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In situ strength tests previously applied to metamol'phosed 
snow were modified to measure the mechanical properties of newly 
falZ.en snow during storms . A large drop cone penetrometer~ pro­
tec ted from the wind by an aluminum shell~ was used to determine 
snow IIhardness ." A lightweight model. of the Haefeli ram pene­
trometer measured "Ram Nwnbers .1I Shear str engths were obtained 
from z.arge~ lightweight frames . Some preliminary tes ts were 
made with a shear vane driven by a tor que wl'ench . A new tech­
nique was devised for measuring tensile strength : a cantilever 
beam of snow is undercut until it fails under its own weight . 

In many regions affected. by avalanches, the 
most dangerous conditions ari se during storms. This 

is partially due to the structural instability of the 
newly fallen snow ILaChapelle 1967). Mechanical 
characteri sti cs of fresh snow pertinent to avalanche 

formation must be measured during and immediately 
after storms. 

Becau se of their fragility, samples of newly 
fallen or weakly metamorphosed snow usually are 
disturbed in transit despite careful handling . Th e 

alt ernative is to test th e ·snow in situ . Although 
the literature contains many references 10 in situ 

testing of metamorphosed snow, repo rls confined to 
such measurements of new ly fall en snow are scarce. 

Roch 11966) performed systematic in situ tests on 
alpine snow profiles. His techniques were designed 

10 test snow in variou s stages of m etamorphi sm; 
consequently, hi s fresh snow measurements did not 

di scriminat e among the many possible varieties of 

lResearch reported here was financed 
thr ollgh a cooperative agreement between the 
Ilasatch National FOl~est , Salt Lake City , Utah , 
and the Rocky Mountain Forest and Range Exp . 
Sta. , Fort Collins , Colo. The drop cone and 
lightweight ram penetrometers wer e designed by 
E. R. LaChapelle , rlasatch National Forest . 

2Avalanche HazQ1~d FOl~ecaster, USDA Forest 
Serv ., Alta Avalanche Study Center, Alta via 
Sandy , Utah . 
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newly fallen snow. Keeler and Weeks 11968) ex­

plored the con si stency of vari ous in situ test 
schemes. like Roch, however, they were primarily 

interested in the entire profile of the alpine snow­
pack. 'Martinelli 3 m easured the properties of 

freshly deposited snow in the starting zone of 
several avalanches, and sugge sted several of the 
modificatio ns reported in thi s' N ote. 

Many difficulties are encountered in setting up 
con sistent experiments on fresh snow. An impor­

lant problem is Ihe structure and property vari­

ation in th e Z direction Ifig. I) which necessitates 
sampling the entire profile of newly fallen snow 
at cl osely spaced intervals. For most tests, a prac­

ti cal interval i s 5 em. The problem of variation 

in the X and Y directions can be minimized by the 

cho ice of a suitabl e study area, fr ee from wind 

and precipitation anomalie s. Becau se of rapid m eta­
morphism, m easurements must be taken at 8-hour 

interval s during the sto rm period. Finally, the tests 

mu st be performabl e during blizzard conditions, and 
must cov er a strength range of at least two orders 

of magnitude. 

3Martinelli , M., J l' . The physical and 
mechanical properties of fr eshly deposited 
snow in alpine area. (In preparation for publi­
cation, Rocky Mountain Forest and Range Exp . 
Sta., USDA For est Ser v ., Fort Collins , Colo . ) 
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Thi s report summarizes the development of four 
in situ tests which overcome th e above difficulties. 

Th e drop cone penetrometer, the ra m penetrom eter, 
and th e shea r frame are modified versions of de­

vices previously applied to metamorphosed snow. 

A ca ntil eve r test is introduced for measuri ng tensile 
slre nglh . 

Drop Cone Penetrometer 

Drop cone penetrometers have prov id ed se lf­
consistent values for hardness of snow. Takaha shi 
and Kudo /1941) performed drop cone experimenls 
on snow in Ih e densily range of 250 10 420 
kgm-'. Th eir dolo led to th e foll owing relali a nship, 

U = mgH = qrf' 

where U = e nergy of impacl 
m = moss of the drop cone 
9 = acceleration due to gravity 

H = dislance of fa ll (f ig . I) 
D = deplh of penelralia n (fig. I ) 

[lJ 

q and p are constants related to th e snow 

structure. 
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They defined hardness of Ih e snow, p. as simpl y, 

p _ U 
- Volume of depression [ 2 J 

Inaho (194 1) applied Ih e drop cone 10 a va ri ety 
of snow types. In his experim ents, p ranged from 
1.6 10 5.2. Th is showed Ih e limitalion of Ih e hard· 
ness definition gi ve n by equation [2J. which assumes 

p = 3. Other drop cone experiment s hove qeen 
repOrled (Bader e l 01. 1951, Yosida e l 01. 1957, 
Anisimov 1958). Drop cone hardness of cloy has 
been re la led 10 shear stre nglh (Hansbo 1957). 

AI Ih e Alia Avalanche Siudy Cen ler, a drop 
cone penelromeler (Iable I) was developed for 
les ting freshly fall en snow. li s opera li on (fig. 2) 
is as foll ows: th e instrument rests on the snow, 

supporled by ils fl a nge in a level posilion. The 
cone assembly is held up by Ihe clomp. The opera· 
tor looks through th e obse rva tion window, loosens 

th e clamp. genll y lowers Ih e cone assembly unlil 
it touches the snow, and notes the m eter st ick read­
ing l ,. Th e cone assembl y is Ih en lilled 10 on 
initial reading on Ih e meier sli ck (l,). re leased and 
allowed 10 fall, penelrale the snow, and come 10 

rest at position Z2' 



Table 1 . --Res u1 ts of drop co ne penetrome t er exper iment conducted 
at the Al ta Ava l anche Study Center , spr i ng , 1967 

Time Number Dens i ty 
Co nst ant s re lated Hard ness 

Date of of to snow structure number 
day samp1 es (p) 

q I p (P) I 

kg m-3 

February 26 1300 10 100 20.54 3.75 26 

March 14 1500 25 120 .1 4 4.40 9 

March 15 11 00 10 180 1. 18 3. 70 11 

March 16 1500 11 310 .38 4.40 24 

March 19 0800 17 120 . 30 3.89 5 

Marc h 19 1500 25 11 0 1. 91 3.36 7 

March 29 1500 20 170 2. 56 3. 40 10 

March 30 11 00 15 100 .75 3.52 4 

March 30 1700 28 210 334 .80 2.56 20 

Apr i 1 1500 15 70 1. 23 3.40 5 

Apr il 13 11 00 20 210 .33 4.42 22 

May 6 1700 20 390 .55 4.30 26 

May 11 1500 15 11 0 1. 57 3. 26 5 

May 13 1700 10 100 . 27 3.84 4 

lp based on L = 15 cm . 
2A1 1 va l ues in this co lumn are to be mul tip l ied by 10-'. 
3Ice crust on t he surface . 

The d is ta nce of fa ll and dep th of pene tra tio n 
are, respect ively 

H ~ Z2 - Zl 

D ~ Z2 - Zl' 

U ca n be increased by decreasi ng z, (that is, ra isi ng 

th e co ne a ssembly) o r by add ing weights to th e 
co ne assembl y. 

With previous drop co ne models, the diameter 
of th e cone impression had to be measured. Th is 
was a tim e-consuming operat ion, and restricted the 
experimenters to two or three drops per deter­
mination of U. Usi ng the procedu re described 
a bove. th e operato r can make quick ly 5 to 10 drops 
for each determina ti on . Th e a luminum frame pro­
vides ample protection from th e wind during bliz­
zard conditions. 
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Prov ision was made for usi n9 120 0
, 90 0

, 60°, 
and 45° cones. Aft er comparative studies 60° cones, 
with bose d iameters IS, 25, and 40 cm, we re se­
lected as most su itable. Though 120· a nd 90· cones 
gave consiste nt resu lts, the base diameter of these 
cones wou ld have to be large to a llow fo r deep 
slob penetra tion. Th e 45· cone was d isq ua lifi ed 
because of a peculi ar inconsistency; ce rtain snow 
types wou ld fracture around the impact point of 
this narrow-ang le co ne. 

On a log-log d iagram. U is approximated 10 be 
a linear function of D (fig. 3); in most cases this is 
an exce ll ent approximation. From th e log-log diag ram 
it is possible to determin e th e p and q of equa tion 
[ I ]. 

Because pe netration is a complex process, it is 
difficu lt to uncover intri nsic val ues of streng th or 
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resist ive pressure from equati o n [I ]. Mellor (1964) 
summarizes some of th e power relationships that 
have been used, and Kinosita (1967), making a 
di stincti on betwee n brittl e and plastic failure, report s 
power relati onships for th e fo rce whi ch resists th e 

intru sion of a cone. In newly fall en snow, it is 
useful to derive power relationships for resistive 
pressure directly from equation [ I ] by lumping all 
of th e m echa ni sms that resist penetration into a 

single co nserv ati ve force, 

F = - 'Vu 

Th en, from equation [ I ] 

_o-1 
F ~ P qV" 

[3] 
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dF ~ q (p-1) P oP-2 dD 

For a 60° cone, an incremen tal band of area is 

[ 4 ] 

The resistive pressure, P, is 

[5] 



Finall y, the "Hardn ess Number," P, of a layer is 
defined as an average of th e resistive pressure 

tak en over the thick ness of th e layer, L 

L 
P = ~ /' P dD = £!L P Ip-J) L p- 3 

V, 4. Ip- 2) 
[6] 

Clearly, the thicker th e layer, the more resistance 
it offers to conical penetration. For comparison 
of snow types, al l va lue s of P should be based on 
th e sam e va lue of L. 

Ram Pen etrometer 

A ram penetrometer for measuring th e relative 
mechanica l strength of snow was design ed by Ha e­

fel i (1939). Each w inter this instrument is used in 
many alpine reg ions to determin e th e strength 
changes of the snow profil e in relation to th e ava­
lanche hazard. Correlations have been establi shed 
between thi s well-known instrument and intrinsic 

snow properties (Keeler and Weeks 1968). 
The Haefeli penetrometer is too heavy (about 

1 kg per sed ion) to be used on newly fall en snow. 
O n a suggesti on by M. M artinelli, a lightweight 
ram was desig ned at Alta (f ig. 4) and appl ied to 
newly fall en snow during th e season 1967-68. 

Haefeli (1939) recomm ended a "Ram Number" 

defined by 

Rh r'1 = d + R + Q [7] 

where R = mass of dri v ing hammer (kg) 
h = height of fall of driving hammer (cm) 

(f ig. I ) 
d = depth of penetration (cm) (fig . I) 
Q = mass of penetrometer, not including 

hammer (kg) 
W,= Ram Number (kg) 

Equ ation [7] is based on a coefficient of resti ­
tution, ." = I. Ha efeli demonstrat ed that a ram 

number,Wl'j could be derived in term s ofa general 1) 

(
i 11 + n2) + 2) r, = 2 r, 

n h 1 
d + 2 

[8] 

He chase equation [7], howeve r, partially because 
of its simplici ty and partially because he f elt ~ wou ld 
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have a hi'gh val ue because of the low ra tio of 

strain energy of the penetrometer to total impact 
energy. Thi s last argu m ent was no t clear, and 
Waterhouse (1966) d iscussed a correded farm of 
equat ion [7] which in p rincipl e is equation [8]. 

Based on data com pil ed by Che lli s (1961), a 
reasonable value of ~ for th e Alta Ram is ~ = 0.5. 
The equa tion [8] becomes 

(

0 . 63 !!. + 2) r, = d ·r, 
n h 1 

J + 2 

[9 ] 



Whe n Ih e Alta Ram is a pp lied 10 a mode ra le ly 
slrong layer of newly fa ll en snow, hid may be 10 
o r la rge r and, fro m eq ua lio n [9]. 

Thus, the correct ions are importa nt and equation 

[9J shoul d be used when a consislenl compa rison 
is des ired be lween Ih e Ra m and olh er Ie sis. 

O lson and Fl aa le (1967) sum ma rized var ious 
fo rmu las Ihal cou ld possib ly rep lace equalio n [9J 
and a void Ih e use of q . On Ih e olher ha nd, equa­
tion [9] is in convenient form for correcting W" 
the Ram Number used in most prev ious studi es. 

In contras t to metamorphosed snows which typi­
cal ly have Ram Num bers of Ihe o rder of 10 ' 10 

10' kg, Ih e Ra m Numbers of newly fa ll e n snows 
a re of Ih e orde r of 10-' 10 10' kg. 

The main advantage of th e Ram is it s ease 

and speed of use. A 3-meler-lh ick layer of newly 
fall en snow ca n be tested in abou t 2 minu tes. 

Olhe r lesls which depend o n digg ing snowpi ls and 
slicing out samples ore far more time consum ing. 

From some pr eliminary experi ment s, the Alta 
Ra m app ea rs suit abl e for str ength tests a t th e fra c­

tu re zo ne of ava lanche slopes during periods of 

soft slab formal ion. 
Unforlunale ly, Ihe Ra m Numbe r is re la led 10 

the complex mechanism of penetration ra th er than 
di rect shear or tensile strength. Di ffi cu lti es ca n be 

expected when a tt empts are made to cor relate th e 

Ram Number w ith intrin sic snow properti es desp it e 
th e ca reful se lect ion of a relationshi p such as equ a­

lio n [9]. 

Sh ear Frame 

The Alia Shear Frame (fi g. 50) is a modi fica lion 
of a shea ring appa ratus int roduced by Roch 

(de Q ue rva in 1950). Since slr e ng lh of new snow 
varies Widely, two separate frames are necessary. 
Both frames have the same dimensions; but one 

fram e is fabrica ted from very thin gage aluminum 
(aboul 0.75 mm ) so Ihal il is easily supporled by 
weak, low-density snow; th e second frame is fabri­

ca led from Ihicker a lumin um (a bou l 1.5 mm ) a nd 
ca n be used on stronger snows. A low-ra nge sp ring 

sca le (0 - IO N) is used 10 pull Ih e li ghl fra me; 
a hig he r range scale (0 - 100 N) is used o n Ihe 
heavier frame. Th e scales a re equipped with mem-
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ory attachments. Readings are tak en a t 5 cm 

intervals in the wall of a snowpit. 
Roch (1966) reporled consislen l measureme nl s 

with a ra te of loading tha i induced fail ure between 

I and 2 seconds a ft er Ihe inili a l appl ica lion of Ih e 
force. This ro le is facilila led by a rap id bu l smoolh 
pu ll a n Ih e spring sca le. All o f Ih e lesls repo rl ed 
in Ihi s pape r presume brittl e-Iype fail ure which 
can be achieved by th e rapid app lica ti on of stress 

(Kinosi la 1967). 



Table 2.--Comparison of shear frame strength (T) and beam number 
(8) for ne¥!ly fallen snow, Alta Avalanche Study Center, 1968 

Depth Snow Shear 
(z) density Maxlmum 

in em (p) 
fme 

kg m-3 N 

37-32 103 6.9 

31-26 130 14.7 

25-20 133 19.6 

19-14 146 34.3 

13-8 165 40.2 

7-2 225 51.0 

The shear strength of the snow, T, is maximum 

force F divided by area of frame, which for the 
Alto unit is 

(10] 

Some typical values of shear strength calculated 
according to equation [IOJ are shown in table 2. 

Roch (1966) determined theCoulomb-Mohrenve­
lopes of his samples by placing various weights 
on a glass plate. He verified Haefeli's prediction 

with respect to fresh snow, that a small normal 
load on the shear frame tends to break the dendri­
tic branches and cause a sl ight reduction in strength 
(Haefel i 1939). Roch also observed an increase in 
strength with an increase in normal loading, but 

he judged that the increased loading caused the 
fresh snow to densify by successive failures, which 

resulted in a maior alteration in the structure of 
the original test specimen. It is anticipated that 

Roch's technique of normal loading can be applied 
to freshly fallen snow; further investigations are 

planned. 
Closely related to the shear frame is the shear 

vane (fig. 5b). The moment, M, applied by the 
torque wrench at the instant of failure is balanced 

by the shear strength, T , according to 

M ~ 2 (11] 

o 0 

frame Cantil ever beam 

Shear Beam Beam 
st(~)9th l(~Jth n(~~er 
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N m-2 cm N m- 2 

138 8 389 

294 11 925 

392 14 1530 

696 21 3840 

804 24 5520 

1020 

Suggested dimensions for use on newly fallen snow 

are .t 1= 5 cm and l2 = 10 cm. Because a snowpit 

is n~t required for its operation, the shear vane 
is a faster test than the shear frame. 

Cantilever Beam 

T ensile strength of alpine snow has heretofore 

been determined by a centrifugal test (fig. 6) 
(de Quervain 1950), and calculated from 

1 t V2 
O= s f r- dm 

o 

where (1' = tensile strength 

S = cross section area of cylinder 
2.t= length of cylinder 

dm = mass of infinitesimal disc 

[12] 

r = distance of disc from axis of rotation 

v = linear speed of disc at failure 
This test appears to be reliable and may offer a 

true indication of the actual tensile strengths of 
small cylindrical samples. Unfortunately, cylindri ­
cal samples of newly fallen snow are not easily 

collected; an alternative for measuring tensile 
strength is needed. 

The following in situ test has been developed, 
A snowpit is excavated, according to figure 7a. 
A flat aluminum plate, graduated in centimeters, 
is inserted into the pit wall (fig . 7b), and then with-



drawn quickly with a downward pressure. These 
two steps are repeated, with a deeper insertion 
of the plate each time, un til the cantil ever beam 
fail s (f ig. 7c). Af ter removi ng the I or 2 ce nti­
meters of snow which were compressed by the 
downward pressure of the plate, th e sequence ca n 
be repeated for the next 5 cm int erva l and so on 
down through the snow profile. 

This test mu st be accompanied by a density 
profil e taken at abou t 5 cm interval s. For newly 
fall en snow, it is most conve nient to collect density 
samples in cy lindrica l cans (1,000 cm3 in volume 
or about5 cm high and 8 cm in radiu s). 

In situ beam tests have been applied 10 investi­
gate the f1exurol properties of fresh ice and sea 
ice (Tabata et 01. 1967). but a search of th e litera­
ture has not revealed any previous application 
of beam testing to low-density snow. The preci se 
interpretation of snow beam data in term s of tensil e 
strength is an open question . 

A reasonable approximation4 to the tensile 
str eng th •• susta ined by the top fiber of th e beam. 

may be 

o = Mo 
I [ 13) 

4Persona~ oorrespondence with Zyungo Yo­
sida" Inst . Low 7'emp . Sci . , Hokkaido Univ ., 
Sapporo , Japan . 
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where M = the moment of the beam 
c = the di stance from . the neutral axis to 

the top fi ber 
= th e cross-sectional moment of inerti a 

of the beam 
For a be,am of length X. thickness L. and density 
p. equation [ 13] becomes 

o = (14) 



Equation [ 14] is based on th e symmetric stress dis­

tribution shown in fi gure 80. For oth er stre ss dis­

tributions, such as th e unsymmetric case shown 
in figure 8b, u is still of th e orde r of 9PA'fL. Foll ow­
ing the analogy of th e "Ram Number," a "Beam 
Number" (B) can be defined as 

B = ~ IN m-2) 
L 

[ 15 ] 

Va lu es of B are shown in table 2. It is expected 
that 8 ca n be re lated to th e tensile strength per­
haps as suggested by the above study, si mpl y 

a = k B [16] 

where k makes a n adjustment appropriate to the 
stress di stribution of the beam. 

Th e foregoi ng ana ly sis presupposes tensil e 
failure. Obse rva ti ons of th e beam fractur e patterns 

(fig . 9) do not ve rify that this is necessarily the 
case. In consid era ti on of th e possible role th at 

shear failure plays, it is preferable to assert 

a ~ k B [17] 

Three seq uen tial profiles of newly fall en snow are 

shown in figure 10. For each layer, the "Ram 
Number" i s plotted as a solid line and th e "Beam 
Number" as a dashed line. Th e first profil e (a) 
was taken at the beg inn ing of the storm, 1700 
hours, Feb ru ary 12, 1968; (b) was taken at 0900, 
February 13, 1968; and (c) at 1600 February 

13, 1968. 

In tabl e 2, a compari son of '(" and B indicates 
that newly fall en snow is consid erab ly st ronger 

in tension than in shear. It is of interest that Kee ler 
and Weeks (1967) show 10: I for th e ratio of ten­
sil e to shear streng th, whil e Roch (1966) shows up 
to 8: I . These high ratios a re not eas il y reconci led 

with the standard theo ry of streng th of material s 
whi ch predicts 

~<2 
t -

[18] 

Martin elli 5 has also obtained relativ ely high 
ratios for tensil e to shear strength, but feels thai 

th ese ra ti os reflect th e peculiarities of the tests 
rath er than th e intrinsic strength s of th e snow. In 
fact, Sommerfeld 6 associates th e report ed high 

ratios with th e stress conce ntration s that ar e intro­

duced by vanes in th e shear-testing devices a nd the 
lack of th e sam e in th e tensil e tests. 

Th e distribution of B w ith density is show n on a 
semi- log diagram (fig. II ). Furth er investigati ons 
will be needed to determine if th e order of mag· 
nitud e varia tio n in B at all densiti es is a rea l vari­

ation in tensil e strengt h as opposed to a peculiarity 

of th e can til eve r test. 

SSee footnote 3 ~ p . 1 . 
6Personal communication with R. A. Sommer­

feld~Rocky Mountain Forest and Range Exp . Sta ' J 

Fort Collins J Colo . 
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Conclusions 

Preliminary studies at Alto have demonstrat ed 
that mechanica l properti es of newly fa ll en snow 
ca n be determ ined by a variety of simpl e in situ 
tests, most of which are well known and ore 0 1 

least self consistent. Th ese tes ts ca n all be per­
formed du ring th e most SEW ere alpin e wea th er. 
Future experim ent s are needed to establi sh th e 
mutu al co nsistency of th ese tests, as well as their 
relationship 10 th e intrin sic properti es of th e snow. 

Genera ll y speaking, penetration experim ent s are 
easy to perform but difficult to interp ret. From 
drop co ne data, the " Hardness Number" ca n be 

calcu lated, as 

p ~ ~ p (p- 1! L p- 3 
4, (p- 2! 

[ 6J 

and co rrect ed "Ram Numbers" can be obtained from 

(

0 . 63 ~ + 2) 
r, ~ h r'l 
n _ + 2 

d 

[ 9J 

It may be possibl e to relate th ese numbers th ea-

-10-

retica lly or experimentall y to shear and tensil e 
st reng ths. 

Shear and tensil e experim ents, a lthough more 
difficu lt to perform, are f easi bl e if th e apparatus 
is made light and larg e in compari son to th e similar 
apparatus used on metamorphosed snow. Fu rth er 
developm ent of th e shear fram e test is needed to 
de termin e th e Cou lomb-Mohr behav io r of newly 
fa ll en snow. 

Th e cantilever tes t, desp it e probl ems of int er­
pretati on, gives an indication of th e tensil e strength 
in term s of a "Beam Number" 

[ 15J 

Th e high ratio of tensil e to shear strength repo rted 
here and in prev ious studi es should receive more 
att ention. It may be possibl e to eith er discover 
th e mechanism in th e crysta l structu re which permits 
th is high ra tio, o r alternati vely show th at pecu liar­
iti es in th e tests are responsible for thi s un expected 
behavior. 

Wh en relati onships betwee n th ese tests ore estob­
li shed, th e more expedi ent tests ca n be conducted 
at th e fracture zone of ava lanche path s. 

F.i.gWle 9 . --
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