ 10 the l"apld dead 

!<lJ. 
load .confl ned co n~res S Ion tes t .for metan orphl c s"o~. t'la t ./lad reeo age

~ 
~ , 

nardened for one ~~ur lS see~ to bp 0.1 Igfcm'. ~'S 1$ renresente~ 

by the loltlal breaJ.. pOInt in t.h~ cuneo The apoarent yleld strenot'l 

lS seen to Increase to about 0.45 ~o/cn for a three hour age-hardened 

sno.'/, as s'lo .. n by the abrupt b"eak in the curves glven III tl0 .. 7 ,8. - e . 
~;nl1st.tlJe aONrent 'lIel1 strength lncreases lIith tirr,e.aft"r deoo-

sltlon, lt St)OU1~' noted that age ltself IS Ill)t totally respons1hle 
.. ~ >,.rr~ 

for the apoarent yield strength. ThiS IS ~ecause age-har~enlng of 
• ft ' .. . "'--

sno.; lS derendent on c'laracterlstlcs of inItIaI snô" graIns (slze, , 
shape ancj text~re', 1 nIt 1 a 1 dens 1 ty (nu"1ber of contact) ~et .. e~n qra InS 

.. ~ ~ ".., 

develo~1ent as a fu~c-per unit ras' con'sldered), and bond IntellS.w:y 
,~ 1 ,~' 

• tion of lim'e and te:noerature. , 
• As can b~ seen in-flo. 7,8, aPPlIcatIon of any load lar9~r 

than apparent yle Id s trength ;II~ 1 produce ,.~ cons Iderab 1 e Increase I,n, 
• '-. .. ,-:!'~" -

dens Ity. Ex.penrrenta 1 observ.at Ions sho':. tha t th is. 1 ncrease 11\ dens Ity 

" 

occurs almost Instantaneously I.hen IÇlad 1$ applled. As s~o .. m ln thls .. .. ---

". 

f1qure for appl"led loads qrNter than the ~pparent Jlcld strengtlJ, the 

resultant denslty tends to an asymptotlc v~lo: .. ~hIÇh èan be defln~~ ~~ 
a~ the ~'critlcal denslty" of snol~: This.crltical dens.lty is secn to -

~ . 
be a functlon (){ age-lJardenl~9 of snol. and initlal.sno.J character>is-

• 
tICS. Bearmg Irrmlnd that each data pOint represents a Single samph! 

~ , 
1 

'"1- \ 
r .... ;;;" 9 

\ . \ : ~ 
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• 
\ . . , 

~ -- ~ ? " 

test, It 'IS observed thatl reproduclbl,1 Ity of test -constraints an!\ 

speCImen' control I(as ob~~lOed - as testlfl;<i'bv the contlouJtv of the V 
~ '1 

resultant test curve. The. SI9nlf>l.<:-a~ol toe crltlcal· den$ity oh-' - ~--. , ~. --
1$ procedure 15 that _~~~-d-I~tlnguiSiies 'loose snol~ 

frpm dense SOO./, but It also deRote$ ~he a~ouot of îrrecoverahle com-. , -
presslblllt)' of the SOO.: Îl1 rel.ltlOn t<Î th" loit"ial densJtv. It"lS 

" 
load IS ln essence ,a klnd of local' fai1urè , .. hlCh occu'rs as a result , 

of collapse of pores l!n the sno 1. 

• • 
,:hen the sno./ '/as age-hardened .for 24 hO'Jrs lt dld not fail 

" ~ 6~ 

/ -under the level of dead load up to 1.2 ~9/;m' paca~s; of the hlgh ~ond-: 
! , 

1ng effe~t. TOIs IS 'obvious from the results obtained 
• • 
~o~omp','eSSlon tests ~entîooéd oreviously, 

," "'1 .," 

, 1 
\ ' 

d t~!! .uncon-

Tlje criti'cal densîty of t'le varîou~, SIi~:1 tyres' uSlng the . 

w~ë' procedure for evaluatlon ~s descr:5ed earl1er ~in F19~ 7 ,Ms ~fe-
.t ••• #. 

sented ln Table 7.1. Ail -the test samoles sho\-;o 10 thlS Id!>le liere' • 
~ 

~ , ' 
- establlslred as înitlally 'Poorlv bonded SOOIl. " . 
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TAsU:. 7.1 • Cr:Jt Ical 
J • Den;,1 F ' ... er' 

(G,d€r.otes 

of IJniformly and Well-Graded S/lOW$ 
• '" 1 

• (' 
the s!ze of grailf) 

.. ..,. 

0.57 
.\ ' . . 
• 0.60 

G ' • 1).~7 
of!: 

" '0.50 

..... '" ; 

0.45 • 
• 

) .. ::....- ... : 
'f 

~ . ..... ~. 

1. 19 n'"; / G·.;·',? .,38 01'1 {(j'~g'lre~a tpd') 
.' - ." #1 

~ '" ;., ,:r~ (3'~.eel old): 
... ;,;;10: t' .. ~.. ... 

_4 ~ .. 
• .... • • 1 ~ ~ 

--:,,,-,:~:--,-.-,:>".'--..,..,..':",-,~--'---'---.-"---'--"'-----~--J~--" 
" : .. .,...... . , 

'fis {;dn ce s~èR' ir? fa~Je 7 J. 't',; unifor~~ty of g~ 
• ", ~ . J- ~ • ~ .. ~ • 

, J • fil'" . " 
plays an Important roJelr:1I1 thé d~veJopDeot of the cntlca der.slty 

~ .. .... .. 
'..~. ~ . _. , 

• 10 size '\ 

\ 

" 

(1er), a, ,litgf) cn tl,ca 1. delÎs~}V for the ' e 11.qr\aded sno,; (lnd a 1<hi c.f"l.tj.;; . 
" _ 7~~ 

• cal dens\ty for the' ull1fo~lytqradèd sno.l. It lS no (\ that thlS trend' 

is COJ111l~ in the IJaC~l~g 01 ot~"r. \.lIld,s of 'or,~O\flar màteriais. For eoll'l-
, ' ;.... l' 

'1 ,dens 1 ty 'COrre~pomhh9 to WdXlIllUf1 pack reported by,,-
{"- " ... CI .' 3. . . .\ 
2641 .for Retel' Snow to be 0.55 q/Cql,. Ilote th.ilt vaJùes of 

~ y • \ .' ., • 

· 9 0.6 ~l bave .be~n'obtal0ed ~n ,t~a-t v~lues o/from 0.52 

· ~o' ~,57.9/Çll\~ h::·be~~:~~talned by Tus'illla 973.vfrOrtl· rep~ate~ loadlnq 
' .... ":\. '.".~ ~ .. 

test fo~ seasonal ,dep3sHed Sno>'i. The a ',.s~ty of. ~no.w ~:JO'jCrlt-lcal • 
. .... - " , .. -~- '" .' -- ~ 

• • 

_. , . 

.. 
" 

1 

.. 

:.\ 

• 

" 
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, 4· -, . :-;': • 
, . .... 

dens îty values found 1 n na-tura 1 sno\/ cOY-ers, . , 
·1 

For <?Xdm-
• II" ..., . 

pIe, ~he ~ens 1 ':~~~O\l_ found ~ .. th" ~~ .. face to 7 m de~t~ of th~' 
---- ~ . .. - , 

Greenlalld Ic Cap,15 less tlfan O:Sgtcm:'-A.LaDoroxj\nately 20 r1 derth, ~, 
, ~ -' <of t \ 3". ----~ ... t. 

". / "". the denslry' vs:!ue IS <lbout 0 •• 6 g/cm ('/af,aya and KvrOHÎà~--l-9.6l)~ __ yn " :-
y ~ ;~ , . 1-------- . ,. 

relatJVel "arm reQ10nS, lt )S noted that 10\1 d7s1ty zones are ~eDa-. -:-?~ 

rated fp.1 i~e layer~ '1IjIC~ 'f~'rm'as a resul{of-cycles of 1eltlng ..;< • -• 

• and r 
-..-;: / 

~~ro~ a nteèhdl!lHIC'PolOt of Vie.!> lt can be poted .that]ë ~ 

hl 'h:denslty cljanges oecur.riog under larQc IDad lncrements are d e to 
• .t ... 

-, M _, 

,'c! collaps<? of ))Ores resuJtln~ fron the ~,rea~loQ of lotergran 'aIr 

bonds," Thl S r.echanlsl1 can he Ident 1 fled as Intergranu!ar SIl pige and 
.. ' a .. ":'i ... '''' . • 

j',::l':tt'i:!-ttre su'dden colhP"Se oCa loose granulâ'r !l'aSS under 
~ ~ ~ 

dOld or , 
'. 

sudden 1 oad IIlg. It 1$ expected that so~e loéal shearlog 

gralo~ \/111 also occur dunng the C01\rress]on •• ~ce~s. 

c~ss ,lhlCh ]'3.denoted as t'le CO"'1preSSlVe nllcrofractur 
.. . t" -1). ... " 

· ~ related, to bondlll,9 force;denslty and load ;rnteosity . . 

the s~t 
,hlS toi'D~O"" 
of sno.' can he 

• • obserV~~lOns s'~o,led th~t 'rf SfiO,1 'd"~o/ lS 10,ît13J.1 .. h·~9h 
- cntlcal densJty, very lItt!e comoreSSlve mcr:ofr, J'tures occur dur ng, 

" '::O'.t.:,.... '. ~ ,. , .... .... / 
•• co~resslon~n th~ conflned'condltlon. It IS n t~d th't lf\creep ~e. #. ,. 7 ~I 1 

... ' ~ .. ~ . ' 

~ -. fO,rm6tl&n 15 exc1uded, !l2 lncrease i? d'eOSifl a'trO? bevond th c/j(j • .

cal deosfty çao be actlleved 10 rapld ~qle load c nfl.îed 'COl1 e~sl6h 
: tes ts. ..' • ' , 

• 

" 
" 
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'111-2.2 nicrofraçture and S!.lli.,jlrf2111Iatlon of 

Comeression "~ :.. 
~ '. ~~f-t' 

~ • 

. ' 

: 

SnO~i 

'1" "If;, .... 

l. 
:" 

ln Con'flned 

Tite 
. , 

resu]ts for tHO senarate load intensltle~JI).227 ancl ~ . . 
0.341' r,g/cm2) for ~onf lned COl1press IOn tes ts on na tu ra 1 /",e<:1 î um coars'? 

, 

grained snow (,'iith speclfled constant dead Joads) are s.hn .. ~ in FIQ_ 

7,,9. As note<l in the'tlgure, 'i1th an Inltlal sr.ecw'O'n densltv of .. ' . 
0:39 g/cm3, the 1I1'medlat~ COlip';esslon volune ehanQP o'>taln<:~ from a . 
dead ~oad Hltensîty of 0.341 I.g/cm? ,las 9.'34 rcrcent, "hllst the cor-

'~ . .' 
respondlOg }f'''''<:d la te corloress 1 ve vo l.lJn'e 

dead load' intens i tv .la~2 rer.cerft. 

chanqp for the fi. 227 lo/crl' 
~ . .. 

-"". 
" . In FIQ. ; ,-g: Vie Jluil'e chanqe~ creen rortions of t~e cu~~s - ":: ?~, 

for tliO l'Oad.s have been plotted fro,n a ço,'l"on zero pOInt - aftér cor.--
rec t lOg for the 1"', led la te ~ompress Ion ore sho.m. 1 t 1 S note\! tha t thp 

apPlrrent arrount of creep defOY-<l'àtlon for tn~ lo .. er 10ad 1ntposlt'{ 
1 

(O.2Z'7 kg/cri:) 'is li .. <lctual f<lct Illghe.r t~Jn tl'tc tE>st SN,C1 1 "0 ... lth 

th~ higher Joad. If one'accounts for the faêt that: .. 
. 

(a) t~e assoC1ated lfmedHte CO'1'lpr!,SQons (mlcrofractural 
, . 

• 

'\ .. 

. . 
! 

" 

" 
deformatlon) produced a lo.,er resuHant çensity for, the lo.'/~r 

~ .' " 
'Ioad, and'a hlgher resultant densitv for .the hiQher load, 

. , 
(unless 10ad is sufflcient to densify Up to the critlcal 

density, as sho.m in Fiq,.7 ,R) and ,. 
~...... . . 

(b) 
• 1 

the total co,'IDressl~e st~ain, i .. e_, ir\ll,,~late and creeo 
:cI~ .-

~.... ." 

strains, is h19her ',<,ith hi9her load at any tirre, 

• 

'. 
, 

• ! 
1 
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-o· 1 . 
• ... 
• the results ln the Figure IOdJ(:ate tllat beyond about fJve minutes, the 
~ 

rate of -crC!.'p d(!fonoJtlon for the lwo curves are slmilar. This pheno-

menon app~ars valld so long as tne loads applied are not sufflclent to 
~ 

cau~e resuHant denslty changes attainlng critlcal dertslty. Thus, IlIth 

,the precedlng IIIfomatloos. snow behavlOur under a dead l'oad can be 

~ deseribed ln terms of Inrnedlate cO'Tlpressive mJ(:rofraeture and creep in 

the eonflned ,tate. For conditions where Initial densities are hlgher 
"' or equal to the erltJcal denslty; it fQlloWS tha~ the loaded deforl"-3tlon 

process 15 descrlhable ln terms of creép for t~e sinqle 10adlng test. . - . 
Figure ~,IO,show~ a typical incremental loading and unloading 

1 • 

(urve seque~ee for ~ dead loa~con.fined com~ress~on test on a na~ural 
~ < .".!-

medium coarse-gralned ~now similar to that used for pre~entation in 
, ;r : :c " - l" ~ •• ~~;Ji ; \ 

,..fig. 7.9. lIith an initial densjj:y of 0.39 g/an. A total of seven sepa-
" , " ...-
, ----rate~load increments were used to arrive'at a !Inal load Int~nsity 

7 • 
• of O.S' kg/cm. T~e seven lo~d Increments ~~~ applled over a period 

, ,~ 

of two and a half minutes. ;The'four points below the fir.st volume 
! ... . 

change pOint under a loâ~ intenslty ~f 0.5 kg/an' iodlcate continue~ 
'~ , 
, defonroatlon (volumetrle,creep) obtained at one-minute Intervals after . /,. ." 

final load Increment ~o 0.5 kg/an'. The unload sequence in Fiq. 7,10 

shows approxlmately,12.5 percent of total volumetrie s~raln recovered. 
.... '! 1 • 

Considering a confined creep situation with constant cross-section . 
'/' . ... 

area', the vol~tric straln Is Indicated by the vertical (axial). straln. 
1 1 • 

Ourlnq the Sïen.lo.ad Incr~nts, the. vollJlle change (axial litrafn) 

,conshted 0/ 1I1medlate ,ompr,essl~n a,nd creep deformatfon undér cach ;" 

,,,' 'T"· . -. 
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,~If one suoerposes th~ results fro"] the SIngle-

iostdntaneOU$ or rapld dead Joad tes as s~()"..n ln "<1. 7 ,J0. t~~ re-. -. . ~" , 

suIts sno.; that 'the volu." chanQes ro" the $-11191 .. loadlnQ confined 

co~preS~lon te>ts a~e ~~n~l(jera/lll hlg~er t'lan tllose obtalned 

NEe Joad lncre-ents for the co,lespondlng Joads. T~e vol,,';; . / 

io s tep-

.. 
under a slnQle·d!iad 

, , Joad of O. 41 Ill(Ç{~' 1$ 9.34 rel-cent /111e tnat 
, 

• of five 1 ncr"-JI'otd 1 1$ onl,' 
, " 

loadHg as $ho .. n ln FI9.' ,10. 

: 
• 

Tn", various./lefOIT'at1on tvr"s of <no. in ~eatl load CO"fl~ed 
r 

.co-br~$S·lon IS"cn€, ):Icall.v sno.·,'" in FIg. 7,11. i"'€' fl'lute ShO,$ 

that, ln q;:r~ral cise (~Ô"~.pd SM.,), there ar€' I->a,lcân, t",o tr:s of ". * <'f! ~~ "t ' ... .. .. :If:,. • 1 t 
'/ • • • 0 • • 

deforratlon /'"ech.;tnls· S for SM,., i.e., fallul"€' ,lnd ro-fal'lJre't p r-
,~.. .P_ 

, ' 
~forrance> •• <·.lt lias r~ntloned prevloush .. hetner or pot snc, fal's is , ... J 'Si .. 
dep(r.~t on ral'lh the ,tr~oQt'l characterlstics of sno" and 1'0.1 ~ln-
teoslt.v. If InitIal density (. ) of ~no; 1$ 10 .. ;>,. than tnê', crltlcal 

• 

~ f. 1 

density (J J, sno./ fdlls under the sufflclent d.:-a<:l 10dd. f'o .. e~e". cr '. . c.. 

.1f loitial denSlty ('.) IS greater t~an thE' crltlcal denSlty ('c") 

-' sno,.; \,1 n no t fail. In the pas t, rost of study on crei1p:bellaviour of 

sno,~ has been concerned in thoa case Of no-fallure. t:erfonrance. 

Ho.ever, as sho',n 10 the fIgure, the r ~ny cases Irl relatIon to ~noo'l 
~ 

type IncJudlog the InItIaI and crltl~aJ .densities and load inteosity 
. 

shouJd be ta'ên Into accouot 10 the conSlderàtion of confined cO~Dres-

sive behaviour 'of sno.'1 un der dead "load. 
' . 

... 
. , 
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• ___ ..:-L_ -_ -'J--'-- -"'- " . , 

, . 
Fig 7,11 Varlous 'DefoO"'dtlon Types for $no" ln Oead Load Conflne1 CO'1presslon 

, 
o té i s the conffned cO"'press ive s trength 

•• 
• 

• 
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To orovlde for ~ r'ore detalted e'd"l1natlon of co-rreSSlon 

. cerfor~~nce, ln vIe .. of the l,'ol,,~~tr1ç straln (Mlal straln) Î'rfluences 

on gRneratlon of sucCeedlnQ sno,. propertl!5. lt ~s recessarj to e'a~lne 
, 

controlled st.raln characterlstlCS ln C0nflr~~ CC-DreSSlon. ThIS ~ro-

vlde~ not only fu[t~er tnS1Qhi'lnto 5no" be~aV1c"r. but 3150 be~'n5 to 
1 • -~ - , ,-

sirulate the tranSlent 10ad CC~dltlons cn sno. as for e.a-:le. ln 

trac~-sno,. or .. heel-sno. lntor.,ctlon. 

'n 1-2.3 Sr,c '" B.!,~,:.--'-C~J'~,,"!,_~!'~'l1r:$~ 1 .'è_kC~2_tçonçlr.~d 

~e'SI0~ ;c·;t 'th ~O',trollo<:l ~!for H,c~ 'Ho<) 

\ In t~IS to::;t 

and ':.6. 7 0,.13 

grar'J lar Of art 1 fI c' al 9rar,ul ~r). In;> 5 t'ress-s tra 1 n ~erfor-~nce of a 
, , 

test s.eCl-~n can h 'è.aluated ,n te"-,s Qf stres;-1;>ns't, t. convertlng . " 

the ~r05S-Settlonal area reCl,ns constant. 

talned f"- th: controlled ~ef~r;rJt Ion rote tests are s~c.~ ln.Flg. 

7 ,12. ClJr~e A indlcates the t,PICal defomatlon ~eM~lOur obtalned 

under a controll~d 10, deforratlon rate co~nressloo test on lo1tlally 

s€'''-bonded loose sno"., "Illle Curve B sM~s ~ t,olcal rlslJ1t olJtalned 

fro-, hl911 co-preSSIOn rates. It IS noted that the 3Dpll'cation Of a 
: 

controlled 111911 deforratlon rate produc:es rncrofrac 1 n,the 

• 

-
-

• 

• 

1 
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inltlallj 100se sno,. state, T.I>'S 15 eVldent 1'0 Cune B .. ~>ère an abr\1Pt 

'stn:!Ss· re1ease (à; de"on'strated bv the sh~rD 1rOD H' str(>~sl-'js 01)-

talned ",hen rllcrofracture occurs, Contlnuerl loadj~o (stralnln,)) .'11 

see a subseQuent stress ~ulld-u~ and another stress releas~ ,hen "lçrO-

f,=aeture oeeurs agaln le~dlng to the sa .. -to0t~e~ eff'?ct src ,n '" 

Fig, 7.12, C,ontlnued co"~reS$,cn tefond tOt> r'lase of ,1cro"raçtUrlng 
" 

apcarent fracture A~ere the str'?ss-denslt; (or alternatlvel •• stress

str~H,) cune .. 111 sr,o. an Ir,credslrg v!l\.o'ê:, T~e bâc~'"aTd Dro]eCtlon 

of C,.r',€, 3 s'e .. " ln Flo, 7.1re·, to t~e d"r,Slti a.,'s lr,tersects t"", 

The t~res~o11j denSlt, ~al t~'Js te d",fl',e1 as t"at-di?"-, - r 
.• 111 r0t ~e.eloD "'crofraet'!Jr€'s ,,"en su')\ect"d to conflf,ed 

tnat thls thr"Shold der,slt/ 

cr - t r:r , \ ,The crltlça1 der,slt. 

be cons'dere1 to be u~IQuel .~Ile the thresnold 

be unlquel, deterf''.1ne1 heC3uS€ 1t 1$ der~ndent 0" t;"'~F~~IOP . . 
rates, ln essence. one cou1d 0~t31n 'a 'seoa'rate '131ue fo~ 

't~ 

for ea~h $eD~rate deforntlOn rate used provided the c~aracter1stl!:s 

cf Cvrve B are obtalned as sho~n ln FiQ, 7,12, FIgure 7,14 ShO.iS 

the '1<!rlab1e 'th as ~ Y~nctlon of deforratlon (strain) rates, 

To eva1uate the Influer,ce of co-prêssioo (defOl'l1'ltion)\ rate. 

On tlle ragoltude of 'i
th

, one could I>eqln 'f:.y CC",paring Curves A and 

B ln FIgure 7,12, On the basls of ~e rech3nlS~ associated with tne 

• 

, 

' . 
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low slrain raIe 
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Denslty' 
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: 
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thle's'hold denslty 

Fig. 7,12 Ty'pical Stress-Oensity Relatlonship for Confined COTpresslon 
w.ith ,Controlled Cefol"l"ation Rates 
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Ch>rac ter! zat Ion of the t~resho 1 d den, i ty 'th,' . i. e,. S3.,- to()t~~1 

stress develop-~nt as sho .. n by Curve G. the inl,tla1.dens1tV·, of 

the stress-denslty (stre<;s-defoIT'd-non) Curve r, ~ho.n ln FH1, 7,12 

obtalned as a result of 10./ co' preSSIon rate ti'stlng can te ta'en 
, , 

to!le equaJ" to or.above the thr(>s~old denslty ln VIi? of the at).sence 

of S<l.',-tootned/s tress-déns ; ty dr s tre<" 

,J1th var:i1na lnHlaJ denSltf' 'e<;tcd at il COTon constant straH. rate . . . 
of 0.075 ~er second at d te-nerature of -13 C. In addItIon to the -, 
defor' ation rH". t"e follo •• ÎrQ factors see-, to t>e InfluenClnQ the 

• t~ 

(a) gr)in size dY,trit>u~lon. . -
~ 

te:'10era ture. 

. 
(c) init la 1 dens Hy. and 

id) relhod_of test assess'enl. 

Tie range of defol'lT'~t Ion ra tes pro duc 1 nQ frO.,. f 0" el .-0 1 e. 

Curve A 'In'I'1"" 7,12 for co"presslon vJ1der a 10." defolT'atlon rate to 

cur\e B ".hlCh IS a result of co-,preSSlon uÎlder a hlgh def~'rT"at10n rate . 
can be e~a;, ned Vls-a-VIS <levelop-ent or characterization of the 

,. ~ 
threshold d nsHy. Floure.7.14 sho"s the Influence of straw rate on 

estabhshrren of t~e ~d densltv for granular snol'l, :;;;e G 

denotes ~n~ graIn SlZ~ from a sleve analysis. The results ~ndîcate 
• le 
that .ilth a" ll-Qraded sno.'/ as sho.in bv the trlangular and solid-

pOInts, the U. éshold densltles develôped as a funltl0n' of straln rate 
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'~!"e eSselTt;3tl~'larg:r tha~ th,?t. Ob~all)ed from the 'n'Ore unlformly 
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• 

~ .'.'.' ~ g;'adéd snq' .... as ~ho.m by the o~;n clX-cle POints. ' 
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• 

he ratl'o of ,the i~crei;,se ln str;',s, ." • ,to ... 

/ ItI~ ,"Lp.,; "-stresS-den.;t/ mO?'J)US~'~~ooa':e~t;' <harac-
• • _\ ......... ., ~ ..J; t 

the type-of curvés as s~o ... n· in fIg. 71.12~ The n'l )OnS~IP 

ratio, . ~ ," .. 

~,- 1 A ' ~''ÎIfI; " 

, is· "$ fÔll0\'lin~, • .' ' • 
1 • 

1 
, ' 

., 

'. .'. .'" . . · . 

'() 

... 
• 

,-.- .. 
;..~ 

:-:here 1 -, ~:~.~ 

i 

, " , , 
, , 

" , , th 
" 

'" . . -.' ~ . 
·."t~ .isf,dHme<f.dS t.!J-: 5tre s'-deMI 

" , , " 
:', • i5 t~e 'lncre~,e!:;"t'of 

.. , . 

. . , 
";' , 

, . , " .~~ " ... " .. " f t .. 
, i'S tne dei\.sHy clÎar.ge· (frO"l't rds-hold ~Sl~y, . " 

.. ...'. 1 ..... 

.' , '. ':~hr: : It 'pro 1~P.".:..·a us;' J '»S~'~ ;or .. 

. ' · , 
• , 

• t_ 
f " .. '" - , 

. e:~r.nni~q tlle. Character1stlcs~of' tlJe .hr ;,hold :d:O;'ty". ~îQure 7 :15 

'~~o~~' the,relat~orÎShiP ~e'tlleen r'th a '1. 'th~' for'l;bth f.resh .;~o .. 
• . 1 .', . 
~nd gr~nu~a~'s~o#, t11 9rdnù~ar' n~ture gf tne dged 

.'. -' ...,;-
SIlI{I/ can ~e seen in ~erms of the in ,<'tll }~O '(th 

"'~ ~. • f 

: :It l~ noted that 35th contro1~eformation r3téj of •.. 

\e~,;:!\g '~S"IO~~e~se~, a' P,QlOt 'S ;eiche.~ .~r~. ~hr:..d?efo.rIlT'at:ok rate' 
't ,'1>.; "'. ~ J "/ • ~' .. 

~ , ... . . ' 

.approacnes that 6f the:'rapld "déad" .iflcre:nertal load (r,ate), Tl'lus ," ~ 
" .,... '" .. ,-I __ ~".,. ~ ,cl 

, "......, " .. , • .. l ,1 f 

with 9re~ter and $reater d fQ~tl,on.fates, thè l'hr,.e$nold d~nsit," l~', ., 
. .0.' ""- ,l _,0, . .... .. , .... / 

seeÎl.~?.,allyml>to.te to a nstant.val,ue a~ s~9'm;l'1 f!9.· 7 ,11~ _ '~ro... '. -: 

,hë r.~p~r{lPenta; r~:~ s.;t ~~. a!maren; 'th~t':vie .a;;"Pt'otlc)ai~~ "', , 
.. ;-.." " ......... J Y" '~ '1> .. 

r 

• 

" ' 
.. , . 

'. 

.... ".1 

.. 'oo ~. '. ~ . 1 .,... ..... < ".Il" 
. .':' ~ay-rlot be diSSlmili to;'the c:ftlpl'denS.1t~1 I«(.'~ yalue.s,o~tàjned: • 

f~omttie sin91e CO)lPres.sî&' test~"â$.Dre~ntéd 1ft •..• :.~. 
". ~ ' ... "," .... ·f 

" Ta'b~, e ~7: L', . ". "i . .., • ~i':2;: ',;, ' .. _ .' '. 0 
....... '" .,... '\ • - 'f ,~,. I,~ ._:.\ 1_.,---:'· .... ~ 

,/ .' . .... -, ~" 1_ ".,.. :. ~'; '.. . , -
/ • .. ,: J "': «. .... , . " 

• 
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• • • • 
" , 
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• ';:' • " 
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, . / .... / • 
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, .. /" • , , fi 
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In FiQ. 7,16: the crltlcal and threshold densltles of arti

fiClally "ell '9raded soo./ and unlf~rmly qrilded ~no;/ ~re s'lo m, The 

cntica.1 densltJes I.ere obtalned from th~ "Single Iwd conflOed CO'"1-

preSSl on" I:~ 11 e the thresho 1 d dens i t H!S I.e~e obtf loed fro""1 the "oro

greSSlVe 10ad coofined COTiOression", ThE' flgurp lnrllciltes that: -

'(a) ·tt)resflold <Jens .. ty of sno./ IS il stronQ functlon of deftrra-

tlon rate, 

(h) threshold deosities do not e/cee1 the crltlcal denslt( for 

a 9lven tyrp~ of sno.:, and 
• 

(c) 
, 
Slle of 500./ soecwen,does not strongly .,ffect the threshold .. 

~ n Î t Id 1 dnd fhreSho 1 d den's i t H;S ra', be seen 1 n the threEf-d lr;en

$lon31 rppn>sentatlon as sflo.JO În '1,? 7 .. IZ .• ,)t_J.5_aDllar-"ot ln tft-l,'S 
,_ • "_H~" 

r3 te. 

.. '. 
fIgure that_. rr.slliin rate increases the thresnol<! ojenSlt'r - - - . , t" 

...... _____ a_ ..... __ .. __ .. __ _ 

r~aches an <lS Yi". ' " .' va ue. 1 SIS Ij~~ ons t~.(\.ted 
- "~.."-

near vertIcal plane r1S10<l.troo1 t~e thresii:0td--4enslty IIne (at t~e 

base).. lt sMuId he note'tl here that thp stre.ss-denslty reJationship 

becorré9 steeper not only bec~vse t~reshoJd den$I~1 Increases nut also 
J. 

beCduse ,ieformation rate iocrcases, , , ... , .. 
~S has ~een IOOIC4tèd by the r~Jults, th~:&~~atlon 'Qf 

;000'1 under confip\!<:l co'npresslon due to l!l1~rofracturlno "15< dlffer~nf>-
'-. . • 

,fro:tl that obtainpd 11,creeo perfonnance. 
, . ~ 

"]'oadiilg ·eonfined 'Cô":1preSS1Q1l, tests, rnlcrofractunnQ ... ~ 

l' , 
1". ràllld coosta,nt "dead"-, 

l'las, secn ~~ occur 
• .... 

. . . 
" •• 

• 

, 
-' 

lot 
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, 
lnstantaneouslv ... illlst rncrofra<;turlno )0 côotrolled defol'rlatlon 

rate-co:r,presslOn tests occurred dlsçontlnuously. IntultlVely. one 
.. < ..,.. ... r·" 

:,ould exçect that the nature 'of defj)n'latlon oÏ"'sno" 1$ stronoly tI,.-e 
\ 

dependent . . . 
.." ;,$ -

th~ h,as beeR o~served. sno.; hehaVlOur in con tro 11.e~ de-• 

forratlon rate CO.T,preSSlon test fçr InHiol (Jenslties .. ig~er t~an

thres~old dens 1 ty (Joad-dens 1t y or load-deforr'3 t ion P'!rfornnce) 1 S . , , 
slcHlar to creep deforMation. l'nder a Jo. rate COT,preSSlOn (0.075 

Der sec). th":1 ncreasp of 1 nit 1 .,11 / qranu 1 al' sno.·' SDec Irens ... ltl) . . 
anal st .. aln •. as ohserved as :; o .. n in ChdoteJ" ~l. The r'?SlJlts;;", . 

~ 

• 

100tHl denSltHèS hl<l"er thJII threshold <:leosi.tj. dll IOcr(>,),.· in n'J"her 

"of contacts Jrld çO'ltact drpa t,et .. ~en sno .. graIns are ohtalll.·o. es, 
• ~. 

sn0'î' 

ln Chapte ... 'li. the rpsults ~Iso Indlc~t,,1 

1 
toqrap!J of il test srecll,en !J't0er an adal strain of 22 perç"nt ,as 

co-,pressed frv"' an tlilt 1,) 1 dens lty helo,; thres!)o Id d"ns 1 fI to ~ , , . _ ...... 

denSlty abov~ the thr~~hol~alue dt ct coarresslon rate of 0,75 /spc 
~. .,. A 

!"'tO.98 ,f'n/sec). So:"e., fraQ-rentatlon of sno 1 9raln~ can be se"n in tfle 

p~ture (FIg. 6,'tO), 'produced as ct result of "lcrofracturinQ under 

• 

-/ 
rapid ·compression. :' _. -;- i / 

On the baÇls'of the t .. o ~Inds of co~or(>ssion t .... sts. res!Jlts il 
? 1 

obtalned, ilnd photo"'lër09rap~s vle.'ed for test S<ll'r>!es ~uhl .. cte~ to ). 

• . / ! 
~oth~nds,of cOT~e:slon procedures, a.~echanlstl~ Mode! of conf~ 

cO'lpressi~n ~: sno~ can be prooosed. The oostuli\te~ siMore !"7 : 

, 
-.. . 

" • 

/ 
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sho"n În Flq, 7,1G 1$ sc-e"hat l1~e that pror,oserl by lerza'l~1 (192'7) 

for' cons~llddHon Of cloy, rIs can ~e Seèn ln the fl~ure, ~t. .. .sch€-·a-.. 
tIC analogous structural lTodel of sno" fons'sts of rarallel r1Qld 

pla.t>:s and sopportln9 bars bet .. cen parallel rlQld plates. The orooer-

tles of the sup~ortlng'bars çannot ~e unlQuel; or sl-ol/ Idpntlfle<j , 
becouse the sno,l behavlour IS Co-ollcated b, the 103dln9 rdte .. ffect. 

be too dlSslC,llar to t~~t of lee, Slnèe dlr perr"~ablntj of rl'lHlVe-- .. 
" 
Iy 100se sno,,; 1$ '/erj 

ln oralned cordltlcns 

hl'ln: ,ore pressures 

,'1lIne911~lble. 

flad aS :., r,roduces an ICI edl.ite dèforntlon (-lcrofract'jre). 7"'$ 
: ~~ . 

-.~~': SItuatIon Î"." tlP1f,el1 bj çc.w,-"sslon und..:r sudc' .. n loa1;01 o"talne1 .... ,,~ " 

fro·, the SI't<tJf! 10ad cQ-r,re,slo," test ,,~ere Clcrofr,eturp ocçur , 1n-
, . 

stantaneov$ly. 
, . 

, .. 
The 'co pres,lon process S ·(f'lq. 7,18) ",<jlcate'; (I.lscont~-

, . 
OUOu> r.1crofqcturlnQ 'In éo;'yolled defOI"i Hl~n rate çç-r,ressi~n 

testlog, TYPlcally, tne den51tl of the 5no .. sa~~le rai ~e conSldered 

sults, proces> B 15 rore lllelj ln hlQn control1e<j defon-atloo rate 

-eoo.press Ion tes ts. 

S.':.eePln1 clocl":lse fron process.13 to 0, thE' co·preSSlon 
'. . 

rate IS deuedsed"to the point .. here process 13 IS the co- pressIon 

process tyolfled as creep. Process (,..,Indlcates no r,lcrofracture . . 
occurrlng ln co-.presSlon perforrance beCduse ot: the very 

• f 
S 10,1 rate of 

't ,-.1 • 
) ,( 

, 
• .-

'--

• -. 

• 

• 
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due to ageing are Ylta1 to characterization of response perfonmanee. 

Since snaw strue"ture depen~ on ternperature, ageing process, ln-place 
, , 

load conditions, til'le, etc." it is evident that for a proper \U1alysis 

of the constituti~e perfonmance of snow, a 

: study should be undertaken. 
• 

c~prehensjYe progra~e of 

• 
ln 1ight of 'the above, th.is ~tudy ",as undertaken to eY3f1line 

the characterlsties of the defonmation ff~~hani$~s, fr~ the conflned 

c~pression testing ~oint of view. The test results and observations . .. 
~ad~ in regard to physical perfonmance of the test specimens in the 

con~ln9 luclte cyllnder illustrate th~ need for the estahllst~ent of 

the thr~shold ôensity and crltical denslty in relation to loadlng rate 

effect. -The experi~ntal results showed that thé defo~ation RechanisfIl 

\ of loose snow is s\ron~.ly dependent upon loading rate, snow type and 

Initial ,density at a ter;perature oi _13o)C. The.c~pressjye defonmation 
" , 

~echanl~fI1 under load can be divided Into two typical types: , ' 

• 
.. la) slgnlficant collapse of intèrnal structure of snow (at high 

(b) 

loading rate). and. 
,1 

hardenlng of s~cture due to the Increase 

, 

in g~ain boundaries 

(at low loading rate, fncludfng creep loadfng) • 

.. The distinction between the\ ph~sfcal aspects of defo1'll'at:-lon 
, , 

~chanfsfl1s (a) and (b) can be made by the threshold densfty. The. 

th~eShold de~Sf~y 'fn actualfty' deffnes the regfon ~fch provfdes the 

separatfoœ pofnt'where bondfng fn the snow becomes sfgnfffcant. The 

dlsappearante ~f mltro-frattures for snow densitlc$ abovc the thrcshold 

• . . 

,"JI!' • 

\ 
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-density.attests to thlS facto At and beyond t~IS O~lnt. siQnificant .- • Increases in stress can I)e sustalned by progressively chan91n9 the 
• 

• \ s!.ructure of '$noo'/. Experlôental observatIons and~ results indicâte 
1 

•. 

_1 
& .... ~ 

that mero-fracture, I.hieh occurs only in tne loose l'tate Of sr.o .• , 

cannot be de~onstrated by the conventlonal shear theorv. 

Tne physlcal aspects of deforoltlon ô~chaniSM (b) noted above 

10 fact are descnted ln tems Qf tlte adhes ion theory developed in 
• • 

Chapterl' III and 1'.'. The factt11at tlte IncreasE' in contact area be-. , :: ,. .. 
been QralnS ~'produced b; the ductIle. aeforratfon ,<Ill caûse an ipcrease 

· , -
ln adheslon force ,·.ere partlal1y sho.,n.~reVlOusly and are further shorln 

'ln C~apter VIII. The géneral discussion on the ad~eslon theory is 

presented ln Chapter :'.'111 • 

• 

--

" 

• • 

_ L. -!:t 

• 

• 

,) 
• 

• 

• 

• 

• 

• 

• 
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VIl-3 
" 

) , 
tion Relationships 

Figur~ 7,19 shows sliear stress-deformation curves for ini-i\ 
• • 

tlall,l' granular snow \(basic snow wa artificial), obtained under 1)om3l 
22' pressures of (a) 0.08 ka/CM (upper), (h) 6.16 ~q/cm (middlp) and 

• ' , 7 • \ 
(cl 0.47 kg/CM (bott~l. AlI curves sh wn in thp fi9ure show a , . 
Chattpring tyre . 

Shear strength of snow, in t shear test, is defined 
",- " -.; 

as the ~xim~ stress of envelope for the chatt ing curves as shown .' 

• 
• 

in FIg. 7,19. It is obvious that the shftar strenq h increases with the \ . 
Increasinq nOnMal .pressur~. This trend IS very c 

. 
~aterial$, This is.discussed later in'Section 3.3. 

VII-J.2. A arent Failure r~des in Direct 

For granular snow, the failure mode in the direct shea 
• 

perfo~nce is the ·cutting shear" as shown in Fig. ~~O as weIl as 

other granular materials. HoweYe~, if s~~ ~S~ll sintered (~onded): 
the fa4lure mode, witho~t nomal pressure or with relatively lower 

normal pressure, d1ffcrs fr~' the ordinary shear fal)ure mode, as . , 
show~ in Fig. 7,21. -Ihis fallure mode may be ldentlfied as "tension 

fallur~" of weIl slntercd snow in direct shear tests\ Ru~~oviCh 
(1956) described that, for double shear ring test, tension breàk'of 

" 

• 

1 snow specimens was ob~ed. ln fact, tension failure of rocks in 
• 

direct s~e~r and unconfined compression perfo~s is not uncommon. . 
• 

, . 
• 

~- ----

-----,-
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.. -;,['.:::.... ...' "".1'; "1 / •• 

_"' ,. ,'" ., :~ • ~ ,~ ~ -'. __ ' < ";." -', ' ~, J. 

,_,;.<' U~d'ér ~tI~ifÎ~ çOnfj.~~~.J/?·~.e~5;Ùf'e. the fallurE' 'r~de of s.lntered sno) 

,.~ • show:;. t~~,oÇdiô~:y, shea,fldentlfled a:;.. th!' '.casp ,sJ1o .. il ln FIg. 7.20., / 

," ·ThE ;~~;~~,()/ÇI)'';fl(n9 ;r~s;~re IS also very co'non for r-eçhd'fi1Ca(" 
• 1.... .. • 

per.f.()Imln~éS ôf rQ/k,~ ,'<.. " 
-\,;- .~. .. '·"1 f 

·F;igurJl.7122 s;JOris dn lrregular type of fallure r-od€ .,~en tr.e . . . . . ~ "........ . 
.-(1tlCk~s of snow "Spe~ln'en, ,fro';l t~e hcec!-ed shear olane for the, 

y:... A " .,;... ,~ 4-

or<linary, shear ,to'Ule I.!pper- sno,l surface, '1'5 l~sufflclenL k'Pwrentlf, . , 

. • 
" , 

.' 

'. 

. . . , 
'h 

• 
, 

" ' , ." .. 
the oççùrence of tlllS 1rre91:!Iar fa,1.lure lead~ the leri Jo .. ~~ear 

; 4.... .. ~ • . , \. 
't3JJCe.-IQ. C()'llp~tlS{)n··.,~th the ordlnar'l shea.- fall\Jre perforr;nce-: .. .. ~: ;., . " 

.. .-. ... l''~. 

·ef,fect .. of th.lckil~SS of, ~no," jJJeclr-en Hl the dm'!ct s~e3r pet forr-anves 
. /, ,.' - ,..., \ .' 

.' '.' ',;.,~':, ·.~·.l~\ ihown:~n Fig: 7,23. The rXDPrlr-ental r~sult ShO"~ that .thc: SON" 
-- . ,"~'Çeslstance in'VlJckne~"s of.}o.S.cm îs'~r:;,small III cor,can,nn ,i1th the 

• • 

•• 

~ ... 
, 

" 

thl.ç-l:el"'~no.,'speçHr;ens. fo;' t~r~ than 2,0 cm, s~ear " 
....... --.. 

.:fil ... ~ .. 
.... • • ...... • 1 1 

force .see~s t~ bè al~os~ ~?n~~nt.as·shohn in ~~~~19ure. ThuS the 

sl;:e of S8~~ ~c.:r;en .10 thé d;'rect ;~éar test ~"'fQrmaflCe 1 s'of qreat. 
\ ~~ "'li)" 

;;:-
r-; 

\ imp6r~"nce. ~n' ~hiS'~:.ch, theref~. tlJe "'th Ici ~es~~of sno j s':c ~-;-. 
mens \~as taken as 2.5 ip."3~ ln the upper l;ayer ~t>ove th~ shearing .: .' 
". '''''-. . \: ~ 
.. 

, '. 

. Î • /, 

. ! 
~ ..,. . ' .... .' 

-, • • 

.. 

' .. plâne. .. ... .. ~ • • '''f , ' : . , 
VII-3.3 .Effec~s o'f .Sheio: Vel~lty . .... '~ • :'" 

• .' . ~igure, 7 ,2~ho~S .~: r~i.h lo'ns~;'p be't\~ee~ shea~. s tren~,: ~~d: ~ 
~o~a.1 .. pr.essure f'~r artlflClal .9rê./lular ~snow at tlo ranges of She.a~; ... /~ 

• ~ ~eloctties, e.g, 0;09.5 an~().31 cm/sec, The op~n circres in<\i~at;. th~ ./,' 
AI, ~ ....... '. ... ..... - t ... '. .,. 

. ength of)~alned from the st~ndard proç.edure rrentjoned ~re~o~~ly • 
• .. ... '1 _ ... 

, .- for 9rànt1'lar: I.l;tion at' stÏear velocity of'O:065 cm/sié, \·/hile the 
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t • / l "--' -- -. , --- : . ;. 
blae\. clrcles Jn<Îlcate. she ... r. strangtr for tlje sa,.,(- ~no, condition but 

1 " at a' different shear velocity of 0.31 cm/s~c. 

The results show that 

"t" , 
, . ."' ~ \ 

and nonra I.J)ress~e~ o'n 1 15 ~I,.ost 11n~,)r 3t both Shedr velod-' 
"' \ . ~ 

This t,rend 1$ ac1.ualJy COTon for. SUQar 
t 
bes of 0.065 dnd 0,31 $Isec. 

r0 .' , sno.1 and other 9ranulJr ~dteridli. . 
, . 

-, . . ~ .;:-, ~ 

ln the Slmllar rann~r.\.jth SOlI 
. 

reçh~nlçs. the reldtlons~ID 
• , 

bet .een stledr 'trenqtn 

lÎaVli!r' theory: \ 

and norf ~l prfssure l''al ~1;Jf! 'llv'ên b'l t~e 'CouloC";, 

-.' .. ~. --
,- , -

. ., "tan .. 
4'"' n 

,~ . -~ --
~nf-re 

.' , 
the shNr strengt~ • 1$ 

", ... 
. dependent upon .the sl1ear ve loe 1 ty. The el.peri"el\ ta 1 results ShOl-l that 

• 

J 

, 

\ -' '. . 

• 

. ... ..... 
,\~, • 1-.,-'" " ,. 

• thé qppare~t f~ictl~nal a~gle. ;:' • is 46 degrees in the 'dlrect sh~ar ~ ~~ 
, \ \ 
~ . " 

~rfon1'ance at a shE!ar V~!OCi.ty o'f 0.065 c~/sec. "hile.:.' 1 s 33 "~ 

d~'gr~es. at the pel'fo~ance f); a' sÎlear ~eloci; ,o~ ~:3r en/set Thi< ~' 
w" ~-....... lit • 

suggests that the shear :;trè~9th of 5nO\1 decreases Ilith the increasing ~ 
\, 

shear velocity, This trend. however, is not common to other ~aterials. 
... ' - a ~ , .. 

. . 
K ~ . . ~ 

I,n the pr'iOUS ~ee~i~~ it IS pointed out that the un<tonfined' CO'l'pres- , < 

StLç, ;~eng\ of snow d!é~ease; r' the comP.resswe vel0ci.t; i(lc'r~;se's .: \ " 
'; 1/ ~. , . , 

~ , , . . ~.. , -.. 
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(Fig, 7,5), Therefore, il is expected that the shear vclocity e{fect~ 
:.:.~ _w 

on the strength is 'caused by the <salll(! roechanisp, as found 'in.the un-. 

• 

, ~onfined cOP'pression perfornances. Thes€' mysterious phenor..ena in 
- c 

relation to the deformation ra~es may confirm the adhesion theory • 
. ~- . --.1' 

developed in (hdPter III. The shearillg mechahisIH of snou, frol1 the 

" adhesion theory, is discussed herein and is further rliscussed in 
• 

~. Chapter VIII. 
".. ... ;;. ~ ... 

it was foûnd in-Chapter Vl'that the'è~taci area between snow ,. 
grains inér~ase$ wif! the Irrecoverable defolTldtlon ,:xcppt IntcrgranuJaro, 

~~"~ 1 

slippilge. Flrstly; a point contact ~etween two grains 15 consider~d 1 

as shown in fiq. 7 ,25. ';f1f~ figure l11u~trates the reiatlonShip between il,. 
... ....... -t;.-.. " • - ~I 

'. 

'1 t!'.; . ~ ~ ! 
s.ont.lc.J ~N dno t ime under a ce"taiI\,;-WA~tant lo~ Apparently, tf----r--z---

~ .... !' 
..... ~. # - "" • 

tjl'lO, t, l'rïcro, the contact .area for; granlllar cond1ti~ IS neQllQI-

• ble a~ Piellt~Onl!d earli~r. 0 .,.-',' •• '. • • - -' '\ 

,. \ 

WlJen . , it ls considered that the contact 
• 

.' Ii a~~a increases up to ~l'. Silnflarly, !ihen t tz '. the_corit~ë( 

area be~oo;e's ~2' as shown ~Î1 the figure~_.ln direct shear pei'fo~n~es, 1 -

t l " • ti! ----,,-'-- tn wHo ~egard to dffferent ~hear velocities. are ~' 
-, • . • . 1 

actually ~epcndent uPon ti~ untll the rélative ~1ippage.of g~,ai!l:s-or 

• 

. \ • 
" 

• .\ 

• 
, 
.... 
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• , 

~, 
,- , 

• .~ 

• . . 

for t • t t l • .. .-, 
~ 

" -
,~ A $' c 1 • :1 tan 

: 
: 1" 

•• 
for t 1.2 '\ • 

• " • • 

'e2 
f, $2 • • " tan ,. 
e - 1 

• 
• 

'. 
---------!';nere rél and Fe2 

are the tanqentlal 'forC~Q inlt'late SIH) , 1 
.' 

• .. hen ( t l an1 t tz' ~~sr:cct.ively -• \ .. Ac' is the adheslon ver unIt area on :the contact, 

$;' an1 $2' are .contact 3l'pa$ in relation 
_,_- __ - -~ -- _..-.- ~ • - -r ":"'-_~~~ -_~ ~~~-

• to t l and tz respec(Jveh ,; 

IS the ooni'al.pres~ure aCfJn!l 01\ ~~~e cont~c' 
is the i~herent anQle ~f \nJernal frictIon . 

. . . \ for inifi311Y 9ranular i.SO'I. " ' 

Fro'l the precedlng .. t.lten'"!nts. aprarentlj, the ~OnditiO car. be ~.qtt,e~ . .... ' .. 
by. ~. 

• 
,. 
1 

.! 

• 

, ' 
Thus, the hiÇlher. the shear ve10cÙy, the s'11~l1e,l the tanapntial forcI' 

" reauire'd to initiate s1 iD between (lrains. This idl'a can be extenderl , 
, '. 

~to the SlmI1ar.Phen~~enon i"\the unçonf~ne~ C~~~~Sio~~erforran~es. 
presented 1n FIg, 7,5, .. '. . , ~ • 
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In r ore genera 1 case as sho.,n'in Fig. 7,,2'6, the contact ai"ea-" . . , 

bet .. een grains. for: initially roint contact ëan be/.!l\pres.sed as a 
~ - \. --" . '" ~ - - '.' 

.'function- of. grain size;strain anc! contact anQle. as f"cntloned ln 

Chapters IV and 'II. . ~ 
Fro~ (q. (4.11), contact area is given ~~., 

,:c .. 

\ 
-:- ' 

S' 
2 ~ ... 

- l.f8S ( cos .) 

" 

',' S' 15 the' contact area 

r 

, " 

" 

is tlJe radius of spherical . , 

is. the conta~t an9)e 
1-

1$ the s.~in (see.ChaPter 
1 

\ 

grain 

IV), 
. 

, ~ .... ! , 

1 

It should be noted that 
, 

does Mt incl .. de .elastll; straln an1 Int':lr;' . . 
granular slipp3ge. 

, , 

j 

• F 
c 

• 

~ 

FrQ;n Eqs'. (3,3) and (4.~1). \1(> obtai~: 
.,.. -' .: 

A-;.-r1 
(3.9 ,'.èO/· 

• • 

. ,~ 

- 1.785" cos ). '1 tan ~i 

.,. (7,lr , 
• ,~ 

il '" .• ' Eq~a t i on (7,1) de:"ons tra tes that the tanqcnt la 1 force requi r.ed t~ 
-: . . " ~ .-:: -" 

initiate intergranular slip is dePendent upon adhesion for~e, Ac r, . ' 

grain slze, r, strain, i' contact angle, j', nonnal force, N; 

acting' on the contact and Inhère~t anqlc o~ .friction, . {i' HOl'lever, 

. ' the transfer frOM the microscopie scale to t~' riàcrosfopic scale, is 
! 

Î 

very complicated in tc~s 
" , 

grains (see Appendix B). 

of number of contacts and arranqenent of 

lIever'thel;ss, fro'll the !l'acros~o~i.c 'point of ~, 

~'I 
. , 
view, the shear strenqth of snow may be expressed bv, 

1 
. , 

• 

• 

, 

, , 

.-
L .-.. . 

, " , 

, 
:~ 
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Fig, 7.26 General Stress Co~dit~on at Grain Contact 
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•..• (7.2) 

• 
is the shear strength 

~. 

is the adhesion per unit area 

is the ~'effective contact\area" of the specimen 

is the normal force aëti~9 on the shear p1a~e 
i _ 

is the Inherent âng1e of friction for initially 
gr.anu1ar condition from the maeroseopic poin\. 
of view. ;: 

. . 
The nffectîve contact areà may bè concerned with the microscopie con-

tact area an" " may be quantitative1y dependent'upon the stress n _ 

\ app1 ied. Generally. thé illherent angle of fdction can be ~s-sulJlCd to 

• 

. . 
be constant as ln other materia1s (Tro11ope. 1960). In addition. it 
'. ~ , 

1S err.pirica1ly estab1ished that coeffièient of frictio~ b~een solids 

is indepeqdent of thè ~ea and normal iorce app1ied. tiIl we assume . . . 
tha~ ~ is constant. then the experimental resu1ts obtainedare ex

p1ainab1e as shÔwn in Fig. 7.27. The figure demon~tr~~es thai the ." , . , . '" :. ... .," , 
shea~ strength ofsnow consists of the ~rictional and adhesive resis-

tance. Since the ad~ésive force is 8ssumed ta ~~ proportionaf ta the 
, . " . ,,'. 

" effective contact aréà (Eq. 3.1). it iflcreases ilS"the fallure time, W 

.. •• r-,C"'; - • (f 

1 " " increases because.1onget time provides for a greater contact area as 

meritioned ea~lIer. As IIICntioned earlier t ./Jigher shear veloélty pro-. 
. . 

vides fo~a shorter time unt!l snow fails. T~erefore. t~.~lnimum . 

$heàr strength of snow can be obtained at a yery high shear velocity • 
, . ~ .... ". '''',~ .. 

50 tha-t the fntergranular slip çan occur withoùt sufflcient deve1apment . ~ 

.. .J .. .~ .,\ .• 0 . , , '. ~ . 

\ 

• 

" 
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. 
of the contact area betl~een s"o.~ grains. Under thi$- condition, th!! 

, , 
shear strength can be described ln tenms ~f nn' tan:. This concept 

apparently satlsf)es the effect of defonmatlon rate that the str~noth 

of $no~ decreases as the deformatlon râte incréases (Fig. 7,5 and 

Fig, 7,24). Thus, the -shear ûrength ln' relation ~both t~e aùheslon -- , . 
and friction should be tal.en into account. 

• l, • 

T~(Ou9h the entlre study, the effect of defo~atlon rate IS 

very obvious. This effect can ooly be eXQ,làine'd "'Y t~e adhéSIOn tbeo!y 

_of soow d~veloped ln Chapter III.. Here, th~ shpar vOoloclty effect ~'las -, . - . . . 
in~erpreted by tl\è adheslon :theory. the evidence'sho'.n in thls section _ 

- 1" , /, .. 

may not be sufficieot, tnerefore, complete discussion o~ the adheslon 
, . . \ 

theory with further eVldence is. r>resented in Chapter VIII. 
• 

\ 
VIl-3;.4 Ef ct of Initial Bondino of Sno./,In Direct Shear Test 

, . 
Figure 7 ,28 sho\~s rellttionshios hetlleen.shear stre~qtt) and , 

\. 
of nor,maJ.s ress obtained fro:n differentl,V ~ge hardened sno',I, 

tes t seri e~, rar,lous snO\lS, l,:" granu 1 ar sno\~, age-hardened~Il.0.1 for ~ 
1 • \ ~ • 
\2 hours and, age-hardened, sno •• fo~ 3 days \.eré texamined, The basic snow 

was artifici'àl- s~ow !see C~apter V-l). 'Granular sno~1 is 1dentified A\, 
an assèfiblage with discrete qralnS \~hile agfr--llardened snol'/ IS identl-. ' -
Fied as.sintered snow as mc,nti~nea \in Chapter 'III. The details on . -~ 

snow type are presented in Chapter III. The apvarent reiationship . / . 
between shear strength, t, ,and nonnal stress,. 'oJ ' for granular 

snow is al~okt' linear a~<\~~e apparellL..a.llgle friction, !' , is . ~ ~ " 
proxlmately 33 degrees foa; a shear veloci,ty. of O,3~ cm/se, aS,.de~-

J \ ' ' ' 
in t reCed~g se~ion, , ' . --------.. .. 

1 \" .... _ _ ------

, -~ . '\. ) 

• 

\ . 
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7,28\ Relatio~ships betwe~n Shear Strengt~~and Normal Préssure 
for Variously Age Hardened Snol'1 in Direct Sheaf"'Test 
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The t· 0 curve 9f aged soow for 2 hours (i~dicated by' , 
n >), .. 

. 
\-i . -

). , t~iangies) Is·not to~ally linear al' shôwn tn Fig,. 7,28. The results . ..... 

, 

. , 

" . -
show that the non·linear par.t of curve for the dgcd snow appc~rs under 

-""' , ... --.... '. , , 
• ,,4 2 

normal pressufes of less,than 0.3 kg/cm. Unde~ pressures greater 

than~ th'at nOOn~1 ;rèssure, the ~'ellat~,sh1f betw~en i and On .~s • 

almost un~ar' as' shown i~ t~ figure: F~~ à?;lhardened ~now for 3 days, 

.,..Ahe .relationShi p shows the non-linearlty ~e.r normal pr~u~ 
less than 0.5> kg/cm2 • Since the. age "lean~.the bond development nere' 

(see Chapter Il), the non .. nnearity of the curve is dependènt upon , 
• "~A';. .. , . 

tbe 6~nding strength-normal pressur~ relatlonshlp. Th~ relationship 
. ~ i < 

b~tween bOnding strength ~nd,~ormal ,pressure.wa~mentioned ln terms of 

the s~ruct~re change of sno~ under.1ead.:load ~;Pl'iC~t~Qn. in~ con: ' 
, 1 

• fined compres~ ion perfonÎlances (see Fig~. J ,11). tn the ccinfined com-. '.... . 
• 1 • '\ 

pression performances, the following summary ~s drawn: 
" , 

.-
, 

' . 

• 
"",:;.w- •. . ,. 

,. 

-, 

• 
(1) 
• 

'. ' i~ .~ttad~o.ad intensity Is ';.:lM:iVelY,fnSUfficient in relation 

,to the,bonding strength ~ snow. t~e elastic deformatlon over-
, . • 

la~ped by the creep dpformation of snow occurs ~nder the 
• > , 

load. Unde~ this condition, no mlcrofracture of sn6w occurs, , • 
and 

t2, if dead-load applfed is relativelY greater than ~he bonding 

, strength of snow the sudden'microfractures,of sn~' occur when 

;~[~~ dNd 10a~ 'is apP)1; lh~ breaka~e of fntergranular - . 
~,.. . .. ~ . . ~ 

". . ., .. . ,. 
bo~s.resulting from the rofcrofractures creates a,granul~r 

~tfon Of.S~OW through' the c~ange of rlensfty: Under this . , 

" 
-' , 
/ .' , 

,f. 

: 

\ 

o _, 

-'-·1 

, 
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... 
~ '. -""'-o.. l 
;',~ .' ,t.>, ~ ''\ . 

,~" . Î~~ndi~,ion, the cori:equent creep def0"1'ation of SOo./ occurs 

~(Process A in Fig. 7,18). 

• 

, . 

f~" 

Thus, thl~~ â~~WQ ~ain type; of ;~w r~sponse c~aracteristics uoder 

'dead load application',' Strictly speaking, th~ items pre;~nted'are' 
.... 1... ~ ~ • , 

also dependent o~, the initi~'1 density"qf snOI'1 {Fig. 7,11). The shear 
U .. j • • 

strength!of' snow can be measured ~nder the condition, i.e., item (1) 
, ' . 

or item (2). It is noted .tbat., .. ynder item (1), the shear strength can 

be obtalri'ed from the almost initial [lroperties of snol/ but, under item 

)',tJe' s~ear str~n~th can be (lbtâine~,from tlJe CO!1lPl~tel'f chanJjed 

pr6p~~ 'es of snow, eSDecially for bonding strength and density, as 

m~tioned' ea ier. It' is considered ·that the' T - 0 \ ~elationshfp 
'.... .. ~ n ~' 

• ùnder item (l) b~CO!ll~s~riO'rr-linear. Whilst the linear T.- ~ curve 
• # W .0 . 

can be obtained ~~der !tem (2) bec~use ~h! snow ap~~ 9ran~la~ 
condition as Illention~d ear]i~. It should be noted that non-llnear 

T - on' cur;e for rocks is not uncommon and lfnear'T - on curve is 

common for sands, In a dition, in the experiment, aJJTlJlst .. -Hnear-----

,T - C n curves were {)btain fro'll th;'"gçanular snow (Fig. 7,24 and 

Fig. 7.22): . .The shearing _C;IJ racteristics of granular snOll I/ere dis- • 

cussed fn the preceding ,se ion. , , .. 

'It ois interesÙng ta note that the re1ults 'sh~'IO i[l Fiql,1 7,28 

" show exactly Ïhe same trend~ of st~ength envelOP\ as, for sem;i ~i~~ ' . 

.clays (làRochel1e and Lefe.bvre, 1971, ,è!.fld ,la and.~orin, 1'972). 

B~si~ally the non-l'inear T - ° curves for both ~now and sensitive 

clays are~ntirely dependent up:n the follOwinq ~a~t;rs: _ ~ 
( • 

' . 
'.~ •• 

~, ' .. 
, , 

" "." .'<. 
., • JI"':' 

. -.! .~ ..... ~ . ... 

• . . 

, 

.. , , 

; 
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(a~ both materials are.loose, 
, . 

(b) bonding streng.th - ~onnallpressurE> relationshi'p plays an 
, 

(c) 

. important role, and ;:1 ./ 
\"' . 

bo.nds between, grains for b?th matenals are l>.re"a~abJe undr 

pressure. -

" Generall)' soeaking: sensitive. c1ays as ~;ell as snow ShO\1 a similar 

~aviour, and were identified as brittle-llke materials (Lo and rorin, .:~ ,," ' 

1972) '. The failure strain for St. Louis c1ays in 1:onsQlidated-undrained 
~ -, 

triaxial tests is almost 1.0 percent. ' This value is comparable tlith 
'" ~ . , 

that for snow l~ the unconfined compression 'tests (see Fig. 7,5). .. " 
" ' 1. Thus, .thè·~~ea: respbnse behaviour of SnO\1 is dependent upon 

.. 
~ the. f~l1owing factors: . 

..' 

, .... 
1) snow type, ", , . .. ,. , ... -
2) normal- pressure acting on "the shear plane, 

3) Sh~ar velocity, and ... '----....'.' 
,( '---------.. 

temperature • 
.' . 

4) 

" . 
I~ s~mmary, a structure m~del_~O expl~in the. S~e~ehaviour 

with respect to Il..oth snow type and normal. pressure effects is dev..eloped 

as shown in Fig. 7,29 •• Figure 7,29(a) illustrates the~imrle mOd~f~r . . .. .--... 
shearing clTaracteris'tics of granular snow. The model shows th~t the-

. " • 
• 1 shear plane of granular snow i5 initially indicated a~ discontlnity 

which means no bonding between grains. From the engineering pOint of 
v ~ ... • 

, , 

view, at relatively low 1emperatures, the water film effect is not too 
• 

. . , , 

\1, 

• 
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strongi the,mQdel shown in Fig. 7'~9~) may also be appli~able,for 

sCllli-bondéd snow. Açtually th~ discont inuit y 1 ies thl'ough the spccimén 

o ~onv niénce, it is considered only on 

the shear~plane. In 
\ 

T - ~ 'relationship is considered to n 

be linear as shown in the figurè. The apparent feature for this type 

of T - on curve is similar to that found in sand.~ Apparently, the 

shear strenqth may follow the Coulomb-Navier theory: , 

. '" 
t 0A _~a!! .. .p~.-;--· 

--. . 

Where t is the sheâr strength 
~-----the normal force acting on _the-shearplane ' ', .. 

> - -- :=-----

the apparent'frictional angle •• 

It is remembered that ~' is a strong Junction of the shear veloeity 
, , 

as pointed out i'n thé precmlillg section. Then, Eq.(7,2) may be'appli

cable for this case. Equation (7,2) is written as: 

T 

, . 
• 

lÏhere -, '- T is the 'shear' strength, 

., 

, --.. 
Ac is the adhe:,~~~r unit a.~ea " 

Se is:~he effective contact area of the spe~imen . , 

o~, the normal force acting on the shear plane 
~ . ,. .. 

::, 

is the inherent angle of friction from the 
.{lla'iroscopic point of view. 

11 
~~ 

,~ '"- . • of'\o.: 
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as rr.entioned eat-.lier. The densîty oi the fina' condit1on is aD"arentl.v 

, higher ~han the initial density because of the microfracturés.due to' 
• 

If initial density is-' . ., 
greater than the critical density, apparentlv no microfracture under 
. \~ , 
the no~l load applicat~oh ~puld occ~r. Therefore\ thé shear strength 

ca~ b( ~btained frô~he\ initial snO"1 structure though there rray he 

definitely creep deformation under the normal load (see Fig. 7.11). 
'. , 

• 'Fô~ highl,y bonded sno'/ \or ice, fhe . T - "ri cur.ve may~be ~ 

identified as rock type-curve as shodn in Fiq. 7,29(el. This type is 
/ 

similar to Type A.\ It is considered that the 1 - cr cyrve of/high 
,1 • n / 

density snow obtained by Butkovich (1956) belonqs to this tVDe. 

Thus the shearing êharacteristics in relation' to SnO\1 types 

are divided into three main types, i.e •• sand-type (qranular sno:·/). - ' . 
- 1 • 

sensitive clay-type (moderatel v bonded snoll) and rock-type (strongly 

bonded 'snow). ~herefore. this must be taken into account for the • 
, 

evaluation or shear strength of snow • 

.- Although some of 'the ~,h,.eru:ing èharacteristtcs of\snO\1 and 
l' ' , 

test technique were discussed in this secti.on,.}IOI'lever, there are many 

problems remaining to be solved f6r the pf'oper appreciation of snol'l' 
\{', • ' i" 

strength. It is suggestèd that main problems to he solve4 are as • 
• '" t 1 

" . 
fol1o~: 

, 
(a) .ta examine temperaturé effects in dire t shear performance, , .. 

'* • '- : 

. (b) 
,. . 

to ev:il()a"t~ .adhesiori forfe Ac and in~ rent an91 e of friction __ 

{-, 

• 

! 
, . 

., 

/ 

• 
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as mentioned eat,1ier. The density oi the fina1 conditIon IS a04'arentl.v 

, higher ~han the initial density because of the microfracturés.due to' 
• . 

i nter9r~nu 1 al" _sJj p_~~n~ompress 1 b il Ùy • If imtial density is." 
, " 

greater than the critical dens i ty, apparentl,V no mic"rofracture under 
, \, , 
the nO~1 load applicat~oh ~ould occ~r. Thereforej thé, shear strength 

,ca? b( ~bta ined fro~l]e\ initial snO"J structure though there Il'ay he 

definitely creep deformation under the normal load (see Fig. 7.11). 
" , 

• 'Fô~ highl.y bonded sno'l (r ice, fhe . T - "Jl cur.ve Il'ay_be ..----

identified as rock type-curve as sho.'/O in FiQ. 7,29(el. This type is 

similar to Type A.\ It is considered that the T -" cllr~e 'high , • n 
1 

density snow obtained by Butkovich (1956) ~elonQs to this ty~e. 

Thus the shearing éharacteristics in relation' to snow types 

are divided into three main types, i.e., sand-type (granular sno:'J), .. ' - , ' 

sensitive clay-type (moderatelv bonded snolJ) and roc~-type {strongly 

bonded ~now). !herefore, this mus~ be taken into account for the 
, 

evaluation of shear strength of snow . 

.... Although some of'the ~h,~in9 èharacteristjcs of\snol1 and 
" , 

test technique were discussed in this section;_ho\'Jever, there; are Many 

prOblems remalning to be solved for the pt'oper appreciation of 5nol/ 
v~ . ' ~'" 

strength. It is suggestèd that main problems to be solve4 are as • 
• ',' t 1 

• , 
follol>'5: 

. 
(a) .ro examine temperaturé eff.ects in dire t shear performance, 

<1 ."'\ ~. - , - : 
. (b) to ev'll(!a"t~,adhe;iori forfe Ac and' in~ rent angle of friction_. • 

~, 

, J.,., .,v ~, 

"-" -.' • , 
• . \ l> 

,\ .. 
• 

• "'rj " . 

., 
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to examine {he ~ff~cJs ~f shèaf~elocity' in' more 'Wide ranges 
1 ' ... 

J \ "'yl~,,,: 1 
ahd 

(d) to examine he effects ~f normal pressure in more high,lev 

!f>. 

, . l ' , 
~P-4 jPenetration Perfo~ance 

. /VIl-4.1 Thin Bl~~:netration perfo~ance into Snow 

/, Field tests ,:re of great import ice in snow enginee 
• 

\ 

problems. The true appreciation of ,SOOW operties'should b obtained , .. 1 T ~ • 

- 1 ... 
in-situ for the ~ny reasons described i Chapter 1-2, At the'present, 

/.. 

the emphasis is. on the application 1' s i~ t~s,ting techn ques, su ch as 

vane shear, cone, plate penetration, e c. lIowevp.r, as Ij!scribed in the . , 

earlier secti9ns, snow properties and eha~iour are ery com~li~àte~ 1 

i~ terms of grain size, grain 'shape,' onding stren~th,.and de~sity, _ j 
,even at e~evated ,temperatures. Since/, snow properties are generally no; 

estimated From the inJtially f~llen now because of very complicate~ 1 
• . ~t. 

effects of temperature change and ot er e~ternal conditio~s, the 'JfY 1 

~ay tO'Qb~ain,snow'properties is tOl1perform in-sltu.testinq. 
. !' . 

The grain characteriSti,c~ of snow may be obtained rather 
. '. ". \ 

easily. The grain size can he obt' ined uSing the sicve meth~d as de -
" , 

~rihed previously, The grain sha e may'be judged by visual inspect on 
, . 

bccause it it not difficult ta di tingui,sh fresh snow From metamorp i~ 

grains. There may be a few w~ys to obtain snow density in the fic ,d. 
1 . 

Ba~ica,ny, snow aensity is o~tai ed as the ratio of the weight 'r!f snow • 
,/ r 

. , --

, , 

1 

/' 

i 
i 

l, 
1 

, 
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mass to the' volume of th~ mass as ~esc ibed previously. There is no 

infonnàtion as to hOI. mu ch \volume sho d be ta~en ,in the weasurement of 

density. ThIs may be judged for eac case individually. \, 

It may be rather -difficult to evaluate bonding of fO\1. The 

dir,ect way to measure sno\. bonding magnitude may be oJtaine<l from 
i~ , 

tehsil.e tests. _ However, this methôd is not netessarily applicable. 

b}caus~ there is ~diff~CUI~~ ~f sampiing, espe~ially f~r ooorly bonded 

r for ION density snow. ln addition, the perfo~ance of.te11sile tests 

, /iS not ah1~YS prac~ica1 f(>~ ~n-sitl! tes.tin~. ' , 

Il . I:ost of th~ te~tin.g .techniques being used in soi! mechaOlcs 

1 / ha~ been introduced intI' the 'evaluation of snow prooerttes. >~o;'lever., 
I! the data obtai~ from those techniques", in.fact, have inc1ude'd the 

Il , effec,ts 'Of SP:èd: the Change' in' denSit;, "and t'le, eha~ge :in b~ndinq a.0 

/ fouild i.n 'the n;echanica1 te~. There:o.r;e, I>etter(in-sltu tech~ for 

1 evaluation of snow properties is described' in tlrms of: .• 

J" / 
1) simple t~~hniqUrS,~ "-

2) less effect of ~ed, 
, J. ." . . 

.3) less effect tTf the change ln density during testing, and , . \ 

\ 4) less éffect of the change in bon~ing duri~g t~srlÎ1g, 

and requires that' 

• -.. ---~~ ';'; 
fj?asible, or . 

, , 

, 
• 1) the an lyses are 
. • 
l~) there ts a 'relationshi~ with o~l1er test results., 

i 
1 

1 
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1 -
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For these reasQns,. a b ad\! penetra t ion techni que lias deve loped in tHe 

present research. We ight expect that ~hin blade' pen:tr~tion teçhL . . 
• c 

nique may satisfy the woblem~ mentioned above t>ecause the small sec-

:i9na1 ~ thin b1adç' at 1east decrea~e5 the p~Oblems enc~untered 

~n 'th~~ate p'n~tio.n performance.' . ,,' 1 • 
The .size of the thin b1ade \lsed l'(as 1'.2 tmfwide and 0.6 lJl1I . ' . 

thick and the illustration of blade penetration performance is oresent-
-"- . ' 

ed in Fig. ,7,30. • (~ . • c, 

,- .' ~ " . • 
c , • .' , , , , 

Speed'Effect in ~hin B1ad~ Penetration 
• 

. \ Ii~g~fe 7 ,31' ShÔ~S th~ tlr!n b1~de penetrating force i~ • 

age-hardene,d (sintered) sno\l a~ a function of penetration sreed. As 
~ • ,L 

, -' .' 
shown:i.n thé figure, the response characteristics of snO\1 under 

thin b1ade penetration are divided into: . ' . , 

~uct~.le type /o>.ope~et:a:tion We\s of 10I1eMhan·0.2.5mn/sec, 

and ' , .... .. •. l,' ,~, . .....; 
, ' 

. cP.! britt!e\typ.e for. penetr~t;on spe~'of higher than 0.25 wm/sec. 

} 

It shou1d be l'i~ted that the tren.d, sho':11'! il! the figure
c 

is sil'li1ar to 

that obtalned in ~h~~d compression performances 

7,5).. • , 

(sée Fioure 

(a) Ductile T~ 

\ • From th~perimenta1 resu1 ts shoNn in Fig. 7,31, :ttre duc1tile 
~ , 

behaviou.t of snow under the thin b1ade penetration seems to be viscous 

'~ 

• 

\ 
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becaùS~ t:~ penetrating,(force is a liRear fu~ction of penetr~t~on SP~~d . .. '" ' " " 

'·It is noted thàt this trend is common to the exp~rimèntal 'results Ob-' 

. tain~d fro~ the u~con(jn':d and confJned comp~ssion tests. ~ical1:y,;" 
. .' the ductile behaviour of snow can be explained by so~called crystalline 

,~ . ,..,. ~ 
v ,.' _" .. 

flow as mentioned previously. The'situation may" not be dissimilar to ~ . .~._-... ~-~ ,. ~~ .-
~. . . , 

the case of progressive 101'1 rate compression (see Pro cess C in Fig. 'f, 

.7,18). The duc~ile ~ehavio~r of snow under confined compression can- he

described in tenus of the hatden!ng~ snow struct~re. This means that 

snow structure cHanges und~r the ductile penetr~tion. Therefor~, a . ' 
llroper evaluation of snow pro~e'1ies ca,lI hardly be achieved by this 
. .. _~~ ~"'-i·. . • 

101'1 speed of penetration. " 
~' 

'(b) BÎ'ittle Type 
?-

\ 

It is o~vi~ from Fig.'7,31 that the blad~enetrating 
force decreasês as the penetrating speed increases in the range from 

• 1" • 1 , . 
0.25 ta n.6 mm/sec. This trend is verYWsimilar to th~t found ip the . .. . ~ ... 

\ . . - .. . 
unconfinéd: compress.ien and dw-ect shear tests (see Fig. 7,'5 an~ Fig. 

" "" ' .-. , .. 1.)r. 

7,24).> This is due~o time effects in tenus of the adhesion theory as 

\ 

... 

~. ~. ; " V 
described in Chapter yII-3. ,Therefore. it is expected that the brittle 

\ ,... 
'type'of snpw under the thin b1ade p~netr~tion is fdentifiéd as that 

\ ",' '. 
foUnd in the brittl~ unconfined compressive b~haviour as mentioned pre-

. viously (sec Fig. 7,2). • . ........ 
• 

The experimenta1 results shown 'in Fig. '7,31 indicate that . . 
the b1ade pcnetrating' f9rce is almost constant with respect to_ the 

- • ",,*,.,. • 

i. 

penetrati n9 speed in the range from 0.6 .mn/sec to Mitier speeds.. Th,i s 

may be described as completely b"rittle behaviour of snow which may not" " 
, " , . 

• 

• ' .. 
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Ils dfsS'imilar 'to that found in 'the dead 10ad .çompr~sive behaviour ( • 
• " ... ~ - ~. • """'~L'!"""" 

sn~w' (see prQceis A in Fig. 7.18). In the comp1ete1y brltt1e .. behav our 
-~. ~~ .y/' .. 

. ',', ~~~~ow., ~may~ éxpected that t th1 blade penetrating lorèe \ 
./~ . " 

__ /_ -- ~ pr~se!lts th,\! ~ct,ua.1 ~nol1 propert1es W1 ut th~ change of initiill prpper-

'fies. As sho,wn 'r~:the fi~~~~. the b1~~./per\et~ating fo~ce is a1most' 
, ~ 7 '.' , . l ' 

" ~ ',,~?ns~ant ',with', re-sP'èct to the .peJ1e~ra'tion d~~ and;s~eed. Strict1r 

• 

:: v.~~'::;~:::::r ':;i:;~;:~ t::~:,:::~~:;~:,!~::;::' t~, f 
'surfac-e of b1ade and snoW'. However. 'within 3 cm I! e~ration depth, ______ 

-
• 

_ ,... t. l '" __ -

~he, inc1~se in :forèf!: isne~ligi~le.:.~" .;: , ' 

'" 
'. .. Il -- Ao ' .'" 

~ , L" Ffgure 7,32 shows a· prediction 'of snow r sponses under the ,,# -.. 1'-

'. 
. . 

thi~'b1ade penetration performances. Since duet!l behavrour of snow 

can be described in terms of the hardening of sno/ structure as men-. ' 

1 tionEf(nn the previ6us sections: it may-b.!!..exnet ~ 
<. 1:-- kI .',;::,........ -- t. _--" ____ -

of sno~the-tÎlî':;frfblade occu!"$ a~ shaWn in FlgJ ... 32(a). llhi1st • 
.-"- __ ~ • ~ ." _ -- _. ",,(... L ' 

~ ~. --------},... ~ .... , ~ -
-------- since b'J<ittle.. behav.iou..--orsnow is déscribed in terms of fractures. 1t 

. ------- . - . ~4 •• _ .-

, ~ mlly be,expecte.~ ~hat the fractures of snow occur under the tiR of : 

~~, b· b1j.d~ as s~'own' in Fi~. 7 .32~(b~. fn .thiS sense, ~e blade 'p~netratin~' ~ 
force for r.el,ative1y higher penetration·sp.eéd~can qualitatively be 

, ' 

• desèribed by: ] " 1 

~ ~ ~--
" • " ~ • ~ •• _"" "" f' .. • 

• 
(tuttlng shear strength at. t~ edges of blade1 + '. 

-tB-,p-f..) _' ~(~~~~eSsi~e strl!lJgt.h of ~npw undér ,th". tip of blade) ~I 

"1. "" 

---. -----
... , , , 

1 
\ 

~ .\ 

'" 
, 
• 

(friction~l reslstance between.the blade surface fnd 

snow). . . '. 
1 . 

, -.. ~ . 
'h • 

" 

, 

• 

.1 



'1 
.' 

• ': 
. ' 

~ 

'f" 
• 

• , 
, , 

f , 
~ ~t 

" 
• • 

, 

1 '/ <!;~t\ 

, ... , i \ • 
\ \ • 1 

...... '~ .. \ 
\ . ) 

~ 
, 

, \ , , 

---- • 
" "-

..... ......... ---

'"' . ;~ . • 
• 

r~' " 

, , 
\ , 

.... l' 

'f" 
,1 l

'Force 

J . ' 
\ 

o 
1 • 

o 

• 

• 1 thln BIa,sJe " ... 'ThinBlade 
1 

l' 
1 • 

• \" " 

, 

.. Snow ~. ~ ~ .rec::J.'LC ;~l 
-Df~ 

, 
~Friction ,. 

, . ./ 
,,-

,Iv 
, #' , ~.~ -: J;larde,nlng Zone', ,ShO)N <3rain 

Compressive 
• 

.. 
ral DUCTILE • 

• 

Fig', 7.32 , , 

" 

•• 
'Z " ,__ one 

t .. .. ... 

• • 

\ <' 

•• ~ 
Or 

lb) BRITTLE 
,o • 

.. . .' i' ,-;'" 
1. l' ., •• 

.J' 

. /' .. ': ..... 
Prediction of·SQo',j ~ehaviour~nder Thin '131adë Penetration. ' '.. .' . .. 

,"'6 
',. 

4 

• 

, .. 

- ..... 

.. 

1 
1 

" 

~ 

--, • • 

( 

, ,. 

" 

". -.:0 
~w 

-, 

( 

• 

" 
.' 

" 

. . 
... 

.... 

, \ " 



• 

. ' 

\ 
• 

,- " , 

.. 

-
, 

: 

• 

-

, -

\ 

184 
1 
':' 

• 

It was d~~cribed ear1ier that the frictiona1 resi~ta~ce is neg1iglb1e 
" 

, 

if the penetration depth, .,srnâ 11, The deforrnat ion f'lecharu S'llS> of SnO\i , 
, . ' 

under a rigid plate penetration a~discussed in the next-section, 
~ ~ • i 

,.~ . .. ~.. "~" , ," .. 
As describe~ earlier, it is· possIble to obtain Siiii':'1 l'roperlies 

. '. i 
by usi1l9 the high speed-thin b1ade penetration technfqu~: - In' the present 

res~~, b1ade:p:netratl~9 fo;,e i. corr~l~~~d'tomDreSSive 
... - ~~ ~ """ strength because r at present, it rnay be dlfficutt to eva1uat~ proper . ~ 

sno~ ~roperttes by the b1ade peoet~ating forc~a1one, - .' 
, . 

In order to ob~ain a' relationshi~ between b1ade penetrating 
, . 

force' and unconfined cOmpressl~e strength for various snow~~a large 
. "--

nui.ber (ff SnO\i speCÎlTens ~Iere subjected to both' t ~" SiJ1.Ce the .com-
. ,. • .#.~ - - .... ..-

presslve ve10city affects t~e un60' , ed conprèssive strength as pointed 
• : - < r . ~ . . 

unconfined cempressivé str~ngth a 
, .. 

pene~n forè"e ~Iere obtai ned 3t Ô,98 mm/se 
. .. '- . .:" 

Ve10city and'the penetration spe- t is noted 
~ .. ... " 

th~t the penetration--

e cOl'lolete1y britt1e behaviour of sno\" under , 
, , ' -. ~ 

• 

, 

~~:~ ti

p

. Fig::: ;~3:e:::::e:e~::::~:~~::eb::~~:;:::~è penetra~i~ ~ ~ _ 

;~r:e and unéonfined compressive strength-for·various sno.1S, The ~ , . 
( .' \ figure shows that the b1ade' penetrating for,ce lncreases as the un<;on-

, - ' 

finèd compressive strength increases, As pointed out previous1y, the 
• • , ~ 

uncOnfined compressive strengt~ of snow is a strong function of bondiqg 

strength of snow (see ~ig.,7 ,.5). The bonding strength of snow ~Ia.& 

, i~crea.sed by sin.terin~· ti!1; ~fter_ the plparation of sllec.i~e~s, This 

means that the ,bondlng s~en~t~ of snow can approximately be chàracterized 
. , ! . ' . . 
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", 

.', 
by the blad~ penetrating force.b 

~ 
the relationship bet\leen 

" . , 
the blade penetratinq force and,uncon . ed compressive strength . For> 

. examplè. if tne bl~de penet~ating force ob i~ed is ne~ligi~le the . 
., .. ' . /' 

'corresportdlng unconfined compressive strength 1 also negligihle as' 

S~OI:~. in t~e :igure( This. means:that the .snow is 9 nular or • .fres~. 
tt was descr,lbed )-eviouSly ~hat the unconfined co essive strength 

," 
• 

~ 

of granular 5nO\'/ is negllgfule. ilote that the unconfined co 
.;".. # • .' strength of fresh snOl'/ can often be negl igible because of it5 

• 
den~ity. ln addition, the èrystal" of freslJ SOO\l is easily I:lreâkable , 

\ ~s mentioned previ~·;ly. it is also noted that it is not difficult . .' 
• .r to distingui~~ snow }rôm metamorphic grains (i.e •• !lrains"fo'r 

..... 

• 

< • 

. , 

- a. 1 ' .. 

granular an~ si~tered snows) by yisual inspection. On the other hand. 

if th~ blade penetrating.force obtained is very ~i9h the corresponding - . . 
unconfined.compr~ssiv"e s-trength is ~lso very hi!Jh frol1' the figure. 

, This means that the sno\~ is wel1 sintered or strongly, bonded. .. 
Thus. snow oroperties in relation to the strength.characteris-

• .. Il' .",.. _~ .. 

~" tics ~nd bonding strength can bè evaluated from the high speed-blade .. ~ ~ ," 
',' 

"penetrating technique. However. general properties of sno\,/ should be . 
bas~d on the grain char3cteristics, density, blade penetrattng force, ~ . 
etc. In addition, it may require the consideration of snow behaviour-

'partla{;; Jtudied l'n the unconfined, com;resSion, confin~èôinpression, 
direct'sbe~r and' penetration performances •. 

... - '" ' 
• '.' 1 

At presënt, many problems stil1)remain ~o be-solved. Those 

Should,be st~died one'by one'in the futurt.~ P.airÏ pr.O~lems to be~olved 
for tfie thin blade penetration performance are cited as f~llo~s: 

. . ' . 
1 
'. 

" 

• • 

.- • 
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• 
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" 
... :" ... 

(a) Temperature Effect 

• • 

(b) 

. ' 
It is considered that the effeet of pe~etration sceed is 

dependent on temperatur~ because it may be dependent pn the, . , 
• 

transition problems of snow (Chapter VII-l), The trànsition 
1 • 

l '. 
, - ~ 

of snow is considered to be a .strong function of temper.ature,. 

Si,e Èffeèt of Blade ' 
T - 1 

1 

ln the pres!lnt re'search, the si ze of b 1 a,de used ~Ias 1. 2 fII1l , 

wide and 0,6 lM1 thick. HOI"ever; it is obvious that the blade 

peneytating force'is dependent upon t~e.size of blâde. There

for~, in order to desiQn better instru~qt for the in-situ - . 
• testin9, it is necessary to exa~ine ~he size effect of blade. 
': ~ 

.'" 
VII-4.2.-Rectangular Rigid Plate Penetration Perfor~anee - . 

• - . . 

•• 
Snow response. u~der a pl?te pe~etratioo can be.divided ioto 

"~;o main types; i.e., 'cutting she<Ïr and compression shear, as meotioned 
• " 

previously ($ee Fig. 2,2). le ~as~entioned that the cutting shear may . . 

oecur at the,edg~s of plate Ilhile thé CQmpression shear may occur beneath 

the pl,tte. 

" mances and 
, 

sect-ions. 

These mechanisms were exaMiRe~ i~,the comp~ession perfor-
· . the direct shear performance individually in the previous 

Plate penetration wi~l provide {or the more general soow -• 
response èharacteristics which are combined behaviour of the cuttin~ . -... . 
shear and the compression shea,r. For these reaso~s, a rectangular . . . 
rigid plate penetration into typical snows, i.e., fresh, gr~nular and 

,. .. ,.,C<Ç \ 

' 1 
1 

, 
••• 

.. 
• , 

" 
• 
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-----------------~ 

, , 

~intered snow, wa~ perfonned. 
/. ~. 

Soow sp~fÎlr.êns l'Iere P~!!p,~l)d by rr.eclla-
i • • 

oically depositing of bas-ic snow ioto grass sided-boxes as shown in • . " 

Fig. 7,34. The size of rectangular'rigid plate made of lucite~DJate , 
""" -was 3.5 cm long and 5.5 cm 11ide as shol'ln in the figure. By using car-. - -- - --, . 

bon powder, a grid system was used for the visual observation. 

Frôm the ~xperimental ~esults ~btained in the reecha~ical 
tests presented in the previous sp.ctions, it is'expected 

• 

~hat the speed of plate penetra,tion 11il 1 affect. the re~~onse c'1:{ac

teristics of snow. Therefore, 11-/0 ranges of pelietration speeds, i.e., 

0.097 and 0.98 mm/sec, were examined. 

Fresh Snow 
. . 

Figure 7,35 ShOws' the rectangular rigi~ plaie penetration 

into fresh snow (i~iti.al density Yo 0.12 g/cm?): \ Fig~re 7,~' 
.' 

sho.ws the apparent feature J!f densification of fre'Sh sno'l under t'Je 

plate penetraÏion with a constant speed of 0.097 mm/sec, "hIle FiQ. - .' 

7,35(b) shows the densification of fr~~fi 'snori under a speed of 0.98 
~ ~ ~ Jo • 

mmlsec W~iCh is about ten t!w~s higher than th~former. ~ The di~ti~c~ 

difference between the apparënt features' of these twô penetration ·per-
.. -. N 

' .. .. .. ~ ~ 

fonnances can be cléarly seen in the relationship5 bet;1~en penetration 

force and depth as-s~~~,in Fig. 7,36. The result~ show that the high

er resistance is obtained ~o .. th.e. l'Olier speed penetration. The curves 

ind;cated, in the figure 5ho\'1 'that thë" penetration force of a',lol1 speed . 
of 0.097 mm/sec is approxill)a.te.1y five times greater _than tllat of tlle . 

" . 
hlgher ~netration·speed. This trend is common if the/deformation rate 

• J 
, 

, , 

" . 

• 

" 

• 

~ , .' 
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is presented later in,this section. 
_ 

r ....... ~ 

GranulaI' Snow: .. ' " • 

Fig~re '7 ,;7 shows :the "plate ~enetration ffomances in~o 
granulëlr snow (initial denSi~ 0.40 gt~)' Tf.e hasic snow 

was .threeweel:s old (see éh~Pter V::)t. }igure 7.,3:{a) sho.~s the "pene: 

tration behaviour of granular'Sn~w with a pene r&tion soeed of 0.097 

rrn/sec, IIhile Fig: 7 ,3~(b) ShO:"5 th~i:ur, u~der, S;~i1ar condition 

but at a pt!netrating speed of 0.98 rrrn/5et.. The diffe,rence bet:leen ' 

'·these two perfomances lies in the ,l''o~es of densification of 500:1.' 

. . 
Figure 7,38{a) illl!strates 'the appar~t features of 5nO',1 densification 

under the lo;>'er penetration soeed perfoman~ The features of thi,S 

lower penetrat~n speed'perf.omance can be d~scrihe~ as fol lOis: . ' 

(a) Snow surface was also densifieo in Othis lori pt!netration 

• 

speed perfon"ance. This is unCO':T-on for the .hi<lh pt!r.etr.ation 

speed pt!rfomance (se~1J. ) ,3n., lherefore; i t 1S e:;:pected 

lb) 

. 
that, near the plate, tensile stress was exerted. As indi-

c\ted in Fia. 7,38{a).· The sinila~ situation can 'be clted 

in'th!!:case of fresh 10Q:' (iee Fia. 7,35~. 

Under the plate, the.behaviour of snow is'described as 
----- . 

ductile. Ihis is obvious frprt the 'relationsbip between oene-' . , 

tration force and ~Shown in Fi~. 7,3:. The sini~ar 

,. , 

situation-can be cite~ in the case of fres~ 5nOft (see Fig.7,36). 
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.. 
. The fu:th~r discussion .o:-.lluctile .behavi~ur \'/ill be',\esented' 

later in' this sec~ion. " :-'. \\ 
1 1 • 

, ... - ) " ," '\ 
{cl At the ~es of plate; the occurrence of tens"ion. crack iS" 

~ obvi'iW' ~;bo.th-~ase of (resh sno~/ and granular sno\'/ {SM \ 
~~-_-.""' ... -.. " - ~ - . \ 
, "',' ... \ 

Fig>. 7,35 anl!' (.~7):'-... . - ' 
":: . .' ,- .1' 

" -... Il • ~ 

{dl The densif~~ zone-spreads f{ateràlly and down~lard in this . 
_ O;;>.~ ~ .... -. • 

lp\~ p-;-oetr~tion speed' Ji~5~allCe .. The ~imilar situation' is .. . -.... -::,....... .~ 

\ 

\ 
\ 

\ . 
cited in the case of fresh s,now (se'!! F,i9. 7;'35). 

J' •• ' • ' ''"''' "'f _~ 
'. 

od~ the appaientyfeatures of sôow densification under 
". .. ~ , ... ~ 

._. e hi9her p~netration sp;ed. perfo/J'lance lS illuStrai.o~_ in FiÀ:- 7 .38{~). 
roi,.... '\ 

The rnaj:ii fÉ~atures are as f.ollows:' ...., . 
... . . ~ .,. . . . • 

, 
{al T,he densified zo~e under the plate "natro~ls in comparison '. 

• 1 

with the lower penetration speed perfol1l'.ance. In addition, .. .. ~ . --;:..--- -, 

the snow surfac~ n~ar the plate is not densified. The simi- . -- \ 
, , 

lar; s~tua1~n/an 'he cited ~ma:nce or' fresn s,no~I .. , 
- , 

,(b) 
~ 

The behaviour- of sno,; under the plate is brittle. ~his is' 

obvious trom Fig. 7,39. It was described earlier that the . : 

behaviour of ~now under ~he Tower speed pènet~ation is 

ductile. The fi/rther discussion will be presented,latèr,. 
• • 1 

" . 
The relatl0nships beb/een plate pe~etra,ting force and dePtlr for ~he --

~ '-<' 

-' - lo;'/er and the higher penetration speed perfonnances are shoNn in 
, . ~ 

Fig. 7,39. T~e fi-gur(! show.s that t~e penetrating resista~~e. with a 
r:........ l,' ..... \. _ 
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spe~ of 0.097 JTl/sec. IS 'rell'arl.ably higher than that .obt'l1ned by the 

higher penetration speed. Thî~ trend. :~s< ~i~~lar to that obtaioed fro,;n 

J;h~ 'ductile and bri ttle c'o'!)pr~·19n. perf~nces .•. lherefore, the 
~ > ~L" .... '" / 

.,1,:?wer penetratIon spee~ perf*ffi.~,~O. ~ tlesc.ribed as r.luctile, .... ~Ùe 
• ~ .... ~ ... ,"~:.·1 }:"'.~. • ' 

the high. 'lieed penetratIOn can;2)'e'd~scr~;t as brittle. It lias Dointed 
. • {; f)'. f!. ;'-' .. ?6. ... ' ~ . .' _ .... ;;.~ -

out in the pr~~ious se~tions that ~~6ètile behaviour of snow pro-

villes fo':-i:he -ba~deni"ng of struct~re in rel~iion to the idlje~ion theory, 
• 

~11i1~. tbe brijttle beh~viour of :now'~esu1t froITl t'jJe fracture. .!t 
... . . 

is eÂpe~ted that the mlcroscoplC ~eformatlon nechanlsITls of these pene-.... - ~ 

tration performances are similar tà those found 'in the çonfined COITlores

T'~i~n "tests; Therefore ... under. ~ lo~le~ ~peed penetration, the micro- . . . . 
SCOplC defo~~(ion ~chanisM Can be describpd ln terms of thp increase 

. . 
in contact area be.tween snow !lrains, especially for qranular-sool'. On 

the other hand, the behaviour of ~n~~ under the higher penetration 
., . 

speed perfonwance can be described as the microfractures'resulting frory 

the ~nte,:granular .sliPpages· ~r/and th~ breaking of' !I·rains.
1 

'\ To p;oviae for more:dètaii;d response c~ar.acïCêristics of snow 

under the p~até penetration,. the chan~1!+n.~nOli ~~;pr~'r~ies ~urin9 the 
~ - ~_. ".1 ,. 

plate penetration are examine.d'bv means of tH~ blade Denet~atin9 tec~-
" .' ., '\ 

nique. 
• 1 

-Ch~nge in 'Snow Properties under Plate Penetration· 

The blade penetrating tech'nique \'las éstablished in ihe pre-. , . 
ceding section. lt I~as found that the blade penetratîng force (S.P.L) , ~ 

... 
is a functioll"'of unconfined compressive strength of snO\-I. In addition, , 

<. 

•• 1 __ 

, • 1 
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. 
the blade penetratlng force may present the bond!ng strength of sno\,/ 

,. ~ . . 
, ,. : 

because unconfiped compressive strength is a,function of ~onding, • . ' -3~rength of snow. 
. ~. 

, . 
Figuré 7,40 illustrates te blade pene~ation perfonnaRce 

• .< . . . , 

• 

. , 

into snow densified by the plate netration., • By thi s' method, the •. 
, . 

change in sn~w proyerties is e~amine. As ~ention~d earli!r~ 'he •. ~ 

blade penetrâting force prespnts the bon 'ng s ength of snow. , . . 
Therefore, the ch~nge in bonding strength of sn~1 den~ified b~ the 

• • plate penetration can be obtalned from the blade penetrating technique. 
, . . ~-

Figure 7,41 shows •• the blade penetrating force côntours of 

.. the granular sn011 'densified' by the plate penetration \'l'a+! a penetra

tion speed of ~.097 mm/sec~ The results indicates that B.P.F. is the , . -' . . . ,. . 
-greatest just below the plate and decreases dOI'HlNard.and laterallv. 

, 

't • 

,. .. .... " .. 
---..::.. 1 1 r' .. Note' tnat B.P.F'. denotes tlle blade penetrat\ing forO'e. 

• 

. . .. . ' , ~ 

" Figure 7,i2 s!'.Pws ~B.U..:. of 'granular snow dènsified by tbe 
~~ ~~-~ .. 

higher speed. (O.98.,m1I/sec) 'fria.te penetration. It is noted that it 

was impossible to obtain B.P.F. contour because lar~e number of frac-
, . ~ ~ -

ture planes or ~iscontinuities ,in snow soe,cimen resultinq from tlîe 
, 1 • l ' 

intergranular slip~es or/and lt~e breakling of ,grains. The profiles 

of B.P.F. obtained from Figs. ~,4l an~ ~,42 are presented în Fi.!!: 7,43: 

Curve A indicated in this figure presents the profile of B.P.F. of 

granular'snow densifled by .the lower speed (0.097 mmïsec) olate pene-
~ '. .' 

tratton, whlle Curve B pre~ents the profile of granular s~ow densified 
• by the higher ~peed (0.98 mm/sec) plate1Penet~ation. 'The penetration ,. . ' 

, depth is approximately 2.2 cm for Curve A and 4.5 cm for Curve B. , '.' . 
• 
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Fig. 7,41 ,B!ade Penetrating Force çontours for Granul~r Snow Previously 

Compr~ssed by Plate Penetration with 
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a Speed of 0.097 mm/sec 
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)i~. '7,42 Blade Penetrating'force for SnowJPreviously Compressed , 
by Plate Penetration with a Speed of 0:98 mm/sec 
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The large dlfference between Curves A and ~·js 
" 1 ~ • 

f 
. croscopic deformatlon rr.echanisms qf sno\'I. . , 

dependent upon the mi-. " ,-

Il: l'las pointed out earl ier 
~ , . 

. - that B.P.F. presents th el bofidingJtrength of snO\'I •. ,This neans that 
... --..... #J 

, 'considerable increase in bondinglstr~n9th, l'Ii th ,resoect to Curve l\. 
-- -- -....... ~--~ f - _ ~ ~- - r--. 

". occurred but not to JCurve B. This Il'ay be 'explained by the follo\:,ml:J: 
• 

" 

(a) with respect to CiJrve A, the microscopie deformation of sno','1 

was due t~ the i ncrease in -<:ontact area ,be.t\ieen snOlI .. ...-- -~ --./ 1--..-1 _ 
and then th~ adhesive force in relation to the contact are 

increased, and 

(b) ·"'ith respéct to Curve B, the defoJ'11'.ation 'of snO\'1 ',':as brittle 
... ~ ~ '". • _ • "',- tt. _ ".. __ 

, 'resu'1t iog fro~ the intergranular sI ippages or/and the t>rea~ 

• • 

. ... 

ing of grains and then B.P.F. increased slightly because of 

'~e ~rease \n densi.tY or/an~the slightly increase in 

contact atea between grains. . 
• 

Thus. it 1's considered that .the peneti"ation behav,iour of 
- " .. ---- -

granular snow is siT~l~r td"that found in the confined_co~pression 

tests and is deScribed in terms of the adhesion ,~eorv for relatively 

lower penetrat;on s~eed per:formance and' microfrac\-;;~or rela~iVelY 
hlgHer speed penetration pèrfonr.ance. 

• 
:J'he discussioif orr ~$.adhesion • 
.. .. j"o... ~ "" .. • theory ·is presented in Chapter VII-l: 
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Sintered Sn'o.·/ '.' 
" -

-' ~ 

, • Figure 7,44 ShO.iS an apparent fracture rade for àge~hardenrd 
, 

_ :. snow for th'ree days under the rigid ,rate penetration perf~ance. 

_____ The banc snow l'las r-etal'"orphic snori' for three \>:ee'-s (see Cllaoter ':"1): F _ , _~ _ _ _ 

Thl~ type of failurè- ~ode is ftPpàrently distinguis~aole fr~~ that 00-.. 
• tained f.Qr fresh and initially granular 5no;'/s • Thus the o\ate pene-, , 

, . 
trating behaviour of snow is very ~uch ~ependent uoon snori'tvpe, 

',/ -'''' --- --, ~ 

penetration speed, ana temperature. 
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CHAPTER VIII 

- , 

GEtiERAl DISCUSSION AND COtlClUDING REt'.ARKS. 

; . ' 
VIII-I Discussion on the Adhesion TNeOry 

( 

• o • 

-------- " 

.' 
, .Any theor~ r.equires assUP'ptIons ~ofién are true on}y to - . -

a,li~ited degree. Thus, in theoretica1 ideas, questionable drawbacks 
+t'- • 100 0 ... 

c~ be verified only ~y actual experieentatlon. : 
~ ; < .. • 

,The adhesion theory was deve10ped in Chapter III. This , , . , 
, , 

theory is based on assueption that adhesive force acts on contact of . ~ ". " 

'tllO discrete solids and it de pends on the areà of contact, and Is. based 

on' the work done br ~"lfden and Tabor ~·1950., 1964) who detel"l'lfned that 
• 
!!etaIs adh~re under t'J!. ~Teep defomation. A silllilar concept was 

br Trollope (1960) i,( the deve10pment of soi1 strength theo~. 

IIsed 

The experimenta1 resu1ts obtained in thfs research concer.nfng • 
r-1-, _ ~,.-- ... • 

the adhesfon thepry are s~rfzed as foll~: 
~~~ ~". .. '''. . 
,,, ., '.-'- .... 

l, Contact area between snow grains und:r ductile c~pression 
- -

increases.;1c~~Pter VIol): ~ ~ .' . 

2. Strength of ~~ow obtafned fraft britt1e condition is strongly 
~ 

dependent upon the deformation rate applfed. The hfgher the 

de"f1rtfjdtion=rate applféd'; the l()W(!r st~gt~ ~~n.b;~~tafned 
.(t?pter VII-l. 2. 3 & 4)." It fs ex~cted-that t~fs tre~ 

f dependent upon the degree of fnérease fn contact rea' at 
1 

,ailure. ~ . . 

/ 
" 

, 
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~. 'Un4er ductile 'Condition; sn01t b.ecO'l:~S strong \1ith re.srect to 
'strain. This hardening of snow ~>,Q~likely to occur under - '-brittle condition:, This suggests that the tYD~ of-d~fo~a~ 

.- "",,~, tron, i.e., ductile or brittle, i~ very i~DOrtant to des-. 
cribe ,snOrl response characteristics. , .. 

\\ . , .. - i 
Further experfr~ntal results obtained are discussed herein. Fig!Jre 

1 
," 

( - . 8,1 shows a adhered granular sn~ speciren after ductile confined,c07.-
# , ptession. It is apoarent that if the speciren r~~ains.as qranulan t~e 

• grains will disa99regate -,hen th!! specfr~n'l/aHushed-out fr<;;~tne .=. - . test 'cylinder. The figure, therefo~è, suggests thllt ,ost of the sno;.,. , ' 

\ grains adhered .• 
• "The increase, in adhesive force -with respect to ductill! de------fo~ation is shown in Fig. 8,2. The basic procedure to obtain th~ 

- result;s shown in the 'figur.e is described as below: • -- _. > • --" ,. --

\-~. I ••• lnitially gr~nular snow was c~oressed in tb~ 
:t~st-~Iinde~~ The defo~ation ~~e used w~~ r~tively -- - • --' _ • f',/' ,--.." 

standard 

.. -- 1, • • " " lOri (~.e., 0.097, 0.176 and o.22~Seè) a~ indicat~~ in 
the flgure.r ,- l ' . 

Ft· • " 

2. The cofflpressed snow speci~ens were pu shed out (Fig. 8,1) and " ~ ----- ,,,,-
then they were' subjected"·t1> • .!Il!confined cOl'lpression test. \ . . ' , " 

::.' 

In the unconfined co:,pression test (Chapter VII-2), it was· 
mentioned that ùnconfined COl'lpressive strength of snow 1S strongly de-

'" . pendent uPon the bond.~ng strength ?f sn~. Therefore, Fig. 8,2_ 

" .-.. 

.. . 

. " 

- ' 
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Implt,es th~t 1 the--rn\rease i'n unconfi ned compress ive 's trength \Iith re.s~ ... 

peet ·to the maximum densified stress in the èonfined comoression'-tests • 
~ . _~L_ - -. ' 

resu\lts' from th~ increase in bonding strength 0l sno~l: There. ma," be 
'. ' , 

still ilrguments against the p.receding statements because it mav \le 
. \. '- . ... 

• true that the \~crease in density during the confined compression tests 

affecteâ tli~ lrcrea~~ ln ~~confined com~ressive strength. ;H~;:·ver,. it 

15 noted that ~ensity alone did not affect the unconfined compressive 

s~~ength (:;ee ii 9.;;;7,6). For an.o:h~r exampl:, Fig. ~,3 _~,s p,resent~d. 

This fIgure ShO!S ~tress-deformâtioril :elationsh~Os obtained by cha~~ing 
the compress,ive speeds during the con"fined.com!lressil1n. The lur_v_e_s_~ 

shown ,in the fi ure were obtained from initiaflv Qramtlàr $nO\1. The s ' .. . - . 
initial densiti s of bPth specimens are same (1).49 q/cm3

).' Th~ !-lpper 

çurve was compr ssed frist wit~a comprèssîve.veiocity'of 0.097 mm/sec 

~nd then the V~l~city ~Ias incr#sed' to Q:98 lm1/s~c Only 'lIhen thE}. sreci-
~ '" .. 

men was compressed up to 0,5 cm. I\'lfereas in the case of lo.ter curve 

the spec~~as !nitially compres·s.ed \'Ii th ': veloeity of 0.98 mm/sec 

an~ the velocity 11as, reduced to 0.097 rrrnlset when the specimen . . 
was cQmpressed up tô 1.4 cm. Since the éondition of cOl1Wression \'laS 

- . 

the standard confined com~ression used in Cha~ter VII-2, the deforma-. 

tion represents thildenSi ty c~anges. NO\1 we compare :he. ;t~es~~s at a 

deformatlon of' 0.65. Clll for both ~urves indi,cated in \~e figure. Ilote 
. . 

,that the densities at that deformation are S~. As 'sho~m in the 

ligUre, the stress' of upper' curve' indicates' alfproximately 0.3 ~g/cm2 
, . .. 

w~il~'the stress of 10wer curve 1S only 0.05 kg/cm
z

• ,The deform~tion 

rates. of both curves are same (O.Og~ mm/sec), thereby the exter~al 
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condition: are sa~. Th~ ques;ion is why the la~ge 9iff.er~~ce betwe~n .' . 
the rbSerye~ stresses? This is explained by the fact that, for the 

ùpper curye, the ductile __ c_ompression .(with compressiy.e..v.glocity of 
• i' - -~~, ~ ~ • • -

0.097 mm/sec) up "to 0.5 cm prior to the brittle compression (at a 
", .... 

, , . 
velocity of 0.98 mm/sec) contributed to the" inc:rease in the adhasive l· forc'e. 

. . . , .Y 
• 1 . , . . 

Thus it rnay ~e coneluded that th; ductil,e deforrnation •• 

contribu~es adhcs:on in snow ~nd pr~ces a differen~st~ucture than 

with the bri,ttlc çompression.... J,. . 

From the microscopie pOint of view, a ~imple model concern-
" . 

, ing with deformation mechanism of snow is illustratedl i~ Fig. 8,4.. • 
, '\ 4-" 

The model illustrated in this figure indicates (a) initial~ point. 

contact bet~eeri 9rains~ (b) sudden intergranular slippage,' ~~) inc~ease 
in contact area followed by intergran~lar slippage and (d) continuous 

increase in contact area. Processes (a)-(b) and (a)J(c) are identified 
- , ... - . 

as brittl~ or semi·bri~tle bèhaviour of snow while process (a)-(d) 
- .. ~ .. . t' ,.---,. 

1S identifjed as the ductile behaviour of snow (~ee Chapter VII-l). .' , • 
It was found that the.processes shown in the'f1~ure are stronqly 

dependent upon defo~ation rate, Proces~(a)-(b) ~~n be described in 
.' , .. 

. , 
, ,"--,. 

• tenns of completé'ly britt~e behaviour. as desC~,ib.ed in Chapter V/I.4,1. _ 

In process (a)·(c), dcforrnation requi~ed to initiate slip is very 

important becau~e the deforrnation provides for the increase in contact 

area and the strength of snow is dependent upon the ~hesive force in 

relation to the increase in contact area. This was mentioned in • 
Chapter VII-3. It is considered .that process (a).(d) rnakes snow stron~ 
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Mcause of an încrease in' adhes'iye force wlth resncct to the contact 

---~rea, The apparent mechanîcal feature of'this proc~is not too dis-

- similar ta o,i!:!!'r"vîScous mater'îaIs, F~ol'1 the macrosc~PiC point of 

Ylew,. the ;~l~, concernin~ with deforyn~ t io'!. me~h~ni sm ;Ia~ presen~d in 

.. -Fig, 7,T8. • .. _. ' 

• 

-
In the case of' shcar perfOnnance of snOtl, basic defonnation 

,me.cha,nisll) of sn'oil may be si~i1ar t~ the model sho\~n in Fig, 8,4. Fro'll 
, . 

the macroscoplC point of vièw, the shear performance concernin\} I~it~ 

the adhesion theOry is il1ustrated in Fig. 8,5. Jhe rr~del illustrated • 1 • - , 
in this figuré, in fact, nE!glects 'the 'effect of interlOcking, hO"/ever, 

• >' • . . 
it may be "applicable to 'loose snow. ' 

. " 

For g'ra!1ular snow, the shear strength in respect to the 
~I",,, 

nio~el illustrated iil'"Fig. 8,5 can b&- presented by: 

.-

t 

111 
t i~" tan ~ n . 

(7,2) 

Where ~ t i5 the shear s~rength 

A~ is the adhesian force per unit area acting on. , • 
~he effe~tive contact area:, Se < , 

O'n is the nonnal ~orce applied ~ 

is the inherent fricti~nal angle. ~ 
'-

As we know by pow , the effective contact area is very complicated . . . 
in termS of de~nnati~n ex~rted by the nonnal pressure, '5nO\'/ structure 

~ . :. 
and temperature (Cahpter VII-3). • 
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, 
1 

Thus the adhesion theory is concerne~ with the most basie 

response chara,éteristics of snow. In the present research, the ad-
, " 

hesion théory was examined mostly for granular and poorly bonded SDOW. 
• 

Ilowever~ the concept can be applicable to. fresh and strorrgly bonded 
, . '/' \,,' sllO'w. # • .. .. , 

• • ~ ,. 
-' , 

• \ 
,.(_ rr 

VIII-2 Proposition of Snow Classifi<ation for Engineering PurpôSès 

It was shown that the nàfùre~of snow, espccially morphology . . . ." 

as well as external conditions, iS,quite imp.ortant in predicting engi

\neerjng propèrties of snow. In~this section, therefore, a classifi'ca-. .. 
, • J • 

tion of snow is pr~posed ~ased on their coOstraints. At present, 

th~re a;e many problems to~establish accurate classification of ~ 
.-, -'Ill 

because of considerable lack of information on the properties and be: 

ha~iour oi snc\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_ 
\ . 

Basically snOl-I is classified here based on ifactors goveming 

snow structure and external conditions. The intèmal factors are 
• 

(a),grain,size, (b) grain shape, (c) intergranul~r interaction~and 
• 

(d) density, while the external factor 1s temperature. 

With respect to grain characteristics, snow may be c]assi-
"'\ '- • • t .. 

, .' 
fied as: , 

J. \,0 ~ .. 
" 

, 

" ~ .... ., 

\ 

, " 
" 
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• 

, . 

Ja) fresh snow, ~nd 

( 
. \ . 

b) ~~tamorphlc snow . . 
• 

as mentioned in Chapter V-l. lt is not difficult tQ.di~tinguish fres~ 

snow from metamorphic grains ~v~visuar inspe~~ion. Th~9rain size of 
, . ..., ~ 

sno~1 can be obtained by tlw! sieve ~nalysis. Ilote that the sieve analy-

sis is not appticable at higher temperature ~e.cause grains adhere. 

And f;o'll intergranular interâction pOint of viel1. snoll i1'ay 

be classified as:~ \ 
\ 

(1) fresh snow, 
\ 

.\ 

(2) g~a~lar snow, \. 

(3) semi-honded sno.'/, _ 

(4) sintered (bonded) snOl1. and . • 
<-
... ..v. 

., (5) wet snow above the n:-elting: P01'l'It. ' 

\ .. 
\ 

\ 

• 

,. 
, , 

. , 
-

It was found that t~e unconfined comoressive strength of sinterèd snow 
1'_. 

is ~ery dependent upon its'sintering time. This i1'eans thàt ~nconfined 

~presSlve strength of snow is a function of the bonding strength of 

snow. lt is noted that bonding strength of sno~ is very dependent 
, " 

upon sintering time (see Chapter II and Chapt~r VII-l-). Therefore, 

- .. 
sintered snow may be .divided into (a) high sintered (bondedL s·no~1 

, . . 
(i.e., hi9h strengt1Î snow) an!! (b)""'poorly sintered SIlOW (i.e., 10vl 

.strength snow). Note that a typical poorly sinteréd snow is granular 

snow • 

. . "-

• 

~."~ j:-- , 

'" 
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~lith respect to density, sno); ray be divided bv the criticjl 

density of sno~. The critical density (Chaptir ;11-2) i: ~fined as ' 

th~ l''axirü"''1 pac!. i n9 dens Hy of snO>! wi tl10ut tl)" bonds bet;:een Qra ins~ . . ~ 

It was found prevfously.that the crit'ical denslty.depends on 5no·/ ty 

~(éhaPter VII-2). Basically, the critic~1 den~ty 9ives us not only 
•• • 

• the ar-ount of cO'!1prèssibility ,but also'~he inforratlon I;het~er or not 

microfractures of snow occur un~er the load. It should he Foted that' 
/ . . 

th~ thteshold denslty of sno~ depends on the deforr~tlon rate as des-

cribed previously büt the critical _density.~f sne 1 can be uniquely 
" 

determined. Therefore, 

(a) 101-1 density snow, "fo <. fer ' am 

(b) hi9h density snow, " 
... _ • ..] 0 

(NO' '- -, Ra='lseier (1963) proposed that snoll lS'"divided into four "typés .. i th ) 
. ~ . / 

res~ect to .dll.n~i.ty fro; the uncQnfl.!!.~d co-pt;eSSlv~ strength .and tne / 
- / 

Youn9'S ~odulus.of sn~. However, his classificatiqn i5 based on "!tu~ 
'> • 

\" 
• 

) 

raI processed snow obtaiœd fro-l Polar region. Tllerefore, "e dld,not .. . . . . / - --.. . , 
consider the existence of s~l:tonded and granular sr.o~. ~s ~e~tloned. 
. -. / '''-, . . 
prevfôUsly, snow sh9uld not bè classlfied fr~ a single fa~to7 betause 

~ 

J 
there Is no unique relationship between density and the Qth~r internaI 

1 ..: 

factors as found in the pr~se~y. 1. 
, ' l' \ . 

110'11 we exaMine entire nature of snO>! witlJ resMs;t to urtClln-
, ~ 4f~ 

fmed _ct7i'lpress ive strength and dens i ty ,Ii UI the inforr.a~ion frO'1 the ~'''-

Oth~ internaI ·factors governing snow structure. rn ~ïll. 8~6 ,. Curves 

a, b and c Indicate relatlonshlps bet~een unconflned C~~Dre$SI~e strength . . \ 

.. 

.... ~.~. 

. . 

" 

.1 
1 
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amI density for natural proeessed snoll obtained by Butl,ovleh (1956). 

Ranseier (19.6}) and ::aka1a and Y-uroiwa (1967) resrective\y. C~rve a 
, . 

obtained hy ButkoviJ;h is very close to Curve b obtained h:; Ra:;seier 

though tel'"peratures are different (-IO"C by Butl,ovieh and -49.4"C by 

• 

? Ra:;seier). Ho-.;ever. Curve c o~tained bl !lakaya and Kuroh.a lies quite' 

below Curves a ar~ b. This r4l be explained by the ~aried nature of 
" 

naturallJ' processed sn!H tlJough the test techniql1('s fJSI!<:! b~ tl1e"'f"ay 
-. . . -

also affect the strength of sno,... Cur-.:es d ant! e sho .• n in the: figure\ 
. , 

indieate the age hardening of reracl.ed sno;/ obtained '>y Go.: and . - . . 
P.a~seier (1963)' •• These b·o eurves indicate that the unconflned co-:-

" . 
pressive strength of sno-.; increases ,..ith tl~ rl~thout ~~e larqe ch~nges 

• 
in d?nsitl' This proeess in snOri is identifie1 as the sintering and i5 

• 
often ~alled as the age hardening of sn~. T~e detail of sintering 

process was presented in Chapter II. Sare trend of a~~~denîn9 of 
• <> 

snow (Curies f and g) was also obtatred i~tl]e'present studl as sh~;n 
> • 

ln the figure.. It is appareilt fro" the eurves sho.i!1 in tM figure 

tnat strength of snow is indepe~dent ~f density. This SU9gests that 

s~ should not be elassified rra, the density alone. 
-' "' ..... -

• 

, The crit,ical densit'i of snow iS- iléfir.ed as t!)e na.dru-' D3Ck-. . 
. . .. 

log densitl without t~e bondir~ bet~een snOri qrâins. ln other words. 

.' . 

• 

atove the critical densitl. snOri is alhays of b~nded or slntered nature • 
- ~.~ .. 

It was found that the critieal densitv of SnOW varies .. ith resnect ta . 
snOri type. Therefore. ne consider the r.3xi~~~ eritical density a~1 

the ,:!in.fru-ï eritieal density. It is noted that the critieal densi't:t . 
15 hlgher for weIl graded snow and js lower for unif~rnl1 graded sr.ow 

. ----
\ 

• . 
• 

• • -
~ , \ 

• 

, 
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4 

• 

• 

,,> 
' . 

, ' '. 

'. • 
(Chapter YII-2). It is expected'fr~~ the experi~~tal results obtained 

. . 
- in the research that the raxiru, critical density is approxi~ately 

< 

~.&7 g/cr13 apd 0'.40' g/cn3 'for the ninir,u' crifical de~sity as sho\';n in 

the figure • 

. The u,nconfined c~"::press ive strength of fr.esh snotl is very 10\1 

as ,entioned previously. The physical and rechanical properties,of , ~ , 
fresh sn.,..,. can !le dascribcd as follO'-/s:' 

< 
" 

(a) ve~y corplex shape of,crystals, consequently,interlocking 

l1ature~-

(b) very 10tl,density (30proxir.ately 0'.1 9/CM3). 
r . 

{cl high corpressibility because of initially 10\1 density. 

(d) lOti supportability because of'low unconfined and confine~ 
. ----

8y considering ~he preceding state:-ents, nature of '5no',1 can be indi-. 

cated as shorin in Fig. 8,6. For exa:'iplé, fresh snotl Ties on a 10',01 

densi ty r~nge' as lndicated 'in the figure theugll hiqher dens i ty ~can also 
. . 

be obtain~d by densification. Granular snow lies on the density axis . . 
ShO"~ in the fl~u~e in ~ range of deRsttY-fr.~ aprroximately 0'.3 9/~3 
to the rÂxir~ critical density (i:e., app;oxiMately 0.67 g/CM3), 

~ile S~'l-bonded snow r.ay.lie a~ve granular snow with rescect to un

éonfineâ c()o,pressive., strength axis in alFlost sa!"'oC deilsity raMe to . . 
, . . 

granular sntlw as indicated in the fi~ure. Ilote that it i~ .lN?ssible for . , 

'~I-"'''~.''''. to "". hl"" ,,,,It, th" g ... ~,~~ "" ) ,f .' 

~ .. ' 

• 
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l , • J . '. -grain . complox shape M ETAMORPHIC . GRAI N • • , ~ 
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force ' 

~. 
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.\ ad~tsion , 
by , 
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bon.ding by ,sintering 

densi~y' l~ '- 0.1' .: 
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.J 

the water content in the--pôres. -- Sirifered snOI~, as sho\m in th!! figure,' 

has high unconfined compressive' strength in comparison 11i;h o.ther type's 
, -

of snow as indicate4 br Curves a through g. , The :unc6nfin~1:I compre~sivè 
strength o,f s intered ~now 'depends on 't~; bonding s trength t'I.e., s inter: 

ing timel aS,mElntioned previously. - From tnè.pr~ctical point of view, unconfined co~pressive 
, . 

stren9.th of snow can be represented by' blade penetrating force (Cha~ter . . 
VII-4). Therefore, snow~type can be obtainèd from B.P.F" density and 

--a..--_...additive grain chara,cteristics. 
,1 

. . 

. 
~ , . 

.r 

r , 

'. 

• 

'. 

• 

'. 4 

• 
-;""'< To appreqiate snow type p~operly, i t is necessary, to ~nol1 

< ~ • ..v" 

the I!roperties. and behaviour Ni th respect to tyoe of snOll. From the 

present reS'earCh, fIIain prQperties and behaviour of yarious, types of, 
, , 

snow, Le., fre~, granular, seml-bond~ and sintered snol1, are present-
. , l ' / 

~ ln Table 8,v! It l~ noted that this table is not ~Iell èstablished ' 
. • l y - • • 

.. ... • ~ - ~ 1 1 

because there is still li lack of nèèessary inform~tion and ,aoparently. • 

the table is not applicablE!' for wet snow which l',as not studfed in tfJi~ • . , 

research .• Theref~re, snow classification should be completed in 
• 

future in such ~ way prpposed in this study. 

•• \ .... 
Vlr-3 Concludi~g Remarks • • 

'Theor~tical and experimental inve~tigations on properties 
, .. 

and behaviôur for various types of snow were made, F.rom the study • 

urîde~taken the. following tonclusions are 'drawn. 
-- i . '''''.''''"., ~ 
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,', . T~e ildhe~~O~ theqt based orr the assulllP~ron ~~â~ two dis-
!" , t -, 

. crete soÙds ad~ere ûndér plastic, ,vis.cous or ~reep defor-

...' .... . 
, matlW1, and as ~ased on the wo~,done by Bowden and Tabo~ • 

, 1 ,. \... 

"', (1950, 1964), i~, applicable to snow, I~ is con.cluded 'that 

"ductile compression P~Vidés for an' increase in conta~~ ---
, t • 

/ .. .,. . . 
area between snow grains, 1'hi5 causes a hardening pf the 

l '. 

, .~,' snow structure, 
-. ~ ., 

l ,\ . 
" 

2.. Type of behaviour of snow iS" mainly describèd in' terrns o.f 
.. ...,;: .... . 
b~ittle or ductile.·'B~ittle beh~viour of..snow'is relatea to 

'-. . 
; failure or~{racture whereas ductile behaviou~ of' snow is des-". . 

cribed in.'tè;.ms of the adhesion theory. . .. . ...... 
, .. 

r ~~' ,t, • ' 

----

1 

" 

• 

3. Unconfine4~éOm~essive strenglh of snow is obtâined from the 

:'i.~tl; '~î;~~~-sl~;i~ curv~ ~nd it. is strongly ~tienaent on ' 

... 

, 

. ' . .' , . , 

, 

f 

, -, ., 

• :now' t;pe and • .défo~atjOn rà~e'. Higher deformation 'rate ~i1~ 
" .. 4Iw t .'. ," ' lit 

cause lower u'''cohfined compressive strength. This trend is ~ 
1 '., •• J,-.:,.~ ~P 

uncomnon to .0tht4' mat&lals but is weil- explained by the 
- -'-':" ~ . , . 

. adb.es ion theory. • \ 
• 

, - - . -- .... . ---~' .. ",'-' -;", .. _-
t,. • ~ ~ _____ , 

4, _,IIll-tial llondlng of snow Is, vety Important for the strength ____ ., ,A. .. ... 

. . 
" 

~ .. / . .-
charact~istios rnuch more t~an d~sity. . ; , 

. ~ . .,...\ 
snow 'fails by microfailure whlch does not.follow the 
... '.. • ~ 1 . . ~ . 

conventional sp~r·theories. Sno~.wlth a.den~lty less thao • 
.. ....... .. ~~,.' 'J.; .. 

the critical density possibly fails by mlcrofailure. Cri ti-

.cal dens~ty 'is deHJÏéd:as.~he ~ximum pack~ng de~sity 'o~ snow 
, .. 

• 

" . ... 
1-
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~, 
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; 

.. • . . , 
/~' \ ! '.. ~ \ 

t wi thout bond deve 1 opment bet\~een 5nOri .9ra i ns, 

. . 1 

" ~ 

• / ~ , -~. 
/ 6-. Transitfon (r9Jl1 britt1e' tb ductile. belraviour in'~no\'1 is des-

. t ' 1ibed in. tennS<'of,criti:a1 ,defonr,atiQn rate, 'snO\'1 tyoe' and . 
1 temperature. On the other hand, transition of Sno~ is de-I _ . . 

_ Prnd~n~ on thres~(}!d density.. T~re:hOld. dens.i,ty of SnO\1 de-. , . . . 
notes th~ density at the transition from britt1e ·to ductile 

4 ... ~ .. ' 

in confined èom~ression with contro11ed deformation rate. - . - •• . t' 
~ .." t 

, Tnresho1d density is strong1y dependent uoon deformation 
, • 

rate, snow typê and tempërature. The stgnificance of thres-. . , 
h01d density is that it indicates inêrea;e in contact aréa 

~ .... ..... . 
• 

be~ween 'snow grains, which.occul's above that de~sity. It 
. 

was mentioned that. increase in contact area ~i11 cause 

increase in àdhesion of snow. 
... 

. . 
'7 ",~Shearing response. characteristics \'Ii th respect to snol~ type '. . 

o. à~e~main1y divided into three tyoes, i.e~, sand type, sensi-. ' .. '. . 
'iive 'clay type and rock tyt!.: trom the apparent !e.ature<of 

t'- a curves. On the other hand, shear strength of snow 
n '", ". .. 

• is l~ry dependent on shear ve1ocity. At temperature of . 
, .. (,> .' 

" - . 

o 1.. ' .. ,,:.. 
-13 ç. higher shearing ve10cit~ provides l~er shearl~trength • • 

. " for granu1ar snow. This ~re~ct. is~uncomnon t9 D,tirer materials 
, . 

. - .8. 
~, ,~ 

'..),-
• 

but it \5 exp1~ined by the adhesion thébry. . .' 

Ri9jd p1ate~enetration '~ha~iour of ·snow.is strong1y depend

ent on penetratin~. Srd. and sriow type. Genera1,ly, lO"ler 
, 

. ( . . . 
) ,.., 

" 
, .' . 

'. • -, 
> 

, 
'. 

• 
• 

• 

• 
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, . 

" 

• 
penetration speed will pro~tde~igher penetration resistance •. 

-w'. " ... ,... " 
r ........ - • ~ 

This trend is's imilar to, the compressive and' shear behaviour, , 
of snow, but not ta other'~teri~ls. Very low penctrati~n -

speed will cause an increase in adhesion of snow below rigid 
, 

plâte wh~le relatively high penetration speed will produce . . . 
~ " • mierofracture of SROW below rigid'plate. "VI,,,, ~~, 

• 

9. Thin blade pen~tration behaviour into snow ma, be uséful for 
• 

evaluation of strength characteristics pf snow, es~cial)y 
_... .'.~ ~ 

in the field!' Thin blade ~netrating force has a relation-
tl .~ #' 

.,~ShiP~i,. uhconnnèd,~comRr~ssive stren,gth, as sh9Wn in Fig. 
.. 7,33. 

:' . ~ '--~ 

10.' 
;. ~ . ~ - ~ 

The fact tha,t there ls a,lr extrelilelj/ .. ari~d riature<ff snow, 
"- ' .. ' . 

ine~itab'y requires clâssific~tion of snow. Snow type may 
,. ~ • '!o-. . 

b,e descrl bed by t 
: • 

• , 
al . grain ch~lcteristics, 

, • f;' 

e 

. '. 
- -bl inter.!lranular interactipn, and 

.. , ... 

• 

c) density • 

Grpin charac~eristics of s~ow.are divlded 1nto.two types: . , 

i.e., fre~h snow crystal, and metam6rphic grain. So f~r as 
• 

• the int!!r~ranUlar fOrCe are concerned,. sn.ow Js classified 

into four types: fresh snow, granular snow, semi-bond~d snow 

and sfntered snow. With respect to density, snow is divided ., . .,'" . ~ 

i~to two types: i.e., ~!9h·dens~ty. snow (Yo ~ Yc~l ,and low 
• 

, 

,ri· 
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TABLE International Snow Classification < , , . , 

(see Fig. A-1) , .. 
,.~ 

.' . - . 
For tbls purJ'O'c tbe tentallve $DOW classilicatlon proposee! br the International 

Commb»)n of Soow and foc Js consldercd to be most convenlent. in tlûs el.1l$ilicatlon . 
, an the soM prec:ipltations are Includcd. . 

. 

" , 

~ 
i -0 

· 1\ , 
• l'Dct~J Cbssiscatlon'M Sollcil'~pI;"'tIon. 

Codé Cr.phIc symboJ • Tmn \ 0' ~~ . . \ 
• 

FI 0 · , 
...... 

F2 *., 
" 

" 
F3 -
F4 -. , 
,YS ® 
,FO -

Plat .. 

St.JIu CZ)'StàIs 

Columns 

• 'Nctdks 
~.- . 

Spoclal d~rites. '. 
Pla, Plb, Pk, P4 01 ~enJ elassiS. 
cation of $DOW C9Sb!B ' 
PI~, hë. Pif, Pig. PJh, pif, ~ 
P2b, Pk, P3o, rob, P4 

'Cla, Clb, CIo, C2a, ab 

~~Ia,Nlb. la 

ro»! PSI>.-: .' . / 

~Ja, CPJ~CPlo, CP2a, CP2b' • 
)('\ '0"., _', $ FT 

l'8 A 

c.pped ""Iomns _ 

Imgular cry>tals Q'3, S,I1,I2, J3 

C~pel (Snow pe1let)~ R4a, R,fb, R4c . 
" 

. FU . , 
FO 

> ' 
sn 

« 

-~ z: j.i 
I! _t f -1; 

:g" <" ii 
w 

, .f},. . 
-. 
_ 6.....,4>. 

,- ... """ 

-a) ob) 

:f: 
. :f: --, '*' 
:t' 

;* 

, 
• 

JlloIcq. -- -

, J'.fmcdo ; • 

~ . .r . 
\Vol 

. , 

• 

7 
/ 

' .. 

0, s, de5DltIon; f= raIndlcps. 
&!rly .....n and transparent 

• 
--, .' 

5013 ~~ formcd bt w, SÜc> 
teoslve freczltlg Cf Wakt la,.,. 

• 

BIOIcm C9Sb1s Of ~ l, 2, cCP._ 
' . 1;"; :. RI, R2, 113 ' . 

- , 
Clastas of crptals of I]pe 1. 2, ete. 

\Vol ct portia")' _lied ~ of 
I]pe J, !; ete. • 

Soow and, nIII falllng tozethtr. ' _ • 

\ 

/ 

-
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, 

.. 

, 
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APPENDIX A 

.. Nb ~. ,"" ~ 

• t • 

N X2 
- JCla 

·1 ~. ,. <.LY 

" 

., 
1 

• • .. . ,. 

-
,Clb~' Cln=h aa ~ 

LLU ltD"~' (fjj~ 

C2b ' 

.~ 

~. -

"'O·~ x:x Q:31<':"* *%:P*" 
- *.:,~. ~ P~ * P~ p. Ph2a n. .-. X 

1i~~I~~ c~!Ro ~ 

* 
1\3. R3b • R4, 

l~~~:t ~~~ 0 ::h~~ 
'l" . '<" ~ ~V~ 

.,' 
'.",.. ~' . .. 

1\2, 

RI * . , 
r:~~ •. " :':!;" ~ 

1 

~ . 

... ... • J " • , 

1 • F1'g. A-l' (see Table A-l) I~ternat1o~al Snow: Class1~~cat1on 
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" 

• Relatin~ to Fig. 8-1, the interqranular slipnaqes hetween 
• 

grains may depcnd on th~ true s~re~ses act~ng on çontact area, thé 

inter9ranui~'~ ~nteraction and the type \of l'lateria1." . 
" ------- .... , . . 

If we aSSU'l1e that sn01'/ grains are viscous, the deforJ11atipn 
\ • 

of grains should de pend on the rate of defonmation. . ~ 
1 f é! very rapid 

defonmatl0n rate is-appiied/on snow, it is expected that the qP9ins 

'behave \n;e rigid maEedà;'- Not; that elaS~ic -deforJ11atlon of crystal~ . 
is usually very swall in comparison wit~ its large viscous, plastic or , 

.creep defonmation. 
: ... -. .. 

This appendix cpnsiders toc conditions of interqranular slip-

'hpa~~, of SIlO~ grjlins ul}lI~ .b9.t~ ~apid and slq~ ,~tcs ~f dj!fo)'Tlation. ; ..• 

EauilibriuM Condition 
• 1 

ln Fig. 8-1, it is assWl1!!d that applied force F frO'll the~ 

",ll1lIcroScopic point_of v~~w ~n~~e \orc~s '~'z. from the microscop;'~" 
. 

point of view, on a plane, are in a state. of equi1jbrium (Fi!). 8-1). . . 
Under an application of controlled dèfQnmation rate~ the fo~ces ~epend . . 
on the defonma~10n rate. This is very c~mon-to other viscous naterials. 

~ . 
Referring to Fig. ,8-1, an equilibrium can be written by, 

.' ... 
F. 

il • 

• 

. . 

• 

~. 

, . 

. .. , .... . 
, (. 

,(8-1) 

-. 

.-. .,.- ... -

1 . , 
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Stress Condition in Sno>1 undel' l''ofmression' 
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, , 

Where i denotes i th contact and n del1otes, the total nirnt>er'Of 
.. ., -') > 

contacts on the equl1 ibrium plane cons idered. rlo'.1, let us cons ider 

. \ the- following: 

1. Rapid Defonnation Rate 
~l._ 

• 

\ 

We assu~~ that rapid defonnation rate\prov~e? 

ty of snow grains for the following conditions: 

for t~e rigidi-

\ 
• 

(a) Uni axial Force Conditio9 (Pz f O' and P - P 'U, Fiq, B-2) ,x y 

As a simple cas~, consider a .' . poirit contact of grains as shoLn .... ... ~. . 

\ in Fig. B-2. By using the~ ~onton·s'Iaw. an·~àilibrium condition of . /'.' 
" , 

• 51ippage can be gi~en by, 

Pz. sin.'l-
- -". ~ • 1. • ". "" . . 

~ . 

tan 'Ji . ~ • . ,. . ,. , (8-2) , "-

• - . -. If wê repre5ent as Il '. tan ~; Eq. 8-2 becomes 

>1' ". ~ (B-3] 

~ \ -

, Équation iB~3) may be concernei! with Fig. B-3. lI'he figure demonstrates 

'th~t, J cone shape of deposi~ing granular m~terial ;& uniquely deter

~ mined by a ratio H* / R* whe~e H* i5 the ~ei\ht of the cone and R* is . \ . ' 

," 

the radius of bottom of deposits as shown in the figure. It i5 expect-

ed that the ratio H* / R* represents some.properties of raterial. , 

: 
" 

'~"" . --. . . 

--

• 

., 

j 
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• 
~ . '. 

Z /" 

'-' 

Pz ' ~ 

"-
....-< 

,~ 

GRAIN'J ~ 

X 

/~ 
/ "-

/ " / ~ 
/ 

\ . 

• 

" 

,. 

1 

• 
InterQranular SliDPèrQ1! Condition und@r l/n.ialnal 

, T;ue Str~ss Pz '(lt Con\act tietweén 'G_~ins 
," . .. . " 

• 

• . ....... .. 

• 

. , 
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This idea is used in this stud] (Appendix Cl. .. . . . , \ 
. 

0, Fig.B-4) 

..... "-· ----. 
With a Slqi rit y to the uniaxial force condition ~entioned 

earlier, a~ equil ib~iU" unde~blaxia] force condition can be Qi~~n b], . ' 

\ 

'. 

~ PX
i 

cos ~ t ~ (Pz
i 

co;-, 
. 

+ J>xr~in ;) 

, 
. cos + tan si 1\ , 
sin • - tan cos. 

tan ~i -
, 

Il 

\ :} .. 
\ , •••• " (8-4) 

~ "~. 
Equation {1t4} 1S being us.ed-by ran] resear~hers iô~ the nicros~opfc. 
~tudy of defoTr4t1on ~echani~ of sands by assunin~ rigid sa~d partiel es . 

• 
2: 'SlOn Oeforration Rate • 

\o:e assure that slow defomation rate provides for tl!e"viscous. . -
pta'~lc o~'creep defotration of ~now grains for ~he fotl~in9 situations • 

• 
(a) Uniaxial Force Condition 

" " 
We"assu-e that a point contact increas$s UP to Sc at a liMit-

,ing equillbrhJ!'l condition of slippage • .r;ow we assul"'e tllat an adhesive . ... .. 
force 1S pro~uced by the increase' in ~ontact area {the adhesion theory. -. . -

. -------., 
" . 

". 

. . 
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Fig. B-~ Then, the limiting equilibriu:1 in re1:tion tO~illCr:ase 
in c'nfJIct area can-be given by, , • ' .. "'--\ 

" ' '> -", '/. ~ 
t . ~ ( 

'. Pz, 
, 1 

," 
;. • 

" Ac Sc , , 
\ 

(sin ,;. - tan :._ cos i) .. 
.' 1 .. ) 

~ ~ 
where sin;l - tan : cos " > o.... • • $ ..' 

• .. -. * .. • " 

. If the g.r;Jins \are sJ!herij1 ~nd ,the in,créas.e in co~tac.t area is express- ~ • 

- '. . ":c..~' . -... <1[ • • # 1: ~ • 

. ad bY• E~ .• (4,11) i:ë., defonr.at,on with re~~ect,J? ~x ~s a~~u-:d 'ter b~ . "; 

zero, Eq. (B-5) can"lle express~(by, • , , i· 
" '. ". \. , , , , ' 

Pz. 
, 1 

2: ( 2 Ac ~r 3,9 c cos • 
, 

... 2 l4 
1.785 ~' cos ;) , 

• 
• (sin '( .- " ,'\.f 

/ 
·~here . A is adhesion.force c .. 

r is the radius of spherica1 grain .... . 
is the strain ap~ , 

is the contact angle 
" 

{see Chapt~ I~). --. . 
, 

{13-6) 

\ • 

The equationftss~med that no bre-aking of.grain occurs under force Pz' 
• 

If 

• 
'Ac "r2 b.9 '- COS2~, - 1.785 t 2 éos~ ;), 

(sin ~ - tan) cos ~} 

• 
apparent1y, :no intergranu1ar Sli~pàge occur's, 

, , 

1 
(B-6r 

\ 
.. , 

" \ \ . , 

- ---.... , . 
. . 

,~ ~ ... , 
'. ') .... 
"'", 

\ '. 
"" ' .. 

1 • 

\ " 
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• . . 
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\ , ' . . \ . ' 
, 
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J 

, 

. ' 

(b) Biax-ial Force Condition' 

• . 
'With a similarity to thè. case (a), the liMiting eqüilibrium 
. - , . 

10~di.tiOn und!!!, biaxi~~_~o:~~ c~ndition ,at ,a crntact can be ,"ritte~ à~: 

- ",' 
' 

- , , 

~PZ. 
' Px, (cos '1 t tan ~ si 1'1 "l') · -t~ S,ç'" 

_ 1 l 
(sin '" ~an ~ cos j;f y . 

• ... 
• 1 • 

• 
(B-7) 

From Eq: (4,11), • 

,,- px; (cos IJ! • tan 0} soi n ,~) 
= 

.' 
.-.... (B-7)' 

,~ 

Similar fonns to Eqs. (B-5), and"(B-7) w~y be'applicable for sin~ red 

(bonded) snow as below: 
• • 

, 
,-A., PZ

i 
-

'sin t)< - .. tan'" cos Il, 
.~ .. ~.t"-e y 

" 1 
, , 

where is the adhesion,by sintering 

is' the.frictional angle for sintered snow. 

':'Px
1
, (cos IJ' t - ; , 

~ , 

tan t>e sin,')!). AC; .. "· ' -.s. C' ..... (8-9) 
.' 

• , . (sin '~ -' tan 1'e cos 'l') • 

~ ~ , 

However, it Sh~.U~d b~ n1tedtha~ Eq. (4,1~) is ~ot apPl~ca.b~l~ for, sin

tered snow •• Only qualitatively the concept of increase,in contaçt area 

'can be possible to apply for sintered snow: 
• • 

., • 
,< • 

, 

,\ 

, 
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, • OEPOSIT;ING C~ARACTERISTICS OF .S,t;J~'1 ,WITH, RE,SPECT 

TO ITS.GRAlfl SI~E OrSTRIBTUION AND GRAIN SIIAPE 

, 
• 

, . 
~ . 

" 

11 ~ ..... 
• 

~ '. The d.~iting. chal'a'C~er'i,s~iCf of S~GW depends 01 snOI'/ ~y~e •• ,-; 

It is expected that the intern~l structure of the deposits may'6è.in-.. , - ' 

flU1!n~ed by t~e 'grain characteri" cGr i' 
1 _r - - • " 

T~e a~t;empt in thïs Appendix is to ffim1'i,,, 
" 

~, ... 1 

of vari0'ls snow.in relation to predictiQn of ""'!W .• ion'>;. ~y knowing the 
'i- ....... ,,_ ~ • ~, -- ... 

d,epositmg~ct~ristics, _, • • • 

, 

• ~ ,'1 ' 

Experimental Procedure ;.-"'-.,: ') , \' 

" -- ----.. .. • -......... ~ • 4 

1. JSno': was sieved into cups "as-~ 'i?:Fig, C-1. 

2, Thè II!3ximum depositing height H* (se'è' F~ C-1) 11as 
""", , , ........ 

, 

j 

. , measured and a ratio H* 1 R* was obtalned Whe~~~ 
the-radiUS of cup. In ad~itio~. the ~epositing d~nsit~ ~ 

" , 

• 

" 

~ . 

· , 
. " ...................... 

of'snew'was a1so obtained. ... " . ., 
• . ,- , . 

• \ " ReS~lts . '" ' 
• 

· " .~ , 
- . , 

~ , 
': 

1 

., 

',' ; '.. 1 
'! ' "" ~ Figure C-2 show:; apparent depositing figures of (a) 'fresh '. ' ' 
.\ " .~. 
\" ~,rnI ~b) Z" yeaf 'old sn~ • , 

.: _. ' , • 1 

.: •. ':' Th~ dep?S~ting .density and ~~ ~* of various 

• are: p~esented i~ Table C-1. .;.' 
---.. 4O, • 

types of snow ,J' , , . 

" 

, , 

" , , , . , :.- ~ . 
• " . " 

" 

• ., 
•• 

• • 
• • • 
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TABI,E C-l DEPOSITING DENSITY AllO H*/R* OF SNOW 
. \ ' " \ . ' . "", • 

• 
\ 

\ :& " 
, .. ! 

'DEj'lSl'rY (g/CIll3) 
H*/R* 

> '" SIIOW TVPE 

Fresh snow .. 
3 wee!? old . . 

, 2 year -old 

1.19 < G ,< 2 •• 38 mm 

0.598 < G <)1.\9 mm 

0.417 < G <,0.598 mm 

........ ~ 
----~-~_. ----_ .. _----- -

. ' . ,.... 
~ • 

" .. ,' 
.... 

, • 
0,.12. 
\ , 

\ 
0.~9 

o . \ 
• .4~ 

• ., 
• 0.37'\ 

\ 0.44 , 

- \ 
\ 

\ 
___ ,_1 ___ -

'" , 
\ '. ,~ 

G denotes gra i n \s i ze. 

b 

\ . , 
\ 
\ 

R* - 2.5 cm 
~ 

. more 1:han 
4 

'-6 

0.6 

----- --

, . 

-1-

R* 1.3 'cm 
;. . 

more than 
3.2 

h6 

0.9 
~ 

j 0.4 

0.8 

1.0 

i __ J. ____ ~_~ ___ 

• 

" • 
" 

" 

" 

.. 

,'-

-
'. 

l' 

], • 

v • 

, j 

N 
oP -
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" TRUE GAAÏN' SIZE OF SflO:.l .OBTAWEO FRO:-l niE I1ICROSCOPE AllAL YSIS 

• Arm APPARÉNT GRAIN SItE FRO:-l THE SWjE Af/AlYSI~ 
J '. 

T b
' " A~ , d' " he 0 Ject to thlS 'ppen lX 15 to cœr.pare grain s ize distri-' 

burions obtainedlby tbe microscope â~alysis and by the sieve analysis 

Wh~Ch is being u~ed fO\ s~ow. --- -

> 

----- Snow SanDle • 
" 

\ 6now :Sample wa$ lunifomly graded by sieves (sieve ooenings 

of 0.598 and 1.19 111'1,' i.e., 0.598 < G < 1.19 l'XI). / ." 

'. 

sis 
- ... 

." 
, , "PhotOg'ra~~s.of sU(f~âent nU'llt>er of grains'of. th, s~o,.; ... ' ~ 

, (i.e. > 0:5~8 < G < 1.19 r.m) wer.e takeri through a ,microscope and then 
, 

• 

. the short dia~eter Os and the long dia~eter Dl 
" ' ~ . 
measured frOM the photographs. 

, f ~ 

.' , -

of each grain were 

') ... 
• ~ 

".j 
' 1 

, Results " 

• Figure 0-1 shows the corr.parison between ·the true graip size '. .. . .-
obt~ined'by the Mjcro~copé ~nalysis and the apparent grain size (i.e., 

i • 
0.598 < G ~ 1.19 r::m) obtain.ed 1>y ~e' sieve analysi!>: Jt should 'be ' • 

• ' < \ \ J '" . 
~oted ~at the distribution curves pf true grain size cannot be co~pared . . 

c 
wit~~ig. 5,2 becau.se the curves of th~ee grain size were ob(ained by 

, ~ ~" . 
~u,ber percen~age of gralns ~hile the ordfnary..grain size dfstrfbùtfons 

. • " • l :,. 
sho~n f~ Ffg. 5,2 were obtainèd by weight percentage. 

Fi.gu;e 0~2 Shows, $hE! fl;-eqU~nCY ~Is'tf"fbutfon of.Os/01 of srlow . ' 
, , . • 

sa"nlp Il~prl in tM~ A .. n .. nrliv. • 

, 

\ 

. ' • 

, . ' 

• 

- . , 

• 
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HOHR 'S ENVELÔPE \ 
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1 

The Hohr's theory a~s~s that thé shearing stress at a 

yield is a 'function of the normal stress (o) actirtq in the considered 

pl<lne or 
1 

. , 
• 

• 
, 
T ~ (o). ..... (E-I) 

• • 
This relationship between T and 0 can be represented graphically by 

mal:ing a <!i~ra~ i.~ 'which T and 0 are taken as coordinat~s, 
Figure E~I(a) shows such a.diagram, called Hohr's cirèle. 

-
In Fig, E-I(a}, Curves AB and A'B', calJed Hohr'~ envelope, 

are assumed to be parts of Eq. (E-I). Apparently, as a change of the 
~ ~ .. ~ 

• sign Of.? cannot influence. fai1ur~. Curve 4'Il' i~ a mirror image of 

AB~state of stress can be represented by Hohr's ciréle in a T - 0 . , . 
ptane, it follows that for any circle Iying wholly within Hohr's 

env~lope th~ combination of shear and normal stressès wiltrepresent a 

stable condition. Because no portion of circle can lie beyond the en

velope~f the infinite number ~ possible cjrtles passing th~ough point 

,.' P- only the one tangent at that point can exist. Thus., the Hohr' s enve-
" .' . . 
~ope (or failure criterion) is·the locus of the points of tangeney 

\ 
• 

corresponding to circles in the t - 0 plane. The circles shown in 

Fig. E-I(b} represent tria~ial compression, si~le shear and 
. ""- • 

simple tension. In Many cases, triaxtal.cOMpression ana.direct shear 
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tes~;are being used for the obtaining the envelbpes. 

. If Curves AS and A'B' are replaced by two straight lines , 
~.;p , 1 

inclined at an angle ~' with t~e 0 axis, this envelop~ i5 ~escribed 
• 

in term5 of Coulo:nb-Navier theory.: It i5 found that, SOl"-e of f"3terialS 

~ the straight envelope and so:-:e do not. 
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