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THE GROWTH OF BONDS AND THE INCREASE OF 
MECHANICAL STRENGTH IN A DRY SEASONAL 

SNOW-PACK 

By CHARLES M. KEELER 

(U .S. Army Cold R egions R esearch and Engineering Laboratory, 
Hanover, New Hampshire 03755, U.S.A. ) 

ABSTRACT. Simultaneous m easurements were made of both the strength a nd structural p roperti es of a 
d ry, seasona l snow-pack. T he d ensities of the snow studied ra nged from J 26 to 407 kg m- 3. T he mechanical 
strength of this snow as determined by in situ shea r- wave test a nd a centrifuga l tensile tes t increases exponen
tiall y with the increase in size of intergranula r sands. Bonding increase at a ra te substantially grea ter tha n 
that predicted by the classica l sintering equa tions. It is suggested that this is due to the wide variety of 
stresses present in snow with these relatively low d ensities . 

R ESUME. La croissance de liens et I' augmentation de la resistance mecanique dans une couche saisonniere seche. D es 
m esures simulta nees furent effectuees a la fois des proprietes d e resista nce e t de structure d 'une couche de 
neige saisonniere seche. Les densites d e la neige etudiees e taient comprises entre J 26 et 407 kg m- J. La 
resistance mecanique d e cette neige determinee par test d 'onde de cisaillement e t un tes t de tension centrifuge, 
crait d 'une maniere exponentielle avec l'augmentation de la tai ll e d es li asons intergranulaires. Les li ens 
d e cohesions a ugmentent d 'une quantite superieure a celle prevue pa r les equa tions classiques de tassement. 
11 es t suggere que eel a est du a la la rge varie te d e contra intes d e rel a ti vites presentes dans la neige a fa ibles 
densites . 

ZUSAMMENFASSUNG. D as Wachstlllll von B rucken und die Zwwhme der mechanischen Festigkeit in einer trockenell 
jahreszeitlichen ScllIleedecke. Es wurden gleichzeitige M essungen d er Festigkeit und del' strukturellen Eigen
scha ften in einer trackenen, j ahreszeitlichen Schncedecke durchgefuhrt. Die Dichte des untersuch ten 
Schnees reichte von J 26 bis 407 kg m- 3. Die mechan ische Fes tigkeit d ieses Schnees, die durch ein e Scher
wellenuntersuchung in situ und d urch eine zentrifuga le Deh nungsuntersuchu ng bestimmt wurde, wachst 
exponentiell mit der G rossenzunahme del' Brucken zwischen den Kornern. Die Bindung nimmt mil einer 
Geschwindigkeit zu, die deutlich grosser is! a ls die durch die klassischen Sinterungsgleichungen vora usgesagte. 
Es wird vermutet, dass dies auf die grosse Variationsbreite d el' in Schnce mit so relativ geringer Dichte 
vorhandenen Span nungen zurli ckzuflihren ist. 

INTRODUCTION 

T he rate of change in mechanical strength of a snow cover is a parameter of considerable 
usefulness in glaciological engineering. Intui tively we all recognize that it is a funct ion of the 
rate of bond growth between individual ice grains which, with their complementary pore 
spaces, comprise a snow-pack. Unfortunately, the extreme fragility and thermal instability 
of low density seasonal snow makes the study of bonding extremely difficul t. 

Studies of the nature of the intergranular bond in snow have been conducted in a labora
tory environment (Hobbs and Mason, J 964) and both field and laboratory studies have 
investigated the strength changes in snow (R amseier and Sander, 1966; R amseier and 
K eeler, (966) . This paper describes simul taneous measurem ent on both strength and bond
ing in a natural, dry, seasonal snow cover, made during the winter of 1966 at Alta, Utah . 

FIELD METHODS 

Strength properties 
Brittle fracture stress was measured using shear boxes, shear vanes and a centrifugal 

tensile apparatus, all of which are full y described in K eeler a nd Weeks (1968). Whether or not 
brittle behavior is a correct assumption in all cases is conjectural , b ut in any even t the 
measured values provide sui table indices for correlation with other snow properties. The effect 
of temperature has not been considered in the analysis of these data . I t is recognized that thi s 
is a fundamental weakness of this study, however, in a fi eld situation , temperature va riations 
are not systematic. In any case, the range of temperatures encountered were rather limited , 
being between - SCC and - rooC. 
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Figure I is a plot of shear-vane failure stress versus porosity and density. The open circles 
rep resent da ta ob tained from a snow with high densities bu t low cohesion. These data typify 
the depth-hoar layers of these snow-packs which, from the standpoint of snow-slope stability, 
represent very important exceptions to most strength- density relationships. The labora tory 
d a ta is from direct shear tests conducted by Ba llard and others (1965) . U nfortunately, these 
were the only two points in the appropriate density range. 

The da ta were fit ted by a n expression derived theoretica ll y by Balla rd a nd Feld t (1966) : 

ar = aj exp [ - 2n!( 1 - n)] (I) 
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Fig. 1 . Shear-vane shear strength (Nm-') versus porosity. Only da ta labeled Alta I967 (closed dots ) has been included in the 
regression analysis. 

where a r is the failure strength of the sample, ai is the strength (for the same test procedure) 
of bubble-free polycrystalline ice with a random crystallographic orientation, and n is the 
porosity. The value of a j is unknown and obtained by regressing a r on exp [ -2n! ( I - n)]. In 
this case ai = 3 .42 X 105 N m- 2 with a correla tion coefficient of 0 .8 3. This value of a i is 
a pproximately 20 % less than the a i of 4-05 X 105 N m- 2 obtained by K eeler and Weeks 
(1968) for data from Goose La ke, Montana. Considering the scatter in both sets of data this is 
considered to be in reasonably close agreement. 

Cen trifugal tensile tes t data were fitted with the same expression yielding a value for ai of 
22. 14 X 105 N m- 2 with a correlation coeffi cient of 0.86. By way of comparison a i for tension 
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using the Goose Lake data was '27. 3 X 105 m - 2 (K eeler and W eeks, 1968) . The fact tha t the 
tensile strength of these snows should exceed their shear strength has been reported on before 
(Roch, 1966) bu t has not as yet been explained . It is likely tha t the methods of testing may 
be in part responsible, however, the persistence of the difference suggests that it is worth 
fu r ther study. 

o I mm 
~ 

Fig. 2. Sample microphotographs of Alta snow thin sections. D epths within the snow-pack are: a: slt/Jace, b: 501llm, c : J 501llm, 
d: 300 mm, e: 400 mm. JVO quantitative data were extracted from a or b. 
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Structural properties 
Intergranular bonding in snow samples taken in close proximity to the location of the 

strength m easurements (presumably from snow of similar density, age, etc. ) was studied in 
thin sections prepared using the aniline technique. For this purpose a small walk-in freezer was 
used. Measurements were made on microphotographs similar to those shown in Figure 2. 

The absolute accuracy of linear measurements made on such photogra phs is limited by a 
number of factors . First, when very porous, poorly cohesive snow is impregnated with aniline, 
the forces created by the movement of the liquid through the snow tend to destroy whatever 
tenuous bonding exists. Second, it is very difficult, if not impossible, to section a sample 
consisting largely of voids and irregularly shaped grains lying in various planes in such a 
manner that the section yields accurate values of grain dimensions. The problem is complex 
enough for aggregates of randomly packed unbonded spherical particles (Krumbein a nd 
Pettijohn, 1938). As proof of proba ble errors is the fact that "two-dimensional" densities 
determined by point count on the photographs differed by a factor of from 1.8 to 2 from the 
bulk density determination on the same sample. The "two-dimensional" density was always 
the larger value indicating an overly thick thin section despite the fact that the section was 
presumably microtomed to approximately one-half the average grain size as previously 
determ ined by sieve analysis. This error has been previously discussed by Nakaya and 
Kuroiwa (1967) who found that for Greenland snow, a 0.3 mm difference in thin-section 
thickness could result in a two-dimensional density difference from the bulk density of a factor 
of2 . The achievement of identical densities using both bulk and thin-section techniques would 
appear fortuitous. Fortunately, however, the difference between the two values for the Alta 
samples was constant from section to section (within 10%) because the section thickness was 
not kept the same but was varied as the average grain size of the sample varied. Therefore, 
the data can be used to show rates of change despite the fact that the absolute values may not 
be correct. 

The data taken from the pho tographs were: 

I. j oint order: the number of intersec tions of lines halving connecting grains (Yosida, 
1963) ; 

2. bond diameter: the width of bonds connecting grains; 
3. number of bonds per grain. 

The data were averaged for each thin section . Thin-section studies were made of samples 
collected at various depths in a single snow pit (Table I ) and at successive time intervals on a 
stratigraphically identifiable layer (Table 11) . 

The data from Table I can a lso be used to study the time rate of cha nge of these para
meter by assuming that each layer had somewhat similar initia l properties and determining 
the interval from the time of deposition for each depth incremen t. In other words, time can be 
substituted for depth if the accumulation rate is known. 

TABLE I . THIN-SECTION DATA. ERRORS WHERE I NDICATED ARE DETERMINED BY T HE DISTRlBUTION 
OF t = i - lt/bi AT T H E 95 % CONFIDENCE LEVEL 

Bulk J oint Bonds per 
Section Date Depth density order Bond diameter gram 

m kg m - J mm 

c 5 March 0. 15 225 3 . 18 0.029 0.85 
cl 5 March 0.3 0 289 3 .0 9 0 .0 3 9 1. 34 
e 5 March 0-40 296 3.36 0.03 2 1. 28 
e 5 March 0-40 296 3.32 0 .034 ± 0.001 I. 35 ± 0.15 
f 5 March 0 .5 8 3 70 3 ·33 0.097 ± 0 .002 2 .0 1 ± 0.32 

g 5 March 0.80 3 1 1 3. 11 0.09 1 ± 0.003 1.86 ± 0.26 

h 5 March 1.10 4 06 3.40 0. 10 7 ± 0.004 2.87 ± 0·34 
3 March 1.80 4 0 5 3.0 9 0. 12 1 ± 0.006 2 .00 ± 0 ·33 
3 March 2 .5 0 36 5 3·47 0.05 I ± 0.003 1.37 ± 0. 16 
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TABLE H. THIN-SECTION DATA: TIME STUDIES: L AYER OF 5 DECEMBER 

Elapsed Bulk Bond B onds per Grain 
Date time density diameter gram diameter 

cl kg m - 3 mm mm 

7 D ecember 2 126 0.0 10 0.60 0.38 
18 December 13 229 0.046 1.21 0.40 
2 February 59 238 0. 111 ± 0.009 2-45 0.46 
9 February 66 343 0 .1 22 ± 0.011 2.08 0·45 
13 February 70 377 0· 1l 9± 0.0 10 2.68 0-48 
20 February 77 385 0. 126 ± 0.0 12 2.70 0.5 1 
24 February 81 378 0.132± 0.0 11 2.72 0·54 
28 February 85 388 0. I30 ± 0.009 2.7 1 0 ·54 

3 M a rch 88 387 0. 128 ± 0.0 12 2·74 0.5 1 
5 M a rch 90 40 7 0. 137± 0.016 2.83 0.60 

In Table I two sections at 0.40 m are included to give some idea of the errors invo lved in 
replication. In th is case they do not appear large. 

The joint order is quite constant. Yosida (1963) theor ized that this indicates that the basic 
structure of the network is pre erved during m etamorphism despite changes in grain and 
bond sizes . This may well be the case within the limited range of stresses found in a seasona l 
snow cover. The exception to th is is the breakdown of intergranular bonding which occurs 
during the forma tion of depth hoar. The mean number of bonds per grain is the m easurement 
least subjec t to error and consequentl y a valuable index of structure. 

A fur ther parametet- calculated from the measured data is bond area per unit area of 
section. This was calculated from bond diameter and numbers of bonds per unit area of 
section, using the assumption that the bonds are circular in cross-section and that bonding is 
spatially uniform (i.e. that thin-section orientation does not affec t the number of bonds in the 
ection) . 

R E LATIONSHIP BETWEEN SNOW STRENGTH AND S NOW STR UCTURE 

While empirical correlations between snow strength and density, grain size, depth , time, 
etc. are useful as predictors they a re rarely explanatory. U ltimately, at constant temperature, 
snow strength is a direct funct ion of the number and size of intergra nular bonds, a fact in
tui tively recognized by most people and quantitatively described to some extent by Nakaya 
(196 1), Butkovich (1962), Andel-son and Benson (1963), H obbs ( r965), Ballard and McGaw 
(1966), Ramseier and Sander ( 1966), Ramseier and K eeler ( 1966), a nd Ballard and Feldt 
( 1966) . 

Figure 3 hows a plot of shear-vane strength versus Llni t bond area . Ballard and M cGaw 
(1966) described a failure condi tion in which failure occurred under uniform stress when 
bonds wet-e stressed to the ultimate streng lh of ice, aj . A geometri c analysis of the resulting 
failure surface gave an effective porosity, nr, which is equal to ( I - unit bond a rea) . nr generall y 
exceeds the bulk porosity n and does so to the greatest degree in Iow density (high porosity) 
snow. Ballard and M cGaw consider nl to be a linear function of bulk porosity n, and this 
agreed well with data for bulk porosity les3 than 50 ° 0. 

The data in Figure 3 can be fitted with the expression: 

ar = ai exp (-0. 14nr) 

which is similar in form to Equation ( r), the mOl-e general expres ion for strength derived by 
Ballard and Feld t (1966) [or the entire porosity range. aj pt-edi cted by Equation (2) is 
1. 2 X !O5 N m - 2 which is at least of the same order of magnitude as the value of 3 .42 X r 0 5 

N m - 2 predicted by Equation ( I), which used bulk porosity. This lends credence to the 
notion that Equation ( I) is a workable expression for the strength- density relation for snow 
over a wide range of densities. 
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TIME D EPENDENCE OF STRENGTH AND BONDING 

94 93 

6 

The classical theory of sintering predicts that bond growth between particles will occur 
at a rate which may be expressed as 

x f (T) t, l n 

R = Rm 

where X is the bond neck radius, R the radius of the particles, f (T ) a temperature term, t 
is time and n and m are constants which d ep end on the m echanism by which sintering occurs. 
There is considerable evidence that, at the temperatures normal to most snow-packs, this 
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Fig. 4. Ratio of X (bond radius ) to R (grain radius) versus time. 

https://doi.org/10.3189/S0022143000027027 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000027027


BOND GROWTH AND ST R ENGT H IN C R EASE IN SNO W 447 
mechanism is one of mass transport by diffusion through the environmental vapor (Hobbs 
and Mason, 1964; Ramseier and K eeler, 1966). In this case the value of n should be a bout 3 
(H obb and Mason, 1964). Most of the experimental work in th is field has involved observing 
the behavior of small ice spheres placed together in a uniform environment. Needless to say, 
the situation in a snow-pack where there may be gross mass transport in and out of the system 
and repeated temperature cycling is considerably less amenable to formalization . A plot of 
the logarithm of (X jR) against the logarithm of time is shown in F igure 4 using the data of 
bond diameter and grain diameter from Table n . ' '''hil e errors in determining R for irregularl y 
shaped particles must be taken into accoun t, the rising portion of the curve has a slope of o. 75 
(n = 1.3) . After 47 d X ceases to increase and the ratio (X jR) decreases slightly due to general 
gra in growth. The significantly higher rate of bond growth than that predicted by the 
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Fig. 5. Centrifugal tensile strength versus limefor.5 selected snow layers (dates rife,. to date of deposition) . 

sintering equation may possibly be attributed to convective circulation within the void spaces 
of the now-pack, temperature cycl ing, or viscous creep induced by overburden pressures (the 
exponent for this particular mechanism should be about 2 (Hobbs and Mason, 1964)) . While 
the overburden pressures are not high for a bulk sample they may impose a considerable 
absolute stress at points of contact because of the relatively small area of the contact surfaces. 
It is suggested that the rather static X jR ratio occurring from 47 d and thereafter indicates 
that bond growth has reached its limi t for snow in this environment. The value of the ratio 
(X jR ~ 0.25) is approximately that predicted for the initial stages of sintering of powder 
compacts, i. e. prior to grain growth and pore-shape change (Coble, 1961 ). To substantiate 
this, reference should also be made to the constancy of joint order referred to earlier, which 
suggests that the geometry of pores and solids does not change greatly within this density range. 
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Table I indicates that a similar situation exists with respect to the number of bonds per 
grain. During the initial stages of sintering the snow is being stressed by overburden pressures 
which push grains together and mechanically increase the number of intergranular contacts. 
At some point densification has proceeded far enough so that the snow is in equilibrium with 
the stress imposed upon it. In the absence of greatly increased overburden pressures the 
m echanical arrangement of grains will not change and at this point there is no tendency to 
create new bonds. 

Figure 5 is a plot of tensile strength against time for various snow layers. These layers 
were dated stratigraphically using natural and colored-yarn horizons. The plot is on logarith
mic paper to accommodate the large changes in both variables . The snow temperatures 
during this time were between - 10 and - 5°C and varied many times for each particular layer. 

Hobbs (1965) found that for certain sets of strength data a power function of time appeared 
to give the best fit . H e explained this as being due to the fact that strength should be linearly 
related to bond growth which he also found to be a power function of time. The slopes of his 
strength versus time curves were of the order of 0.3 to 0.4 whereas those of Figure 5 are 1.2 
for curve a and 2.9 for curve b. Regardless of whether a power law represents the physical 
case or is simply a convenient way of presenting these data, the great disparity in the rates of 
strengthening deserves commen t. 

The most notable difference between the data analysed by Hobbs and the Alta data is the 
density at the start of sintering. Hobbs used data from prepared samples with initial densities 
of 550 kg m - 3 (Jellinek, 1959), processed snow with densities of 430 to 580 kg m - 3 (Nakaya, 
1959), and compacted snow with densities of 350 to 650 kg m- 3 (Wuori, 1963) whereas the 
Alta snow plotted in Figure 5 has initial densities on the order of 150 kg m- 3. Furthermore, 
the Alta snow, under conditions of constantly increasing overburden pressure, was densifying 
continuously and rapidl y. A second obvious difference is the much lower strength of Alta 
samples . Even less than I h after the preparation of his amples J ellinek found compressive 
strengths two orders of magnitude higher than the shear strength of 20 d old Alta snow (shear 
and compressive strength are generally considered to be of the sam e order of magnitude for the 
same sample (Melior, 1966)) . 

The most likely exp lanation for the difference in rate of strengthening between varioLls 
snow types appears to lie in the nature of the snow itselr. It is suggested that the same factors 
which produce rapid densification in the Alta snow samples produce the rapid increases in 
strength. Despite the fact that Equation (I) and experimenta l evidence (see Fig. I) predict 
a very low dependence of strength on density for low-densi ty samples, new snow with its many 
irregular and sharply curved surfaces and high surface energies rapidl y compacts and 
strengthens until som e semblance of stability is achieved. I t is quite likely that rapid flu ctua
tions in temperature play a role in this process (Butkovich, 1959). This appears to be sub
stantiated by the higher rate for curve b (Fig. 5) which was for snow existing near the surface 
under warmer ambient temperatures than any of the other layers plotted. 

More fundamental proof of the fact that differences in rates of strengthening are due to 
snow structure is demonstrated in Figure 6 which is a plot of uni t bond area versus time based 
on the data of Table n . The initial slope of the curve is 3.3 and the second portion has a slope 
of 0.25. At the point of discontinuity the snow density is 350 kg m - 3 at an age of 50 d . A 
density of 350 kg m - 3 represents a reasonable level of compaction for the normal overburden 
pressure in deep, dry alpine snow-packs at their greatest accumulation and at this point the 
rate ofdensification is very slow (K eeler, 1967) . At this time the X jR ratio (bond diameter to 
grain diameter) was approximately 0.2 which , as has been discussed, is approximately the 
ratio which marks the end of the initial period of sintering (neck growth only) . Both these 
facts suggest that this is the point beyond which geometrical relationships will change slowly 
and grain boundaries have som ewhat stabilized. It is, therefore, reasonable to expect that 
processes related to these changes will likewise be slowed. 
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Fig. 6. Unit bond area versus timeJor data DJ Table 11. 
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It would be presumptuous to suggest that a bond growth law can be derived from these 
data. The interrelation of a number of variables; time, temperature, temperature gradient, 
and overburden stress is extremely complex in a natural snow pack and there is no way in 
which their individual effects can be systematically studied. 

It is apparent, however, that existing theories, including the classical sintering equations, 
do not accurately fit the whole range of properties found in natural snow. Both the growth of 
existing bonds and the creation of new bonds are very much more rapid in low density, new 
snow than seems to be the case in older, denser snow. 

The fact that the relationship between bond size and strength properties agrees reasonably 
well with relationships derived using macroscopic properties (e.g. bulk d ensity) is encouraging 
as it indicates that the fundamental assumptions used are correct. If, as suggested, there is a 
strength- density relationship which is applicable over a broad range of densities then it is 
likely that other phenomena, including the increase of snow strength with time, can also be 
d escribed as a continuous process. 

MS. received 14 April 1969 and in revisedform [9 lIifay [969 
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