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ABSTRACT

The present report is based on a contribution made recently to the
International Soc iety for Terrain Vehicle Systems (ISTVS) committee on Snow
Mechanics Research Coordination. The International Classification System for
snow and a system for metamorphosed snow are comb ined with field measurements
to describe deposited snow in several Canadian localities . Several types of
me tamorphosed snow are placed in groups that are identi f ied in terms of the
s truc ture of the snow pack , the geographic location, and the local climate.
The groupings , though incomplete , are considered to provide a convenient base
for describing those naturally occ urring conditions which are likely to af fec t
off—road vehicles. In support of classifying snow in terms of the physical
environment , the plate pene trome ter applied normally to the snow pack is re-
commended above other penetrometer types. The plate is however nct intended
to cotnpete with currently develop ing methodologies for vehicle performance
predic tion.

R SUM

Le present rapport sur la coordination de la Recherche sur la
mécanique pour la neige , vient d’etre fait a l’intention du cotnité de
“International Society for Terrain Vehicle Sys tems” (ISTVS). On a combine le
Sys tème international de classification de la neige et celui de la neige
mC taxnorphosée , avec les mesures sur le terrain afin de décrire l’accuxnula tion
de neige dans plusieurs localités canadiennes. Plusleurs types de neige méta—
mor phosée ont été groupés et identifies d’après la structure de la couverture
nelgeuse , l’emp lacement géographique et le climat local. Cette catégorisation
en groupes , bien qu ’incomplète , est pratique pour décrire les conditions
naturelles susceptibles d’affec ter les véhicules tout—terrain. L’usage du
pCnétromètre aide a classer la neige d’après le milieu physique , spécialemen t
le pénCtroinètre ~ plaque (perpendiculaire ~ la couverture neigeuse), que
l’on reconunande de préférence ~ tout autre; cet appareil ne dolt toutefois
pas faire concurrence aux méthodes mises au point actuellement pour prédire
le rendement des véhicules .
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INTRODUCTION

The repor ting of vehicle trials and tes ting on snow cover ed terr ain
requires a suitab le description of snow conditions in order to arrive at a
useful evaluation or interpretation of performance. Such a description should
draw from a classification system that can be related to details of snow /
veh icle interaction . The scheme of snow classification that is to follow is
intended to serve the purposes of terrain vehicles designed for trave l off
road while making ground contact through the use of a track , wheel , air cushion
or any combination of these.

This report was based on a contribut ion to a recently formed committee
of the International Society for Terrain Vehicle Systems (1). The committee ,
cha ired by R.N. Yong of McGill University, was fo rmed fo r  the purp ose of pro-
ducing a standard approach to snow charac terization for purposes of vehicle
mobility. The report must not be construed as a committee position on the
subject but rather as a view of the author.

Over the past few winters the author has carried out snow studies
at Schefterville , Quebec , the Ottawa Valley , and at Wainwright , Alberta. Snow
p it methods have been used to determine snow properties in a variety of natural
environments during the mid—winter and spring periods. Whenever possible ,
t racked and wheeled vehicles were operated concurrently in areas neighbouring
SnOW c Ou t Se S .  In addition to snow pit methods , snow was further characterized
in terms of strength by means of several designs of hand held penetrometer.
As a result of such activity in what are believed to be a few geographically
rep resentative regions of Canada , an approach to snow classification and
characterization is proposed for purposes of off—road mobility.

CLASSIFICAT ION AND CHARACTER iZAT I ON OF THE SN(YW PACK I.
,

I

~AS1S FOR A SYSTEM OF SN€M CLASSIFICATION

The conven tional running gear of tracks and wheels present familiar
d ifficulties during interaction with snow. Prob1et~ts include sinkage, plough ing,
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slippage and snow adhes ~ i iII or st ickiness. SI) as t i i  include th l e f f e c t  of a i r
cushion veli ft I t - s  (A CV) , a snow c lassi fication scheme ~;Ito uld I ;i Ii- j r ~( account
the addi tional int (’ra (-t ion  f a c t o r s  that I r e  peculiar t i  t h a t  t (’chnology .
S i n c e  tb1  b e l I , I V  i o u r  of  t h e  ACV in snow is not we l l  known , new mechan isrr i s of
In t e r a c t i o n  w i l l  likely have t i  he considered as the technology develops. An
attempt has been made to make the scheme to be presented ~y ’ r i i r;ii enough to
I I  low f o r  add i t  iona l  I a c t o r s .  I’he ACV/snow j r  L er a c t  ion  f ac t o r s  t h a t  a re

c u r r e n t l y known to he p r i n c i p a l l y responsible f o r  ACV d r a ~ are (a)  s t i c k i n e s s ,
(h )  c rlis t b r eak  t h r o u g h , and (c )  loss of l i f t  in f r e~i h l y  f a l len  snow . The
St I k m ess p r o d u ( ’ cs  a snow b u i l d — u p  in f r o n t  of t h e  s k i r t  as the  ACV moves

or w a r d .  Tb is p l o u g h i n g  is p r e v a l e n t  under  damp snow c o n d i t io n s .  The re lt - —
van t snow p r oj ) i ’ r t  l i - s  in this ( 0 5 0  might be cohesion , compressibility, corn—
presslon (or (-rushing) strength , and shear s t r e n g t h  under  a known n o rmal  load .
I t during pass.igt- the  surface sriis t is broken , there may he a loss of lift in
the  u n d e r l y i n g  snow . hlc nce , s u p p o r t a b il i t y  or s t r e n g t h  of s u r f a c e  c rus t s  shou ld
h i -  measured .  Freshly l a l l e n  snow also a f f e c t s  ACV mob il i t y .  Hence a i r  p o r o s i ty
a n d / o r  a i r  p e r m e a b i l i t y  -ire snow properties which perhaps should be measured
fo r  purpo ses  u t  c l a s F l f i c a t i O n .

I t i s  ~1-II1- r .I I i v  a c c e p t e d  (2 , 3) t ha t  deposi ted snow consis ts  of
c e r t a i n  p r i m a r y  or p r i n c i p a l  p r o p e r t i e s  and secondary,  or der ived , p r o p e r t i e s .
‘ievera l of t h e s e  ire  l i s t e d  in Table I .  The table  gives p a r t i c u l a r  emphas i s
t o  snow m e c h a n i c a l  p r o p e r t i e s  because these are most readi ly m e a s u r a b l e  in
t h e  t i i  I d  and because the  i n t e r a c t i o n  in ques t ion  p e r t a i n s  to m o b i l i t y .  When
Ac :v ’ s are  c o n s i d e r e d , the  l i s t  of secondary proper t ies  should probabl y be

• ~ t t iLled

~rABLE I

P r o p e r t i e s  of Snow

Primary Prop e rti es Secondary Properties

(raln Size Density and Porosity

( rai ;l nape Elastic Moduli

Par t i h Ic  A r r a n g e m e n t  C r u s h i n g  R e s ist a n c e
i .e . Structure

Adhesion and Cohesion
I n t e r g r a n u l a r  R i ) n d l n g  Type  ( 4 )

Angle i i f  I n t e r n a l  F r i c t i o n

Certain Optical and Electrical
Propert ies

I
Snow Is i’ontinually undergoing an alteration due to external in—

I I~~ ’e i - s  I n  n i l  li re. Taking account of this fact in a scheme of classification
should serve as an aid to  characterizing the snow pack In its environment.
Then - are at  he i st five external factors in nature to which pr imary properties
arc particularly sensitive . These are time , temperature , temperature gradient ,
wind speed and overburden pressure. Changes in any of these properties are r
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certain to Influence vehicle mobility. La Chapelle ’s classification system
f or metamorphosed snow (5) provides a convenient  base f rom which  snow vari-
ability in nature can be related to response to vehicle loading. The system ,
reproduced  in the Appendix , div ides snow into fo ur major ca tegories:
I. Unmetamorphosed (New) Snow , II. Equitemperature or Destructive Metamorphism ,
III. Temperature Gradient or Constructive Metamorphism , and IV. F i r n i f i c a t i o n .
Such a system provides for visuallizing snow in a natural setting. It also
al lows f o r ;  (a)  de termining the di rect ion of internal changes , and (b) , i n f e r r i n g ,
with limited environmental data , its current and perhaps future properties.
A subsequent  s t ep  in a scheme of c l a s s i f i ca t ion  would be to make groupings  of
snow on a geographic  base according to the most f r e q u e n t l y  observed snow con-
ditions . From the author ’s exper ience in deep and shallow snow regions
in Canada , the following general categories are proposed in Table II:

TABLE II

Groups of Metamorphic Snow Types as they Occur Naturally

(~roup 1 
1 Group 2 Gro up 3 Group 4 Gro up 5 Gr oup 6 Gr oup 7

I A ,H I II  IV A I I IV A

Ill A—i II III A—3 , B—3 IV III A— i

III A—l , B—l A—2

LII A—2 , B—2 III A— 3

III

W ith re 1erence to La Chapelle ’s classification system the groupings
take account of the usually layered structure of snow. Freshly f a l l en  and wind
d r i f t e d  snow at the beginning of winter or before metamorphosing would corn—
pr i se  group 1. S u b a r c t i c  woodland snow , sometimes r e f e r r ed  to as tai ga snow
(6 , 7) in m i d — w i n t e r  is readily associated with group 2.  The s u r f a c e  l aye r  is
often thick , dry and f l u f f y. In a typical cross section of the snow pack , the
layers may or may not be distinct. However with increasing depth , the ad-
vancing stages of temperature gradient (TG) metamorphism are usually eviden t.
Gr oup 3 is intended to include the is othermal we t snow condi tions tha t al l
snow types in the subarctic seem to approach during late spring. Group 4
mi ght he considered a variation of group 3 with a crust at the surface . The
crust could be of the melt—freeze type or formed from freezing rain . The
bearing strength of this crus t may become an important consideration as with
v e h i c l e s  cross ing an ice f i e ld . Tundra snow in win te r  is wind packed ove r
perhap s half  of I ts shallow dep th , bu t in tensely metamorphosed in the lower
half. Hence it is placed in group 5. Group 6 is typical of the crust layer
snow packs of more temperate eastern climates where atmospheric conditions
alternate between extremes throughout winter . The highly bonded layer IV thus
was found to he shallow and very dry even at near freezing air temperatures

L 

In mid—winter. This was placed in group 7. The surface in the case observed
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by the author possessed a thin melt—freeze crust underlain by TG snow in
varying stages of metamorphism. The snow cover is evidently able to ablate
without a significant intermediate stage of wet snow . There will doubtless
be other snow group ings that are equally as extensive as the ones observed.
However , the present groupings of snow pack structures are commonly observed
in the temperate and subarc tic regions visited. Other possible groupings
may be found in burnt out woodland , over bogs and beside melt water streams .
A more detailed account of the major groupings is presented in a later
section .

DESCRIPTI ON OF FTELD APPARATUS

A standard NRC snow kit was used for snow pit measurements. In
addition , a Rammsonde was employed for purposes of de tec t ing  a va r i e ty  of
l ayer  s t r e n g t h s  across the  depth of the snow pack.  Non—standard  items were ;
(a) a hand turned centrifuge for snow samp les , 4.7 cm 3 in size , (b) a vane—
cone penetrometer developed by Yong and Youssef (8) of which the head
d imensions are  g iven in Figure  1, and (c) , a hand held p late penetrometer
whose dimensions are also given .

FIELD O R I E N T E D  GROUPINGS OF ~WTAMO RPfl IC SNOW TYPES

The present grouping of snow properties uses the language of exist-
ing and widel y accepted  snow c l a s s i f i c a t i o n  systems (5 , 9 ) .  It is not the
author ’s m t  I t  to replace e x i s t i n g  systems , but rather to place them in the
kind  of n a t u r a l  s e t t i n g  t h a t  oversnow vehicles may reasonably be expected to
e n c o u n t e r .  Hence , the  snow group ings are chosen in such a way as to take
account  of the  v a r i e t y  of condi t ions  that  may occur when the snow pack is
considered as a whole .  The groupings depend generally on geographic location
and time of the season .

GROUP 1 — UNME TAM ORPHOSED ARCTIC SNOW

Alth ough the author has not personally experienced snow of this
group, the following general characteristics may be noted .

Type IA is a f r e sh l y fallen snow which has not had time to undergo
any f u r t h e r  m o d i f i c a t i o n .  I t , of course , may be deep or shallow and density
will change demonstrably w ith vehic le  passage . This can be easily churned up
and may cause a problem in visibility, engine ingestion or ploughlng re—
sistance. However if ligh t and fluffy, this snow creates a specia l hazard
to v i s i b i l i t y  r a t h e r  than to energy loss in conventional vehicles . In the
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c~ise of h i ’  ACV how ev i r t h e r e ’  is ui added p ‘i)hlec of lift air losSeS

Ty p e ’  113 1 a)  is  a b e s s —  l i k e  snow . T h i s  is a u u r v  ‘- now tIci t has la - i ’ii
wind d u i t  ted in~ ’ r ( t v i u i ’  - m d  v alL ’-1’s. The density i s  f a i r l y u n i f o r m  OVI d
pro huihil y inte -r nit - di , ite - . i t  . I t i i l t  301) k g / r n 3 . l i i i - ;  snow typ i - o t t  i r s  an -sseiitjal ly
l i ne a r  ohs t a c l e -  i n  what ~a ’, hi’ 00 o t i u & ’ r w i - ; c h i g h l y  t r o t  u i c ; i e l e -  snow fi i d .

Ty p e-  1 1 1 ( h )  i , - ; a w i n d  mm l i  f l e d  snow w ith such sor t  ace i r r e g u l a r i ti e s
as sas t r u g  I . Snow’mob I leo h ay - di f Ii cult v trove r sing this at ii i ghi speed be-
cause of low f r i m 1 u i e i u  v V e t Ic Ic vibration . Frequent stops are necm ’ssarv in
order 1’~ ma intain vehicle control. A characteri stic wave—length would
common Iv he about 1 m e t  re

CR01 1 2 — WOODLAN D SN h-

During mid—winter , the woodland snow of the t;i i gn reg ion of n o r t h e r n
Quic h e -c appeared L u  be relative ly stable as were atmospheric conditions .
! c- r q o - r a t u r e  g r a d i e n t s  were  c lo se  to l i nea r  and d id  not d e v i a t e  from 1 illea r i tV
wi t h i  t ime . Ps tog the c r i t e r i o n  f o r  i - s t a b  l i sh ing  the  o c c u r r e n c e  of t e m p e r a t u r e
gr a d i e n t  (TC) mi t a rn o rph  I on in snow (10) tu e dep th  a t  wh ichi cond it i ens wer e
c r i t i c a l  was d et e r m i n e d .  Below this  level , conditions were supercritica l while
• i b o ve  it  c o n d i t i o n s  f o r  TG m e t a m o r p h i s m  were s u b c r i t i c a l .  This  co r re sponded
a p p r o xi m a t e l y  w i t h  o b s e r vat i o n s .  For example , i n  onie case the snow above the
c r i t i c a l  l ev e l , s i t u a t e d  about  60 cm below the surface of a 90 cm snowpack ,
( F i g u r e  2)  w as  l i gh t , d r y ,  powdery and consisted of s tars  and p l a t e l e t s .
B e low tHu l u-u level to t h e  base of t he  pack , the  snow showed inc reas ing ly ad—
Von d slope ’- of IC  me t a mor p h i s m .  A similar observation was made in a h i l l y
b u r n t  ou t  w o o d l an d  region covered b y deep snow . Here  aga in , the  t e m p e r a t u r e
grad l i - n i  was c o nst a n t  t h r o u g h o u t  the pack bu t  the c r i t i c a l  level f l u c t u a t e d
f r o m  (lay to day  (Figure 3) .  W i t h  t ime , the c r i t i c a l  level rose f rom midp ack
d e p t h  toward  the  s u r fa c e  as more of the pack went supercritical. With a
s u b s t a n t i a l  new s n o w f a l l  the  c r i t i ca l  level again was re turned to midpack
d e p t h .  W i t h  a knowledge- of snow base temperatures , usually around —4 to —5 °C,
and local a t m o s p h e r i c  c o n d i t i o n s  in a cold s table  c l i m a t e , i t  shou ld  he
po s sib l e -  d e d u c e  I i l u e- ly p r o p e r t i e s  of the  snow. This is to say t h a t  the
c r i t  i c u i l  TG c o n d i t i o n  f o r  snow i s  a s u f f i c i e n t ly bas ic  p a r a m e t e r  t ha t , under
cond i I ions t v p i  f l - c t  by G r o u p  2 c la s s i f i c a t i o n, p r o p e r t i e s  of t e x t u r e  and
s I  ,ii ii f j u t  e rp r a n u l  ar b o n d i ng  can  be deduced .

F igures  2 and 4 i l lu st  r at e  the co r re spondence  of s t  r e n g t h i  m e a s u r e - H
in v ; l r i o u s  w ays  w i t h  the rma l c o n d i t i o n s  of the pa ck  ari d i t s  t e x t u r e - . l’he N RC
‘aiow c r u s h i n g  gage shows a c l ea r  t rend in d a t a .  Also tile p l a t e  p e n e t r om et e r
d a t a  show less  s c a t t e r  than  those  for  the  Vane—co ni c p e n e t r o m e t e r  and the
ramsonde.  Snow t e x t u r e  and s t r u c t u r e  Is r e f l ec t ed  in all  s t r e n g t h  measur ing
de vices , b i t  o p e rat i o n a l l y ,  the NRC snow crusher  and the p la te  P e f l e t r o m e t e r  are
to h i ’ p r e f e r r e d  f r o m  the  p o i n t  of v iew of ease of handl ing and an i n h e r e n t
a v i - r ; I p i n p  e l i  e i : t .  In l a t e r  work vanes were a t t ached  to the  p l a te .  In such a

I t  i s  proposed t h a t  new In t er gr a n ula r  bonds were formed under  v e r t i cal
p r e s su r e  f o l l o w e d  by a r u p t u r i n g  of those bonds in t h e- shear ing  mode . This
does n u t  a p p ear  to r e a d i l y occur In the use of the vane—cone .)

UNCLASSIFIED

_________________ 
- ‘~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ — -- ~~~~~~~~

dv’ -



-~~~~- w- —

U N C L A S S I F I E D  7

(

Oil D

Li Z

~~ LiJ
00

z z~~ -:
>

a, - -j 
<I

N- - 0

o o . ~ EtIJIJJ
I

0 z I
Z 0

°‘ OO °D
(1) 0

0 ~J 
0

-

O D o D

0

o /~~~/~~ /N/~~o o o < < < ~~ F-
it) — 4 ‘ -i

.0 0

- E E
S.- () 0 0 ‘-0

~~
— 

U) W
,C~J 1

I.e) Q~~ — 
U)

1 ~, ~u n
— i ,i)

o Ig-) I
— T — _ (  I

0

• Q.D
~E I  /

.
~~~ ~~ ~~~~~ 0- 0- -0•~•~ I

~~~~~~,a I I I I I srI’ I I I I
F-~~~0 0 0 0 0 0 00 0 0 0

- C i J ,~) ~~~ it)~~ D N -  w ° ~~o(w3) H.Ld30 
—

‘uH CLA SS I F I E D

L.  
- - - - 

‘-~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
.

- -- 

~~~~~~~~~~~~~~~~~~~~



—
~~
‘. w~ — — —

8 UNCLASSIFIED

+ ÷ ‘ ‘~~~~~~~ 0 0 4 1

~~
:
_ _

_ _  

_ _

~2
I- F- .~~~

~~~~~

c.~J I
E
Ua) _iV 
4’-~- _J ~ .& .~~~L~J 4~ J ~~ /

~~

~~

~ o 1_1~
lI_

~ ~~~~~~~

_ _
~~~~

(w3) H.Ld30

UNCLASSIFIED

‘ I
~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~



—‘.
~~ •- w — — -

UNCLASSIFIED 9

I

0 0 0 0 0
0 - C~J ~ ) to

-

-

S.

210 -

S

— 
—I

S
C~J — ~~- iQ I 

•

0 0 —i  . 5.  I 0
Di
4’

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

.2
—2 o  — 0 0  c..j

II
- 0

to

O a,
4-

0 - 2
Qj
f 0

o II
- 

“
~~~~ D I/ 0 H

0 0 /o — /CsJ / /
/

2 8 - 
o o ’

— 

— —
00

_ _ _ _

(w3) HId3~
I

UNCLASSIFIED

II_, 
- 

—

~~~~~~~~~ 

_ _  _



-
‘ 10 UNCLASS IFIED

I
l i me - de -u~ i t y o t  y e t  t le d sn ow w as usua I I y obse rve d t o  I t i c  r c , u u - , e ’ I ru in

be low t i m e  s u r fa c e  a t  200 kg /rn 3 t u u  t h e  base at  101) kg/n i  . ~oLe in F i g u r e -  5
t i le  d i s t r i b u t i o n  of grain size th roughou t  the snow pack.  A i t h i o u g h i  se iv ing
of dcv snow gr a i n s  u n d o u b t e d l y  has some d e s t r u c t i v e  e f f e c t  on g r a i n  s i z e , i t
does i l l u s t r a t e  t i te ’  p rog res s ion  of g ra in  s ize w i t h  snow d e p t h . T h i s  p r o —
gre ’ssion is r e l a t e d  Lu a d v a n c i n g  stage- s of m e t a m o r p h i s m .

CRO W. tm 3 — LATE S P R I N ( ;  SNOW (SUBARCTIC )

Th i s  i s  at t h e- f i n a l  s t age  b e f o r e  t o t a l  melt  in w h i c h  a l l  gr o i n s  are
s j ) b l e r h - a l , un I f o r m  in u - i  x e a t  about  2 mm , and separated by water. Fri-c- water

ou t  c-nt  common ly v a r i e d  f r o m  50 to 100% ( w e i g h t  of e x t r a c t a b l e  w a t e r  to w e i g h t
ot 51)0W si l l  I d )  . A c c o r d i n g  to  th e- i n t e r n a t i o n a l  snow classi  f i c a t  ion sy s t e m ,
t u e  N a t i o na l  R e u -; c - a r c t u  Counci l  b i u i r dn e s s  gage i n d i c at e d  in the  case s t u d i e d  t ha t
s t r e n g t h  was in the  m e d i u m  range . The a p p l i e d  pressure  var ied  between 10 and
100 k J a .  W h e n  t h e  snow was compac ted  at t i le  s u r f a c e , t i le  c r u s h i n g  s t r e n g t h
at  t h e  s u r f a c e -  was t h e r e b y  caused to increase  some 10 f o l d  over t h a t  of un-
d i s t u r b e d  snow . Thus , even in a r o t t e n  s t a t e , snow can be s t r e n g t h e n e d  to
semi ’ e x t e n t .  In  the le)Wer p o r t i o n  of a 45 cm dep th  of snowpack , the strength
r em a i n e d  u n a l t e r e d . R e s u l t s  were -  s ca t t e r ed  w i t h i n  o rder  of m a g n i t u d e  l i m i t s
an were  t h e  d a t , u  u s i n g  a vane—cone or p la te  pene t romete r .

The snow p ack as it occurred in open or closed woodland , tundra or
Ov er  bog,  was i so the rmal  at 0 ° C. The d e n s i t y  of und i s tu rbed  snow ranged
b e t w e e n  400 a i d  500 kg/m 3 . If  s u r f i c i al l y compacted t h e  su r f ace  dens i ty  could
be- rai se-d to 680 kg/m i . A ligh t oversnow vehicle might find Group 3 snow
t ra f I i cab le  11 i t  can be precompacted be fo re  the  t raverse , or slowl y compacted
d u r i n g  the  t r a v e r o i -  ~~m e r hy  t a k i n g  advantage of the s i n t e r i n g  po ten t i a l  of
such snow .

( R01 ’h 6 — SU R F I C I A L L Y __CR USTh - : I )  SPR I N G SNOW

R o t t e n  snow t h a t  i s  a l t e r n a t e ly su r face  c r u s t e d  and c rus t  f r e e
f r e q u e n t l y occurs  in t he  l a t e  s u b a r c t i c  sp r ing .  The crus t may be due t o
d r i v i n g  w inds , f r e e z i n g  ra in  accumula t ion  and r e f r e e z i n g  of the i n t e rg ’a n u l a r
m e l t  w a ter .  in the  au thor ’s expe r i ence  the crus t can be s u f f i c i e n t ly t rong
to s u p p o r t  a load ot a t  least 7 kPa .  The i n t e rna t iona l  system of snow
c l a s s i f i c a t i o n  would place the  pack in the  medium s t reng th  range . A ve r t i ca l

• i n d e n t a t i o n  of p l a t e s  9 cm and 15 .7  cm in d iamete r  produced an increas ing
res i s t ance  f r o m  below the  crus t to a point  near the base at 45 cm. Beyond

U t h i s  d e p t h  i t  was d i f f i c u l t  to push a hand held pene t romete r.  Such res istance
was p r o b ab l y  due bo th  to pore pressure and compaction . The vane—cone
p ene t romete i r pr oduced a s i m i l a r  resul t  in ver t ica l  penetration . In shear ,
the  r e s i s t an c e -  Is due not onl y to the rup tu re  of bonds In shear bu t  also to
c o m p a c t i o n .  I t  is a t  present  d i f f i c u l t  to separate  the two e f f e c t s  and hence
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v i  l i i i ’s h i - i  ye- h i - e u  r i - e c u  rded i i i  terms of torque- (Nt-w t ott—me t re - s )

‘ l i i i -  t e m n p e r ; m t  u re  g r a d  i eri t rena ins c l o n e  t o  Z r  r u  I wi Iii or w i t  hoot time -
p r e n e ’t l i  0 t a ; u i r t , m c e  crust and hence remains essi-mi t ial l y in a state 01
e q  ii i t  c mlii - r a t  lir e - metamorp hism. F r e - c -  w a t e r  coil t e m i t  wan t nu i ld  to  va i~~’ bet wi- i n
t e - r u u - i t  t h e  s u r t a & e t o  151’ a t  t i m e -  h a s m - . Density we ; f i i r l v  unhi or r var ying
b e t w e e n ~~~ ~. ,‘gj ~~ kg/m 3

(;Ron hi 5 — CULL) TUNDRA SNOW

T h i s  is t u n d r a snow i i i  m i d  winter. In t h e  case s t u d i e d , t i i -  snow
was r e l a t i v e l y s h o m i  low a t  /~ 1 cm .  Ove r h a l t  of t im is was a hard and wind i-irked
t op Live- r under l i i  n by * d e p t h  hoar  laye r of v e ry  loose t e x t u r e . ‘th e t - in p  r—
;m t u r e -  gr id lent was somewhat s h a l l o w , the  base be ing  evident l y a p e r m a f r o s t
are- - u curr entl y at — 18°C. The conditions for TC metamorphism u t  the t ime o t
u-~i ’ , u - ; i r u - v u - i t t  were  s u b c r i t i c a l .  ‘th e r am sonde  gave very hi gh immeasu rab l e -
v a l u e - s  f o r  t h e -  top 12 cm of tIme- pack. Density for the wind packed portion
w i n  ‘~I5 g / m  w h i l e  L i i ’ d ep th  hoar  measured as 310 k g/m 3 . Crush ing  st  n u - I C - n h
(It t I me- surfa e ’ was ve ry  h i gh a t  g r e a t e r  than  100(1 kPa w h i l e  below t h i s  t h e-
, t e ’ p t h u  l i a r  g~~ve val ues in the hi gh range .

A n e i g h b o u r i n g  p o r t i o n  of t u n d r a  snow was much s o f t e r  bu t  posses- c-H
a a i ’ep er  t e m p e r a t u r e  g r a d i e n t .  A c r u s t  of 10 cm was  s u he r i  t i c a l  w i t h  re —
- g e  u t t i  I C  m e t a m o r p h i s m , w h i i e -  the lower 18 cm was s u p e r c r i t  1 c m  1 and e o n ~
si  t e d  u i  snow w i t h  a loose s ug a r y  t ex tu re ’ . Poss i b ly  t h i s  was mat u r e  d e p t h m
h o a r . t u e  c - r u s h  i n g  s t r e n g t h  of the  e n t i r e  cress  sec t  i ( i n  was in t h e  h i g h
ran gi-

T u n d r a  snow is readil y associated with wind c o mn p a l  Li on since- its
hardn e - ss  i s  p robabl y r e l a t e d  to loca l  wind  speed. Such snow p r o v i d e s  a
h i g h l y t r a f f i c a b l e  s u r f a c e  f i r  v i r t u a l l y  any o f f — r o a d  v e h i c l e .

RO t J i t m  6 — ‘I ’EMP E RA’I’E ZONE SNOW

0 l y p i ca l  i f  snow packs in the eas tern tempera te  z o n e ’  i i  Canada
t~~i n u o i ; ’ , h u u t i t  t h u  w i n t e r  season is the  s t r u c t u r e  as d e p i c t e d  In Fi gure  6 . T h i n
co ny  1st  -

~ i i i  n i - v i r a l  c rus t s  w i t h  snow in various stages of m e t a m o r p h i s m  ly i n g
i n  h e tw c - i - t i .  The- average t empera tu re  gradient  dur ing  the cold dark  b i o u r s  In
the  examp I t -  shown appears  to be l inear  and f a i r l y  sha l low . Cr i t  i ca l  c on-
d i t i o n s  f o r  I C  m e t a m o r p h i s m  occur very deep ly in the pack.  Below t h i s  c r i t i c a l

u - v e t Is w h i t  was i d e n t i f i e d  as depth hoar.  Later  in the day the  snow goes
u - s s i - u i t  t a l l y  i s o t h e r m a l  t he r eb y I n h i b i t i n g  f u r t h e r  TC me tamorph i sm near  the
li m e . The d i s t r i b u t i o n  of dens i t i es  and s t r e n g t h s  t h r o u g h o u t  the  pack Is
su i t  t i ’ r u n h  b u t  l i i  a r e -peat ahie  fash ion  both at n igh t and at m i d — d a y .  Gr a i n
s l i r  d i s t r i b u t i o n  i s  highly divergent  between the su r face and base of the
~~~‘ 

-c as indicated In Figure 5. The coarsest g r a i n s  are at the base. Free

I 4 U NCLASSIFIED



—
~~~ 

w -— _ _  
~~
— ‘  - - —

I1N CLASSIFILD ii

I

10 20 30 40 50 K (kPa) 
~~~~GHT

0 +5 Ts (deg C) MIDNIGHT
100 200 300 400 G (kg/rn3) 

_ _ _ _  _ _ _ _ _0 1 T I I
U U U

&
I I S . .

io-° \ j
I /

S . .
% I 0

2 0 —  t I
500

o c%~~I’  _ _ _ _3 0—
I’  0 

_ _

I ‘ . S

— 4 0 — I ‘
E .
U —

~~~ I-~~~~ I • .
I I I  _ _

~~~50— I
Ui I f!~a 

• . S
60— ‘ — ‘Q

0 1000
I~ —p..

100070-  o o
. D o

I .
D o

- Ii 0 0

o ‘1 0 0
90 7/~//~~ //*/7~ -//~/ /~ /~~//~~ //~// 

-- .
~~//~~~~ 

7/~~/ /~~/~~
TEMPERATE ZONE SNOW

(SOUTHERN ONTARIO LATE WINTER )
Ta AT NOON — +3-5 deg C
Ta AT MIDNIGHT — -6-2 degC

C: - ;n ;yt 
~ Li. mealj uremen f5 t L - ~’p ~ near f t  j r 1

¶ 1 P

UNCLASSIFIED

L 
_ _ _~~~~~ -iS ~ 1~~~~~9.. , ~



__ _%__ w — -

14 UNCLASSIFIED

water content was measured by a calorimetric method . Howeve r, metre- re—
p r o d u c i b l e  r e s u l t s  at 4/ were- obtained in snow of a s i m i l a r  c o n d i t i o n  a year
later using a centrifuge method (11). During some veh i c l e  t e s t s  t h i s  snow
was traversed by a track lay ing vehicle of 14 k!tm a footprint pressure at 2 to
4 rn/s and I deg. of trim. As a result of v e h i c l e  passage the snow density
immediately beneath the track incre ;mse- d from about 300 to 640 kg/rn 3 whi lv-
sinkage was to about half of tile ori ginal 60 cm depth. Th e stress bulb
probably extended to the base as density in the basal depth hoar layer in-
creased to about 400 kg/rn ’1 . It nevertheless remained substantially loose.
Strength was also measurably increased as determined with vane—cone and vane—
p l a t e  p e n e t r o m e t e r s .

I tm ;mssage of the same tracked vehicle seven days later over wet snow
of 25 to  60/ free water content , 38 cm in depth and devoid of  crusts produced
double the or i ginal  p u l l i n g  c a p a c i t y  a t  zero and 100% slip. The initial
dens i ty was 400 kg/rn3 . Final density after passage was between 690 and
64(1 kg/rn 3 , the vehicle having sunk 13 to 18 cm. The increased tractive effort
ove r the previous seven days was corroborated by conventional plate penetro—
meter tests with application of the methodology associated with the Land
l o c o m o t i v e  Labora tory  (12) . Howeve r , pred ic t ions  b y ca lcu la t ion  were  con-
servative- by a factor of 3. Since the snow density after compression was
com p a r a b l e  to that after the previous vehicle passage , it is suggested tha t
the- increased source of traction was mainly due to a closer proximity of the
t r a c k  to a n o n — d e f o r m i n g  base l aye r .  In the present  case i t  would  appear
tha t  snow d e p t h  was t i determining factor in vehicle performance .

GROUP 7 — PRAIRIE SNOW

l)ry , shall ow , p r a i r ie snow was placed in this group ing. Such snow
q u i c k l y goes su p e r c r i t i c a l  in cold weather thus rapidly developing a s ignif-
i c a n t  q u a n t i t y  of g r a n u l a r  snow . Wheeled and tracked vehicles easil y bre ak
t h r o u g h  a l l  snow layers  and s li p  at the base of the pack. At warm temperatures
near  0° C the  snow remains rela tively dry and lacks any s i g n i f i c a n t  f r e e  water
c o n t e n t .  T h i s  may be a t t r i b u t e d  to the  usually dry atmosphere of the  p r a i r i e
c e g i O f l .  W i t h  p ressure  app l ied b y wheels , In t e rg ranula r  bonding and ice
f o r m a t i o n  are preva l -~n t .  Some t racked vehicles easily excavate th rough
p r a i r i e  snow w i t h  h i gh slippage , particularly on h i l l s .

A MECHANICAL AP P ROACH TO SNOW CHARACTERIZATION

The above group ings may serve to describe conditions of snow cover.
However for prac tical reasons the number of tes t instruments should be
mnnimized . The simplest approach to snow characterization and ultimately to
correlation with vehicle performance over snow Is probably by mechanical

- 
,~ means.
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the  p la te  p ene t romete r  applied v e r t i c a l ly to the  snow su r f a c e  shows
promise  as a simp le mechanica l  means f or estab l i sh in g a c h a r a c t e r i st i c  con-
dition by compressing it to the point of t i m e onset of p l a s t i c  f l o w . T h i s
point could constitute a standard condition . Recent tests with a variety of
penetrometer plate sIzes in soft snow and vehicle compacted snow support
other work (4) on the existence of a plastic condition for SnOW . Results of
these tests -Ire dep icted in Figure 7. I)epth has been normalized for p u r p o s e s
of compar ison between snow covers In d i f f e r en t  s t a t e s  of c o m p a c t i on ,  i t  i n
e v i d e n t  f rom the f i g u r e  tha t  for consistency in results , large plate- sizes
(“ b” in the f i g u r e )  a re  to be p r e f e r r e d .  I t  is also ap t I;i ru ’nt that soft snow ,
l i k e  compressible soils (13) may be compressed through a region of local
v o l u m e t r i c  change  followed by a local geometric or p lastic change . In the
p l a s t i c  c o n d i t i o n  snow is e f f e c t i v e l y  incompress ib le  f o r  t h e- u sua l  r ouge  of
f e i n t  p r i n t  pressures of over snow v e h i c l e -n .

As a t e s t  device the  p l a t e -  has a n o t a b l e  advantage over o t h e r
p e n e t r a t i o n  devices in t h a t  I t  a f f e c t s  a s u f f i c i e n t ly large  vo l ume u u f
sn ow t~ p r o v i d e  a measure of I ts  bu lk  p roper t ies . Snow placed in a
s t a n dar d  cond i t i on  at a su i tab ly slow rate  of deformation cur penetration may
he considered as a precondition for further thrust and penetration tests with
other devices for purposes of vehicle performance prediction. However , until
pred iction methodology is firml y established , use of the plate as -i simp le
d i m - n  terization device deserves further consideration. Depending on the
l o c a l  s t ra t i g raphy  of the  snow and the  s t r e n g t h  of c r u s t s , t he  shape of the
pni ’nrure depth curve for a given penetration rate unay suitably describe snow
conditi on s to which other mechanical tests can he related.

Rv w~iv of e x a m p l e , the two graphs of Figure 8 show pressure—depth
cu~ V i ’ - , I -r two ~ u ioW packs . One has a thick upper layer while t h i e ~ o t h er  has
a r e - L i t  iv e lv  s h u - u l l o w  upper  l aye r  subtended by a s t rong  c r u s t  l a y e r.  The
Point u t  Onse t  of p lastic f l o w  corresponds to a point  of i n f l e c t i o n  cur  a
ni n inuu n in t h u e  nate of c b u— mnge of slope , I • e

d2o / —

clz / ( )  = ‘~~c 
—

I z — Z c

w h i e r e  3 i -  app lied pressure and z is depth of penetration of a pl a te- i n t o
thu snow pack. Sl u ic e an e q u a t i o n  of s t a t e  is  no t  available for snow In

t~ c u ’  p~ ‘s e - n t  context , ‘i pressure—depth curve as obtained in the above de—

f u u r m a t l o i m  e-xperlment along with a supporting description of snow c o n d i t i o n s
may serve in its p lace.
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GENERAL CO~~~~NTS

The d e s c r i p t i o n  of snow conditions in support  of vehicle and
p e n e t r o m e t e r  t e s t  r e s u l t s  should draw from the f i e ld  group ings presen ted  and
no de)ub t many more group ings . Such groupings are in turn supported by
measurement s  of ex t e rna l  f a c t o r s  as well  as the pr imary and several of the
secondary p r op e r t i 2 s  of snow . Some account should be taken of the ephemeral
n a t u r e -  of snow by n o t i n g  how f a s t  the properties and their response to methods
of t e s t i n g  change .

The use of pressure sinkage curves needs to be investigated as does
t he  prediction of snow properties from a knowledge of weather conditions ,
season and snow depth. With further experience , the properties requiring
measurement may be reduced to a few essential variables .

The- classification group ings tha t have been pre sen ted cover br oad
c a t e g o r i e s  bu t  should be re la t ive ly easy to recognize in the field. It is
hoped t h e r e f o r e  that  repor ted  t e s t  results  wil l  easily be d u p li c a t e d  and
v e r l f i e - c h  and tha t  the  i n t e r p r e t a t i o n  of such resul ts  will  be unequ ivoca l .
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