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PREFACH 

Tins pa por was prepared by C. M. Keeler and Dr. W. F. Weeks, 
glaciologists. It constitutes an interim re|»ort accomplished in con¬ 
junction with the U. S. Army Cold Regions Research and En^ineerinn 
Laboratory (USA CRREL) project on Mountain Snow Research (Snow 
•mil Ic«* Branch, Research Division). This project w.is supported by 
■he Director's In-House Laboratory Independent Research Program. 

I hi’ data discussed m tins report were collected by the following 
people: winter of 1964, W. F. Weeks and I). L. Alford assisted by 
C. Thompson and D. Eberl, winter of 196¾. W. F. Weeks and D. L. 
Altord assisted by D. Cartel and S. Toth; and winter of 19bb, C. M. 
Keeler and D. Bowles assisted by D. Carter. 

I he authors would like to thank W. K. Boyd, Chief Engineer, 
USA CRREL, lor Ins support of Ihe project; D. L. Alford, J. A. Ben¬ 
del , I). Carter, M. Mcllor, and R, Ramseier for their critical com- 
na ni» on the manuscript; and 1). L. Alford for allowing us to refer to 
Ins unpublished manuscript on the stratigraphic aspects of the 19h4 
Goose Lake, Montana, snow cover. 

USA CRREL is an Army Materiel Command laboratory. 



CONTENTS 

m 

Preface..-.... 
Summary -------- 
Introduction ---- 
Previous work------... 
Nature of the snowpacks — ------ 

Goose Lake, 1964-—--.... 
Goose Lake, 1965-------- 
Goose Lake, 1966---.---.-_ 
Bridger Bowl, 1966-.-.- 

Results -------- 
Ram hardness ---..---___ 
Centrifugal tensile strength-- 
Shear strength---- 
Resistograph shear strength--- 
Other results.. 

Conclusions - ---------------- — ______...._ 
Literature cited..... 
Appendix A. EGIG shear vane strength measurements and as¬ 

sociated pit data (Goose Lake, 1964). 
Appendix B. EGIG shear vane strength measurements from a 

sampling grid (8 May 1964, Goose Lake). 
Appendix C. EGIG shear vane strength measurements at abla¬ 

tion stakes (15-18 May 1964, Goose Lake). 
Appendix D. Large shear vane strength measurements, centri¬ 

fugal tensile strength measurements, and associated pit 
data (Goose Lake, 1965)-.-. 

Appendix E. Shear strength as measured using a shear box 
(Goose Lake, 1965) . 

Appendix F. Large shear vane measurements and associated 
densities (Bridger Bowl, 1966). 

Page 
ii 

V 

l 
3 
5 
5 
6 
6 
6 
7 
7 
8 

10 
¿¿ 

¿4 
¿6 

¿9 

33 

35 

37 

41 

43 

Figure 
ILLUSTRATIONS 

1. Goose Lake Basin, 1964 - 
¿. Goose Lake Basin, 1965 -- 
3. Snowpack water equivalent vs elevation. 
4. View west from the summit of Bridger Range.. 
5. View east from the summit of Bridger Range -. 
6. Pit observations from Goose Lake and Bridger Bowl. 
7. Ram number vs dry snow density (Goose Lake, 1964-65)-- 
8. Ram number vs dry depth hoar density and wet snow den¬ 

sity (Goose Lake, 1964) . 
9. Centrifugal tensile tester-------------._.__ 

10. Tensile strength vs porosity of fine grained snow (Goose 
Lake, 1964-65).-. 

11. Tensile strength vs porosity of depth hoar (Goose Lake. 
1965).... 

1¿. Schematic of shear box operation-- 
13. Shear box shear strength vs porosity (Goose Lake, 1965) - 
14. Schematic of shear vanes-----------.---_........ 

¿ 
L 

3 
4 
4 
5 
7 

8 
9 

10 

11 
11 
U 
U 



IV 

CONTENTS (Cont'cl) 
Figure Page 

15. EGIG shear vane strengths: predrilled vs non-predrillcd- 13 
lb. EGIG shear vane strengths: large vs small vane, line 

grained snow-------— -- 14 
17. EGIG shear vane strengths: large vs small vane, wet snow 14 
18. EGIG shear vane strengths: large vs small vane, depth 

hoar-    15 
19. Variance and mean of large EGIG shear strengths vs nor¬ 

malized depths * --  16 
¿0. Mean large EGIG shear strength vs standard deviation of 

shear strength values--  lb 
¿I. Large EGIG shear vane strength vs porosity for dry, fine 

grained snow--       jy 
¿¿. Large EGIG shear vane strength vs porosity for wet snow* 18 
Z3. Large EGIG shear vane strength vs porosity for depth 
hoar-   19 

¿4. Large EGIG shear vane strength vs ram number- 19 
¿5. Large shear vane strength vs porosity- ¿0 
¿b. Large shear vane strength vs porosity- ¿I 
¿7. Large shear vane strength vs ram number--    ¿I 
¿8. Large shear vane strength vs shear box strength- ¿¿ 
¿9. Recording head of snow resistograph- ¿¿ 
30. Comparison of large shear vane strength with snow resis¬ 

tograph strength-.  ¿3 
31. Areal variation of snow resistograms- ¿4 
3¿. Time variation of strength properties  --- ¿4 
33. Centrifugal tensile strength vs large shear vane strength- ¿5 
34. Log|0 (Canadian hardness number) vs porosity, dry snow- ¿5 

TABLES 
Table 

I. Analysis of variance table: three-level nested model- 17 
II. Hypothesis tests and variance estimates from the three- 

level nested EGIG shear vane experiment--.  17 



V 

SUMMARY 

Data on the physical properties of seasonal alpine snow have been 
collected from the Beartooth Mountains near Cooke City, Montana (ele¬ 
vation ~ 3000 m) and the Bridger Range near Bozeman, Montana (ele¬ 
vation ~ ¿¿00 m). Systematic measurements of snow density, temper¬ 
ature, structure, ram and Canadian hardness, centrifugal tensile strength 
and shear strength measured with a shear box and several types of shear 
vanes are included. Test results were grouped according to gross snow 
types (cohesive fine-grained "winter" snow, depth hoar, new snow, etc.) 
and whether the snow was wet or dry. Then interrelations between the 
different test parameters were studied. A plot of ram number vs density 
for winter snow gave a log-linear relation similar to that suggested for 
polar snows. Both shear vane and centrifugal tensile results when 
plotted as a function of porosity are well described by the negative ex¬ 
ponential relation suggested by Ballard and Feldt. Depth hoar and wet 
snow invariably have lower strength values at any given density. There 
is an excellent one to one agreement between values obtained with the 
shear vane and the shear box. Limited observations are made on the 
change in mechanical properties with time. 

Several field experiments were performed to study the sources of 
error in making in-situ mechanical tests on snow without utilizing a pit 
wall. Statistical analysis of the results shows that the main factor con¬ 
tributing to the experimental scatter is lateral inhomogeneity in the snow 
cover. There was no significant difference between the results of differ¬ 
ent operators. The standard deviation of a group of strength tests is 
shown to be directly proportional to the mean value of the group. This 
indicates that a loge transformation should be made in handling snow 
strength results in order to stabilize the variance. It is emphasized that 
the systematic relations between snow properties invariably become ob¬ 
scured when different snow "types" are indiscriminantly grouped together. 



SOME MECHANICAL PROPERTIES OF 
ALPINE SNOW, MONTANA 1964*66 

by 

C. M. Keeler and W. F. Weeks 

INTRODUCTION 

K* CRREL Mountain Snow Research Project was initiated in 1964 to 
obta n additional information on the behavior of the •'low- density snow that com¬ 
monly forms »he winter snowpack in mountainous regions. During and since the 

í?tlir^í>n8Merabl^ÍJi‘ÍOrrnatl0n haS been obtained concerning the properties of 
f,?l»!y °¡íer and ****** P°lar 8nowa* It was hoped that the present project 

u£na bVble ®i!end the8e studies int0 ‘he low density rangeP (< 0.350 g/cm») 
was notWDoesnsiPbíe91 U ÍdefC*\ to fhoBe u8ed on P«lar snow. When this 

as not possible, it was planned to develop new tests. Because a wide lateral 

treant\on0wa.nf9n0W ^eptbs aad Presumably physical properties was expected, at* 
0n ,e8t’ ihat Were rea8onably portable or could readily be 

^ Ärir„*id. 
taken^Ä^LT"^* 0íA^rÍl and May 1964 and 1965' field studies were under- 
Lake /f^Í 1 0ThC00ke Montana' in ‘he cirque basin occupied by Goose 
portion ofu/fW K K?* OÍ the, CirqUe i" rou«ly 2* 5 and a considerable 
oenlrai \ 1 floor exhibits a gently rolling relief ideal for snow studies. The 

thelïîll II ÍVÍ •1°fr i8 3000 m* pUcin8 the «search site just above 
Weeks** 1965). description of the Goose Lake area is given in Alford and 

Because Goose Lake basin has rarely been visited during the winter little was 
known about its snow conditions. Based on the observations repIrTeS ?n thi. laper 
2. 5 to 3 m is probably a reasonable estimate of the depth of the snowpack during ’ 
ImhI1ra8H\rnter*i. anOW accumulatton usually starts in late Octobe/or early Nov¬ 
ember and the pack does not become isothermal until early May The weather 
system, supplying snow to the .re. com. (rom the west ,„d i l õroòo^ced 

flirt 'Vlih''1 h Vhe aC,CTUlali0" l,•lwee,, Cooke City (2330 m) andPCoose Lake 
ifw-.aK ^ltho|igh Goo »e Lake proved to be an excellent location for snow sludfes 

. . a. a" onfd at the end of the 1?65 field season because of the logistic diffi- ' 
culties in keeping it supplied during the winter. 

The research program was continued during the winter of 1965-66 at Brid<;«r 

man ' Mcmtana** ‘T l0Cated aPP-ximately 32 km northeast o? ¿of" 
mân, Montana. This area has been instrumented for research bv the Montane 
S ate University at Bozeman. The instrumentation includes a digital data Catherine 

TVh! T„.?‘Ch ,rr'm‘,‘JdaU' vi* r*di»' '» 'he computer center a, íL uíiíírí.y * 

c a 'rvrnp.^gr'.:“:íPrz::^yTothm aïot/iir 
surrounding country (Fig. 4, 5). The weather systems which supply snow to this 
area come (rom the west and northwest. Because o( th^abrum rts. odh. r.ti. 
snow accumulation is a pronounced [unction oí elevation (Fig 3) Althoueh tiL* 
are no long records o( snow accumulation (or the BridgVr Bowl area one Ln nrnh 

Hllr'lllT L 5 10 2 m,r' r°W ,h' *ro“”d »• sk^are^iitFebruary andT" 
March. The snow is normally dry until April when it becomes isothermal. 
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Figure 1. Goose Lake Basin. 1964: view north toward Wolf and Sawtooth
Mountains.

l‘

■• ■*. • - ~f ,•,
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CLiwriM,« 

Figure 3. Snowpack water equivalent 
vs elevation. Top: Bridger Range, 15 
March 1966; Bottom: Cooke City - 
Goose Lake Traverse, 30 April 1965. 

The field season at Bridger Bowl oc¬ 
cupied the months of February, March 
and April. Unfortunately, the snowpack 
was less than normal and warm weather 
prohibited implementing a more complete 
research program. In March of 1966 the 
Goose Lake site was revisited to make 
comparative measurements. 

PREVIOUS WORK 

The study of the properties of snow is 
a young discipline and the methodology 
has largely been adapted from other fields. 
Systematic measurements of the gross 
properties of a snow cover were first 
made by Seligman (1936) who was primar¬ 
ily interested in avalanche occurrence. 
Since that time the study of snow "in situ" 
via the "pit" method (i. e., the description 
of stratigraphy and the determination of 
density and temperature profiles) has been 
developed into a routine and is perhaps 

. . , best described by Benson (1962). Pit 
studies have been used to study the broad regional variation of snow characteris- 

fîîÎ,the HnAted States iKlein' 1949{ Gold* 195®i Williams and Gold, 
Biieill°: 1957/\ i?66)» in Russia (Rikhter, 1945} Formoaov, 1946; Dmitrieva, 

1950) and in Japan (Isbiwara, 1955). In the Rocky Mountain area of the United 
States detailed continuing programs of routine pit measurements including grain 

5ard"e” Proflle# bave been carried out at Alta, Utah (Atwater et al., 
1953-1956) and at Berthoud Pass, Colorado (Judson, 1965). - 

Measurements of the strength properties of mountain snow have been much 
more sporadic, particularly those coupled with detailed pit observations. After 
the initial studies by the Swiss who first successfully adapted soil mechanics tests 
to low density snow (Bader et al., 1939; Bucher, 1948; de Quervain, 1950) and 
the later studies by the Japanese using more refined techniques (Yoshida, 1955), 
strength studies have been made mainly on the higher density polar snows. The 
reasons for this emphasis are obvious: (a) most laboratory and field tests are much 
simpler to perform on the higher density snows (>0.4 g/cm») and (b) snows with 
densities less than 0.35 g/cm» are rare in the polar regions (Mellor, 1964) where 
most recent field studies have been concentrated as a result of the ICY emphasis 
on polar glaciology. Typical references to recent studies of the mechanical prop- 
2 « d®nrlty, V}0?9 are Diamond (1956), Diamond and Hansen (1956), But- 
kovich (1956), Rula (i960), Ramseier (1963) and Mellor and Smith (1965). Unfor¬ 
tunately many of the test procedures used by these investigators necessitate re¬ 
moving specimens from the snowpack. Because of the extremely fragile nature of 
low density snow and the high air temperatures and large amounts of incoming short 
wsve radiation encountered in temperate mountain regions, such tests are im- 
practical. In addition many of the successful high density tests become insensitive 
to physical property variaions in the low density range. This coupled with the 
naturally high variability in the characteristics of low density snow has resulted in 
its mechanical properties being quite poorly understood. 
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>3*.

Figure 4. View west from the summit of 
Bridger Range.

k.. ."-f',
Figure 5. View east from the summit of Bridger Range

.1*'
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nature of the snowpacks 

reÜirlí d.U.rin*t*C«^en extreme v*”' 

den»ity. thicki-e.p;rnd 
atr«ngth d... .ome ^'¿!r:rof 

The winter of 1963-64 

Montana, appeared to be a near averace0^011™6 iniormation from Silver Gate 

r*‘8M7?t"*d 16 APril «a‘ed *" ,h' G™" L.k. 

nouic/d d-.i.TA,.^^;;: i“1'* 
April (D Carter, p.r.onal co“Z„,Ca,"l‘\ lP'r,0d oi wr.lh.r in eaH, 

roughly 0. 7 m .hick ocVu" ,." ^ and/^ Profil.11.. A Uy., Ji”, 
hoar was pr.,„m.b,y produced hÿ ûïg ^ "•! ""“^“k- Thil 
the cold early part of the winter when*tL Ure *radient» in the snow durine 
depth hoar showed no visible layering th/î-l^*. V“1 ql,ite thin* Although this® 
presence of layers with 'lightly different if*1? a?d denaity profiles showed the 
gradually changed upward £to a thick (¡ proPertie** The depth hoar laver 
showing a complete lack of -in,4 . i1,0 "’i ia/er of uniform fine orair. lay«r 
snow undoubtedly fell d.. í®1' melt f*atures or depth hoar d , gr?lned 
preciably below OC r."1"8 the winter Months when the air , deVelopment- This 
tionai J Becau»e the Winter laver - d.ñ?k u temPerature was ap- 
tional and difficult to fix visually the bound7 d Pth h°ar tran®ition was grada- 
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Above this cruet was the new enow which fell while the field eite was occupied, 
Thie enow wae characterized by wide variatione in phyeical properties and con¬ 
tained eeveral run cruete. The moat pronounced etratigraphic marker in thie new 
enow was a colored layer apparently produced by large amounts of duet in the 
storm accumulation of 24 April. 

These stratigraphic unite were sufficiently pronounced to be identifiable for 
several days after the snowpack became isothermal on 7 May 1966, Fortunately 
the great majority of the strength measurements reported in this paper were de¬ 
termined prior to 7 May so that stratigraphic interpretation was not a major prob¬ 
lem. After the snowpack became isothermal» the gradual recrystallization and 
the ice lens formation produced mainly by percolating melt water gradually caused 
the earlier stratigraphy to become indeterminate. 

Goose Lake, 1965 

The winter of 1964-65 was a heavy snow year in Goose Lake and the northern 
Rockies in general. The average snow accumulation at Goose Lake was consid¬ 
erably more than that of the previous year (Fig. 6). The snow started to accumu¬ 
late early and a heavy snowpack developed before extremely cold air temperatures 
were observed. For instance, it rained in December in Cooke City. There was, 
of course, no evidence of a rain crust in the pits at Goose Lake. This does, how¬ 
ever, indicate that large amounts of snow were rapidly accumulating at Goose Lake 
at temperatures only slightly below freezing, effectively preventing the develop¬ 
ment of any significant depth hoar near the bottom of the pack. Instead a thick 
(0.8-m) layer of dense medium grained snow containing no pronounced stratigraph¬ 
ic markers was formed. This snow graded upward into 2.5 m of fine grained 
dense homogeneous snow. Above this there was, in general, 1 m of relatively new 
snow showing a few thin sun crusts. 

Goose Lake, 1966 

Goose Lake was visited on 28 March 1966 for the purpose of making compara¬ 
tive measurements. As was the case over the entire Rocky Mountain area, the 
first snowfalls of this winter were light and accompanied by cold temperatures 
which resulted in strong temperature gradients and the formation of a considerable 
layer of depth hoar. At Christmas time there was almost no snow at Cooke City 
(Dean Carter, personal communication) which is a highly unusual occurrence. The 
pit profile in Figure 6 is approximately 2/3 as deep and much less uniform that 
that of the previous year. 

Bridger Bowl, 1966 

The winter of 1966 was marked by low accumulation rates in the early season 
with the consequent formation of depth hoar. Heavy accumulation in February 
accompanied by relatively high temperatures caused the formation of numerous 
crusts. The pack went isothermal between late March and early April (depending 
on elevation). The extreme lateral variability of snow depth as a function of ele¬ 
vation over a small horizontal distance has been mentioned earlier (Fig. 3). 
Even at a single elevation, for example the 2000-m level, the snow depth varied 
from 1.5 to 2.5 m in a distance of 100 m due to wind effects. 
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RESULTS 

Almost all of the physical property measurements were performed either on 
the wall of a pit or in the snow a few meters from a pit. This procedure was 
adopted in an attempt to provide as much supplementary data as possible for the 
interpretation of the strength results. 

Ram hardness 

The Rammsonde is a cone penetrometer which measures the "resistance to 
penetration" of a snow layer. A detailed description of the instrument is given by 
Haefelt (Bader et al., 1939). The ram profile is quite easy to measure even under 
adverse weather conditions and the technique has been used for years as a rapid 
means of locating depth hoar layers in avalanche studies. Even though it has 
proved impossible to provide an exact physical interpretation of the meaning of the 
ram number (Nakaya, unpublished results), useful correlations have been ob¬ 
tained between the ram number and unconfined compressive strength (Abele, 1963) 
and density (Bull, 1956) for polar snows. 

Figure 7 shows individual ram values obtained during ¡964 and 1965 prior to 
the snowpack becoming isothermal plotted against snow density measured at the 
same level in a nearby pit. Depth hoar is excluded from this figure. If for com¬ 
parative purposes a relation similar to that used by Bull (1956) 

log10 R = o + ß p (1) 

is used to fit these data (403 points), one obtains by least squares â » -0. 8446 
and p = +6.399 with a correlation coefficient r = +0.941. The 0.95 confidence 
limits on these estimates of a and ß are *0.182 and *0. 519 respectively. These 
values are quite comparable to thi se (« * -0.6107 and p = +5.3106) obtained by 
Bull for a similar density range on the British North Greenland Expedition. It 
should be noted that in this type of plot considerable emphasis is given the lower 
ram values (R< 3). Unfortunately, the standard Rammsonde is not as sensitive 
to slight density changes in this low R range as at higher values. Figure 8 (top) 
shows a similar plot for depth hoar which indicates that for snow of a given den¬ 
sity, depth hoar gives consistently lower ram values. This is quite reasonable 
in view of the pronounced decrease in cohesion associated with the development 
of depth hoar. It should be noted that the ability to discern the top of the depth 
hoar from the ram profile is more the result of the change in the ram number 
for a given density than it is due to basic density differences between these two 
snow types. 

Figure 7. Ram number vs dry snow density (Goose 
Lake, 1964-65). 
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Figure 8. Above, Ram number vs dry depth 
hoar density; below, Ram number vs wet snow 

density; (Goose Lake, 1964). 

Figure 8 (bottom) shows ram values obtained after the snowpack had become 
isothermal and in some cases water saturated. Although there is a pronounced 
increase in the scatter on this plot, it is evident that, in general, lower ram 
values occur for a given density. There are probably at least two reasons for 
this. One is the result of conversion of a percentage of the ice to water. As long 
as this water is not lost in sampling, there would be no change in density. How¬ 
ever, the reduction in the total volume of »he solid would definitely reduce the 
ram number. The other reason is that the majority of the melting occurs in the 
region of the bonds between grains, reducing the overall cohesion of the snow. 
The increase in the scatter in the values from the later isothermal pits is undoubt¬ 
edly the result of the formation of numerous irregularly spaced ice lenses and 
glands which may be present at a given level in a pit and absent a fraction of a 
met»r away where the ram profile was determined. 

Centrifugal tensile strength 

The centrifugal tensile test is first mentioned in the literature by Haefeli 
(Dader el al., 1919) -nd is more fully described by de Quervain (1950). l he chief 
advantage of this test, in addition to its rapidity, in its ability to test very low 
density snow. In our apparatus (Fig. 9) the sample was pushed from a standard 
snow tube into a similar cylinder which is rotated about an axis normal to the axis 
of the cylinder. The sample is held in place by a two-pronged clip which reduces 
the cross sectional area of the center of the sample. The speed of rotation of the 
cylinder is then increased until the snow samples fails and the revolutions per 
minute at the time of failure are read from a calibrated ammeter. The failure 
strength of the sample is then determined by finding the force exerted on the cross 
sectional area of the failure surface and integrating over the half lengtu of the 
cylinder. For the dimensions of the cylinder used, this reduces to 
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<ri = 1. 166 X 10-* M N*

where vt is the failure strength (kg/cm*). M is the mass of the sample and N is 
the number of revolutions per minute at failure. A nomograph for determining 
values of is given in Bader et *

- ri
Figure 9. Centrifugal tensile tester.

SpSilSgSHSlgS
•omewhat higher than the n. of 0.56 which Ballard and McGaw (1965) 

obtained from the data of Butkovich fl956). This discrepancy is probabli par­
tially due to the range of porosities covered as this will affect the graphical 
appearance of the data.

Because of the obvious ••tail” in Figure 10 it was decided to fit the relation

I* ^n 1-T^l
TnH grained bubble-free ice with a random orientation
and n is the porosity. This relationship is a theoretical one suggested by Ballard
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and Feldt (1966). Bec¿auJ« unknown it waa obtained by least nquarea by re- 

gre.aing <rt on exp[- The predicted value was ¿7. 3 with a correlation of 

i*8n7' aTh‘! Í! Í2 r*?*r,k*ble “Rreement with the value of ¿8. 3 extraoolated bv 
Ballard and McGaw (1965) from Butkovich's rinn tensile data ^ 
ment would indicate that the Goose Lake data (Appendii D) could^el^be'used^!’ 
the low density continuation of Butkevich's data. a 

uresVo and Vi ’hOW” * 8imi*ar Plo‘ containinK at values for depth hoar. If Fig¬ 
ures 10 and I I are compared, it can be seen that the depth hoar has a lower a* 
of d* ÍhV3 KlVen P°ro,lly* This is quite reasonable inasmuch as the formation 

0n.'ÂÂ,pr.Vc.riîï:y *"OCÍ*''d *“h ' ‘»-..i.- *• ~L' 

....."«m u1’',“0"**0* "• va'u"wi,h ,h« ■‘"“i” 
factor oH « i Vi M?ntana Bnow appears consistently stronger by a 
factor of 2 to 3 ovei the results of Bucher (1948) and de Quervain il9501 it il 

h. prc.enl 1.,,, .h„w f„ I,,» ,„d a mJh ,im()|er 

than previous tests by the centrifugal method (see Bader, 1962, p. 36). V 

Shear strength 

AH hough the sliear box has been mentioned ir. the literature for a num¬ 
ber ofyeaiH fd7. g„er vain, 1950). itisonl> recently that any appreciable number of 

Tre nör^M ^ (Roci*- 1 q6S)- The shear box measurements 
mt ÍFiv m rui* P'*ra,lel “J »«ratification by cutting a "step" in the wall of a 
P»t (Fig. 12). This prevents failure occurring over an area wider than the area of 
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P, I 
Figure II. Tensile strength vs por¬ 
osity of depth hoar (Goose Lake, 1965). Figure 1¿, Schematic of shear box operation. 

ÍÍÚurh'*wr.^.d.Th.'tí'”.TK,.mi».°í T 'tr.' *PP,ied ,0 ,h' ^ *' 

However, at the higher porosities^^taihna off*tiDl^ke*»CUKVe íÍt,ÍnR ■“•P«*1* 
ion similar to that observed in lhe centriíuií.l^l.n.ilMeâí^* Th^' ind,C*,*d ,111 * ,»*h' 
proved be .boo. ,b. Ilmi.in, oV^ .-belÎ^r0*"' °' •“ 

<».pSoZcY:;;X itzr.'tâ r:rr^br de 
the shear strength. *** C* rÄt^er density dependence of 

il» V*r hive '“"""onlr been o.ed in deierminin, 
Cadling and Odenstad Í19501 R^r * The *eneral ‘«chnique is well described by 
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Figure 13. Sheer box shear strength vs por- 
osity (Goose Lake, 1965). Each data point 
represents the mean of at least 3 individual 

tests. 

Several different types of shear vanes were used on this project (Alford 
and Weeks, 1965). During the 1964 field season, the general dimensions of 
the vane were based on the design of Haefeli and Brandenberger (1964). Both 
3 X 3 cm (large) and 1 x 3 cm (small) vanes were used (Fig. 14a, b). The height 
of the vane was deliberately kept small to permit the sampling of thin homopene- 
ous snow layers. The vanes were inserted to known depths in the snowpacK using 
extension rods and kept at those depths during a given test by the use of a sliding 
ring equipped with a set screw which could be located at any point of the rod. 
This ring then rested on a flat aluminum plate which was set on the surface of the 
snow and through which the rod passed. The plate was used as the reference level 
during the tests. For convenience these vanes will be referred to as either the 
large or small EGIG shear vanes in this paper. 

During the 1965 and 1966 field seasons a larger shear vane (3x10 cm), simi¬ 
lar to those used in soils, was used (Fig. 14c). The vane was on the end of a 
short rod and was inserted horisontally into the walls of the snow pits. The use 
of pits allows one to avoid such disturbing influences as ice lenses and allows ac¬ 
curate depth determinations. This vane will be designated as the large shear vane. 

The reduction of shear vane data is treated theoretically by Cadling and Oden- 
stad and can be reduced to the following equation: 

Mmax a [(2 wr0h) r# ♦ 2(wr0* - wri*)(ri ♦ 2/3(r0 - rj))) (4) 

where Mm4Jt is the torsional moment at failure read from the maximum deflec¬ 
tion of the torque wrench, <rg is the failure shear strength, rt and r| are the 
outer and inner radii of the shear vane (see Fig. 14) and h is the height of the 
vane. In making these computations the effect of side friction is assumed to be 
negligible. The rotation rate of the vane, although not accurately controlled, is 
estimated to be roughly 90*/sec. There are undoubtedly considerable problems 
relating to the precise shape and constancy of the failure plane. Unfortunately no 
information was obtained on this problem because in these tests failure occurs 
some distance away from the free face. 
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able difference as it it our impression that in the low density snow encountered 
at Goose Lake in 1964, the shear vane would not remain in the predrilled hole. 

Next the results from comparable snow types using both the large and small 
shear vanes were compared. Figure 16 shows the relationship between strengths 
determined using the large and small vanes in fine grained dry snow. It is clear 
that on the average the large shear vane gives higher strengths than does the 
small shear vane. This is thought to be a reflection of the fact that the larger 
vane has a higher probability of encountering stronger layers as it samples a 
larger area at any given depth indicated on the extension rod. It is, therefore, 
very desirable to keep shear vane sites constant when making comparative studies 
on the strength of snow or any other inhomogeneous material. Figure 17 shows a 
similar plot for wet snow. The pronounced distinction between results obtained 
from different sized vanes disappears. The authors have no explanation for this 
change. 

Figure 18 is a plot of results obtained using the large and small vanes for 
both wet and dry "depth hoar." In this case there appears to be no apparent differ¬ 
ence in strength, even for the case of dry "depth hoar." The explanation for this 
presumably lies in the fact that depth hoar is relatively homogeneous. It is inter¬ 
esting to note the considerably lower strength values due to the lack of cohesion in 
the depth hoar layer. 

0 ¿I & ‘ ¿I ^ 05 
/T mat .nan i rn ap»* <7, .NOT MC-OMN.LCD. H*»' 

Figuréis. EGIG shear vane strengths: predrilled 
vs non-predrilled (Goose Lake, 1964). 
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Figure 16. EGIG «hear vane strengths: large 
vs small vane, fine grained ¡mow (Goose Lake, 

1964). 
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Figure 18. EGIG shear vane strengths; large 
vs small vane, depth hoar (Goose Lake, 1964). 
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4 
0.4 0« 

The reeults from the sampling grid were 
analyzed for a given level using a three-level 
random nested analysis of variance (AOV) 
model. 

Yijk = I1 4 ai ♦ Nj 4 cijk (5) 

where i = 1 . . I, J = 1 . . J, and k = 1 . . 
. . K. This model states that any shear 
strength observation <rB = Yjj^ is equal to an 
overall mean p plus the deviation of the i1*1 
location mean from overall mean, plus the 
deviation of the j1** operator mean from the lo¬ 
cation mean, plus the deviation of k1*1 replicate 
from the operator mean (Krumbein and Gray- 
bill, 1965). The analysis of variance table for 
this model is given in Table I. In our specific 
case 1 = 6, J - ¿ and K = 2. Because the stan¬ 
dard deviation was shown to be directly pro¬ 
portional to the mean we used a In transforma¬ 
tion on the data to stabilize the variance before 
the AOV calculations were made (Brownlee, 
1960, p. 114). The results of these calculations 
are presented in Table II. Here tfa1, »b* and 

represent the estimates of the variance com¬ 
ponents associated with differences between lo¬ 
cations, between operators, and between repli¬ 
cates respectively. Inasmuch as it is reason¬ 
able to assume that in this case the variance 
associated with replication is very small, the 
values of are thought to represent scatter 
produced by small scale lateral inhomogeneities 
in the snow itself. The fact that the maximum 
value of ac2 is found at a depth in the pack where 
a large number of thin ice lenses occur tends 
to support this conclusion. Although there is 
considerable variation in Table II, in most 

cases the hypotheses that da2 and 0¾1 equal zero are accepted. This indicates that 
the apparent variation between locations and between operations could (in the sense 
that the probability is greater than 1 in 20) be due to local scatter. 

Figure 19. Variance and mean 
of large EGIG shear strengths vs 
normalized depths (Goose Lake, 

1964). 

Figure 20. Mean large EGIG shear strength vs stan 
dard deviation of shear strength values (Goose Lake, 

1964). 
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Figure ¿1. Large EGIG shear vane strength 
vs porosity for dry, fine grained snow (Goose 

Lake, 1964). 

Figure Large EGIG shear vane strength 
vs porosity for wet snow (Goose Lake, 1964). 
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Figure ¿3. Large EGIG shear vane strength 
vs porosity for depth hoar (Goose Lake, 1964). 

While there is a trend of increasing shear strength with increasing ram number, 
the scatter precludes an explicit statement of this relation. Similar plots for wet 
snow showed an even greater scatter. In all cases the depth hoar appears to have 
a lower shear strength at any specified ram number. 

Large shear vanes: The experiments conducted with the EGIG shear 
vanes suggested that the scatter of data was primarily a function of inhomogeneities 
in the snowpack. In order to counteract these effects it was decided (1) to use an 
even larger shear vane which would, to some extent, average the strength values 
over a larger volume of snow and (2) to insert the vane horizontally into the pit 
wall making it possible to precisely locate the depth of sampling and make visual 
comparisons with the stratigraphic description. The possible errors resultina 
from this method of testing have already been discussed. This larger vane was 
used in the field seasons of 1965 and 1966 at Goose Lake and 1966 at Bridger Bowl. 
Us routine use throughout these periods has enabled us to amass quite an amount 
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The »hear strength« of the «now at Goose Lake in 1965 are plotted against 
porosity in Figure 25. The data show remarkably little scatter when the values 
for depth hoar are considered separately. This good relationship is thought to 
be in part due to improved measurement with the large shear vane and in part a 
testimony to the relative homogeneity of the snowpack that year. The range of 
porosities and strength* makes it possible to fit the data with the expression used 
earlier for the ten.'iie strength data (eq. 3). In this case ffj for shear is found to 
be equal to 4. 15 kg/cm2 when a least squares analysis is conducted. The correla¬ 
tion coefficient is 0.892. 

The data from Bridger Bowl (Fig. 26) show considerable scatter. However, 
as they represent only a very limited porosity and strength range this scatter is 
not surprising and in fact would be expected due to tne warm temperatures and ex¬ 
treme inhomogeneity of the snowpack that season. 

The correlation between ram hardness and shear strength for the 1965 season 
at Goose Lake is very good (Fig. 27). By least squares a - 0. 065 and ß - 0. 0038 
with r = 40.868. No physical significance can be attached to the value of the inter¬ 
cept as in all likelihood it should be zero; however, the curve was not forced 
through zero as we were not sure of the exact relationship. It is suspected that a 
relationship such as the one obtained could only be valid in a uniform snowpack. 
It should be noted that the Rammsonde measurement is not made at the same point 
in space as the shear vane measurement and consequently lateral variations in the 
snowpack affect the correlation. 

Figure 28 shows a pl^t of shear strengths obtained using the shear vane and 
shear strengths obtained using the shear box. The agreement is good indicating 
that the same parameter is being measured in each case. 
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Figure ¿6. Large shear vane strength vs por¬ 
osity (Bridger Bowl, 1966). 
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I

Figure 28. Large shear vane strength 
vs shear box strength (Goose Lake, 1965).

■C

Figure 29. Recording head of snow re- 
sistograph.

Resistograph shear strength
During the seasons of 1965 ind son<e comparative measurements of shear,

strength w»re t»k«n usin< the large shear vane i a snow resistograph. The .now 
resistograph, d« signed and developed by Dr. Charles C. Bradley of the Montana 
State University, is a blade on a long probe, which is first inserted in the snow, then 
drawn upwards through the snowpack at a constant rate. The resistance encountered 
by the blade is balanced by a spring in the handle and transmitted to a scribe which 
records on a paper roll (Fig. 29). The paper unwinds at a rate controlled by the 
rate of withdrawal of the probe. The instrument is more fully described by Bradley 
(1965).

The curve plotted by the instrument, called a "resistogram, " bears a strong 
resemblance to a ram profile. If the instrument is calibrated, the x axis can be 
read as strength and the y axis as depth. The instrument has been used to give a 
predictive index for avalanche hazard by determining the strength of the weakest 
layer. When this figure is compared with the load on this layer (determined by 
density measurements), the ratio of strength to load provides an indication of sta­
bility (Bradley and Bowles, 1966).

It was initially believed that the comparison of shear vane measurements to 
resistograph measurements should show a one to one correspondence; however, 
this does not appear to be the case. Figure 30 shows "shear" strengths measured
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both with the resistograph and with 
the large shear vane plotted as a 
function of depth for two locations. 
The ratio of the "strengths" measured 
by the two methods varies from 1:1 
to 10:1 with the res:*tograph always 
indicating the higher strength. It is 
not the difference in the absolute 
values of the strengths but the changes 
in the strength ratios which are dis¬ 
turbing in that they suggest that the 
resistograph strength is neither pro¬ 
portional to the shear strength or to 
the tensile strength (which is itself 
a linear function of the shear strength- 
see Figure 33). Therefore, it is 
doubtful whether the (strength/load) 
ratio as utilized by Bradley and 
Bowles (1966) actually is a measure 
of the true value of this parameter. 
This criticism, however, in no way 
affects the usefulness of the resisto¬ 
graph in rapidly locating discontinu¬ 
ities in shallow, low density snow- 
packs. Furthermore, it should be 
noted that the strength/load ratio 

apparently serves as a reasonably accurate predictive index. Figure 31 shows com¬ 
posite resistograms (averages of three profiles) taken at four different elevations 
on the west side of the Bridger Range. The presence of crusts and a weak basal 
depth hoar layer is particularly evident. 

Figure 30. Comparison of large shear vane 
strength with snow resistograph strength. 

Other results 

Figure 3¿ shows the change with time of both the large shear vane strength <rt 
and the centrifugal tensile strength <rt in a given snow layer. A general increase 
in the strength values with time is indicated. The fact that these are not smoother 
curves is probably the result of difficulty in precisely locating identical snow 
layers in the different pits and the natural lateral variability of a snow layer at any 
given date. These curves are similar to the results of Koch (1965) from Swiss 
snows. 

Figure 33 presents a comparison of shear vane measurements and centrifugal 
tensile strengths from identical snows. In general the tensile values appear to be 
roughly 10 times the shear values. Similar results have been obtained by Roch 
(1966) using a shear box. Butkovich, however, obtained comparable shear and ten¬ 
sile strengths for high density snow. 

Figure 34 presents the observed change in the value oí log,0 (CN) vs porosity 
where CN is the hardness of the snow (g/cm*) determined with a Canadian hardness 
gauge. The changes are quite systematic and within the range of the data may be 
approximated by the straight line log,0 (CN) = 6.95 - 5.88 n with a correlation 
coefficient of -0.903. 
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CONCLUSIONS 

We feel that the resulta presented in this paper are quite encouraging in that 
they demo..strate that the mechanical properties of low density snow can be in¬ 
vestigated in the field using simple portable tests. The results show simple 
systematic relations with appreciably less scatter than would be anticipated from 
surveying the literature. Several excellent correlations are established between 
the results of different types of tests which should facilitate the rapid character¬ 
ization of a given snowpack. It should be stressed that the systematic relations 
shown in this paper invariably become obscured when different "types" of snow 
are indiscriminantly grouped together. This points to the need for a more thor¬ 
ough study of the structural properties of low density snow and for an independent 
means of determining the degree of bonding in a snowpack. Only when such a 
technique is available will it be possible to adequately separate the different de¬ 
grees of constructive metamorphism and incorporate the important process of 
depth hoar formation into an overall strength theory. The need for continued 
field studies using carefully controlled conditions is obvious. 

Figure 31. Areal variation of snow resistograms 
(Bridger Bowl, 1966). 
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ablation stakesRi ïîlï strength measurements at adliAiion STAKES (15-18 May 1964. GOOSE LAKE) 

V. JSSttÜ. ,Uk' followed by 
interlace divided by the touTthicknee. ol the'^aîk'.'' "’'**"red íro,n fo« anow-air 

.05 .1¿8 .153 
• 1 .051 .051 
•2 .¿15 .230 
•3 .184 .184 
• 4 . 552 . 246 
• 5 . 522 .491 
•6 .215 .368 
•7 .064 .123 
•8 .179 .064 
•9 .077 .077 
.95 .179 .051 

.077 

.179 

.246 
1.228 
1.074 

. 184 

.921 

.307 

. 179 

.051 

.179 

.217 

.051 

.767 

.307 

.737 

.153 

.522 

.064 

.038 

.077 

.153 

.153 

.051 

.153 

.215 

.307 

.491 

. 123 

.077 

.064 

.038 

.001 

.056 

. 128 

.133 

.600 

.614 

.400 

. 184 

.092 

.061 

.060 

.051 

. 128 

.090 

.051 

.614 

. 368 
. 184 
.061 
.205 
.054 
.077 
.217 

.230 

. 179 

.767 

. 184 

. 368 

. 123 

.460 

. 123 

.051 

.077 
. 192 

. 153 

. 153 

.077 
1.258 
1.074 
.614 
.246 
. 338 
.217 
. 152 
.090 

.077 
. 179 
.256 
. 184 

1. 535 
.307 
. 368 
.737 
. 184 
. 102 
. 179 

.077 

.230 

.179 

. 338 
1. 368 
.491 
.614 
.491 
.090 
.217 
. 102 
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APPENDIX C: EGIG SHEAR VANE STRENGTH MEASUREMENTS AT 
ABLATION STAKES (15-1S May 1964. GOOSE LAKE) 

Notation: gee Appendix A. Ablation stake number given first followed by 
vane sice; Zfj, the sample position in the snow pack measured from the snow*air 
interface divided by the total thickness of the pack. 

ZN IS ¿S 3S 4S 5S 6S 7S 8S 9S 12S 13S 
.05 
.1 
.2 
.3 
.4 
. 5 
.6 
.7 
.8 
.9 
.95 

.128 .153 

.051 .051 

.215 .230 

.184 .184 

.552 .246 

.522 .491 

.215 .368 

.064 .123 

.179 .064 

.077 .077 

.179 .051 

.077 .217 

.179 .051 

.246 .767 
1.228 .307 
1.074 .737 
.184 .153 
.921 .522 
.307 .064 
.179 .038 
.051 .077 
.179 .153 

.153 .056 

.051 .128 

.153 .133 

.215 .600 

.307 .614 

.491 .400 

.123 .184 

.077 .092 

.064 .061 

.038 .060 

.001 .051 

. 128 

.090 

.051 

.614 

.368 

. 184 

.061 

.205 

.054 

.077 

.217 

.230 .153 . 

.179 .153 . 

.767 .077 . 

.184 1.258 . 

. 368 1.074 1. 

.123 .614 . 

.460 .246 . 

.123 .338 . 

.051 .217 . 

.077 .152 . 

.192 .090 . 

077 .077 
179 .230 
256 .179 
184 .338 
535 1.368 
307 .491 
368 . 614 
737 .491 
184 .090 
102 .217 
179 .102 
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