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THE RELATIONSHIP BETWEEN THE VISCO-ELASTIC AND 
STRUCTURAL PROPERTIES OF FINE-GRAINED SNOW 
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ABSTRACT. New and felt-likc snow was sieved and sintered at a consta nt temperature in order to produce 
homogeneous samples of fin e, rounded-grain snow with a density in the range 270- 340 kg m- 3• The struc ture 
of single samples was changed in stages by non-destructive unia xia l compress ion . This d eformation, which 
amounted to 30 % , took place within 8 hours (thus limiting temperature metamo rphism). At each stage 
the Young's modulus was m easured quasi-statically and the creep behaviour under constant uniaxia l com­
press ion was recorded. Stereological analysis of sections from the samples provided mean values for both 
grain-bond and grain propertics. The Young's modulus increased with density slightly more strongly than 
linearly, whereas the low-strcss viscosity in unconfined compression increased nearl y exponentia lly for 
densities less than 380 kg m - 3 • The maximum d cnsification resulted in a 15-fold increase in the measured 
visco-elasti c properties . However, the number of grain bonds p er unit mass increased linearly by a fac tor 
in the range 1.5 to 2 while the avcrage grain-bond size remained ccnitant. I t is concluded that only a 
fraction of the grain bonds in a snow sample tra nsmit an applied stress, and that the new grain bonds formed 
during the deformation of a snow sample d e termine the visco-elastic properties c f snow. The hypothesis 
that chains, defined as series of stress-bearing grains, are the basic units of snow structure is developed. 
Semi-quantitative calculations developed from the chain concept explain the observed variations in the 
visco-elastic properties. 

RESUM E. La relation entre les proprietes uiseoelastiques et struelL.relles de la Ileige a grains fillS. Des echantillons 
de neige fraich e et feu tree ont ete tami",s et un frittage s'est produit it temperature constante; ceci assez 
longtemps pour produire d es echantillom homogenes de neige fine it grains ronds, d'une densite de 270- 340 
kg m - 3 • La structure de quelques echantillons particuliers a ete tra nsformee graduell ement par deformation 
compressive non-des tructive it axe unique porta nt sur 30 % pendant 8 heures (afin d e limiter la metamorphose 
due a la temperature) . A chaque etape, on a mesure quasi s ta tiquement le m odul e d'elasticite et on a 
enregistre le fluage (sous contraintes compressives constantes a axe unique). D'une ana lyse stereobgique 
de differentes sections des echantillons on a obtenu une moyenne d es liaisons entre les gra ins et les proprietes 
des grains. Le module d'e la, ti cite a augmente avec la densite, I'accroisscment etant legerement plus fort que 
lineaire pendant que la viscos ite s'est accrue it peu pres exponentie llement SOliS un etat de basses cc ntraintes 
compreSiives it axe unique, ccci pour des d ensites inferieures it 380 kg m- 3 • Pour la neige dcnsifiee au 
maximum on a observe un accroissement des proprietes \iscoelas tiques mesurees d'un facteur 15 pendant 
que le n ombre par unite d e massc des liaisc ns cntre les gra ins a augmente lineairement d'un fac teur de 
1.5- 2, la grosseur moyenne des lia isc ns restant constante. D 'ou I'on a conclu qu'une p a rtie seulement des 
liaisons entre les gra ins tra nsmet une contrainte appliquee e t q u e les nouvelles lia iso ns provenant d e la 
deformation de I'echantillon, sont les plus impc rta ntes pour d e terminer les prcpriete, viscoelastiques d e la 
neige. On a etabli I'hypothese que les unites d e base de la struc ture de la neige so ient d es ~eri es de grains qui 
supportent les contraintes e t auxquelles on donne la definition d e (haines. D es calt ul; semi-qua ntita tifs 
d erives du modele des ch a ines expliquent les changements observes dans les r:roprie tes visccelastiqu es . 

ZUSA MMENFASSUNG. Die Beziehullg zwisehe" uiskoelastischen und strukturellen Eigellschaften ieill Kornigen 
Schnees. Frischer und filziger Neusehnee wurde gesiebt und bei konstanter T emperatur genugend la ng 
gesintert urn homogene Schneeproben von fein- und rundkornigem Sehnee mit e iner Dichte von 270- 340 
kg m 3 zu erha lten. Die Struktur der einzelnen Proben wurde durch eine stufenweise e inachsia le Druckver­
fo rm ung - ohne dass dabei Bruche a uftra ten - geandert. D ie grosste totale D eform a tion betrug 30% 
und wurde innerhalb 8 Stunden erreieht um d en Einfluss der temperaturabhangige n M etamorphose einzu­
schranken. Bei j eder Deformationsstufe wurde d er Elastizitatsmodul quasistatisch gem essen und das Kreich­
verhalten unter einaeh sialem Druckspannungszustand untersu cht. Stereolcgische Analysen von Schnitten 
durch die Proben lieferten Mittelwerte d e l' K o rnbindungen und d el' Kornstruktur. Wahrend der Elasti­
zitatsmodul mit del' Dichte leicht - abe r s tarker a ls linear - zunahm, nahm die bei niederen Spannunge n 
(unter einachsialem Druckspannungszustand) gemessene Viskositat bei Dichten unterhalb 380 kg m - J 

beinahe exponentiell zu. Bei del' maximalen Verdichtung trat eine 15-fache Vergrosserung del' gemessen e n 
viskoelastischen Eigensch a ften auf, wahrend die Anzahl der K ornbindungen pro M asseneinheit linear urn 
einen Faktor von 1.5- 2 zunahm und die mittl ere Grosse einer Kornbindung konstant blieb. Es wurde 
daraus g eschlossen, dass nul' ein T eil der Kornbindungen die a ufgebrachten Spa nnungen ubertragen und 
dass die durch die Verformung neu gebilde te n Bindungen wichtig sind fur die Bestimmung der visko­
elastisch en Eigenschaften von Schnee. Es wurde die Hypothese entwickelt, d ass K etten - definiert als 
Aneinanderreihungen von Kornern, die Spannungen tragen - die rrassgebenden s trukturellen Einheiten 
sind. Halbquantita tive, auf dem Kettenkonzept beruhende Bereehnungen erklaren die beobachte ten 
Anderungen der viskoelastischen Eigenschaften . 

... Present address: Production R esearch and T echnical Service Labora tory, Imperial Oil Limited, 339- 50 Ave. 
S.E., Calgary, Alberta T2G 2B3, Canada. 

479 

https://doi.org/10.3189/S0022143000021985 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000021985


JO U R NAL O F GL AC I O LO G Y 

INTROD UCTION 

A fundam ental problem in snow physics is the extent to w hich the structure of snow 
affects its m acroscopic mechanical properties. If the structural deformation under stress is 
understood, then physically well-founded assumptions can be m a de in order to d erive stress­
stra in relationships which will predict the beha viour of entire snow masses . 

T he bonds between snow grains play a significant role in the structural resp onse to stress 
due to local stress concentrations which a rise because the cross-sectional area of the ice has 
been reduced . T his fact was the basis of two theoretical deriva tions of relationships involving 
porosity, one by Balla rd and M cGraw (1965) for snow streng th (the stress required to cause a 
rup ture in the snow), and one by Feldt and Ballard (1966) for viscosity (the ra tio of applied 
stress to resulting strain-ra te) under condi tions of confined compression. The importance of 
grain bonds is a lso eviden t from the many correlations which are found between m echanical 
properties a nd grain-bond size a nd number d ensity (H obbs, 1965 ; K eeler , 1969 ). R ecently, 
St. Lawrence and Bradley (in press) have incorporated measurem ents of acoustic emissions 
(a ttri buted to the breaking of bonds in snow which is being d eformed) into a theoretical 
treatment to explain the stress behaviour at a constant deforma tion-rate. 

T he struc ture of snow is the network of its interconnected gra ins. The distribution of stress 
by this structure influences the deforma tion of snow. Wakaha ma (1960) in his observations 
of the deform a tion of thin sections noted the importance of connectivity of the grains and 
introduced the idea of weak lines- lines drawn across the section to intersec t a minimum 
amount of ice. In a three-dimensional snow sample these w .:)Uld be weak suifaces. He also 
observed tha t different deforma tion mecha nisms take place in the bonds and grains. How­
ever, a danger exists in extrapola ting these resul ts to snow because the two-dimensional 
nature of the thin section severely restricts the freedom of movement of the observed 
grains a nd, in effect, this m eans that the r esults are applica b le only to snow of very high 
density. 

The purpose of the experimen ts described in this paper was to establish a relationship 
between the visco-elastic and structural prop erties of fine-g ra ined alpine snow. This was 
achieved by m easuring these properties as a function of density within the ra nge 250- 450 
kg m- 3 as the structure of a single snow sa~ple is changed in a controlled manner. Controlled 
structural ch anges are achieved by non-des tructive uniaxia l d eformation carried out in 
stages over a time short enough to limit temperature metamorphism. The procedure in such 
an experiment is facilitated if the visco-elastic tests and the d ensification are p erformed in 
the same appara tus by using compression techniques. Furthermore, the experimental results 
are more definitive the m ore hom ogeneous the snow and the less complex the prevailing 
snow grain-shape. In other words, an equi-temperature m eta m orphosed sn ow which has 
been a rtificia lly prepared is to be preferred . 

T his paper presents values of Young's m odulus measured by a quasi-static technique, and 
gives the creep behaviour for sm all total strains under a steady uniaxial compression . This 
behaviour is analysed in terms of the Burgers body rheological m odel using the sam e approach 
to that which Yosida and others (1956) adopted for new snow . Quantita tive m easurements 
of the m ean values of som e properties of the grain bonds and grains are presented. These arise 
from a stereological analysis of m easurements on planes taken through sections from the snow 
samples; the measurements were taken at increasing snow densities (Kry, 1975)' The 
relationship b etween the structural and m echanical m easurem ents is deduced by the 
introduction a nd development of the concept of a chain, a series of stress-bearing grains, 
as the basic unit of the snow structure. With this con cept, the importance of the 
continuity and connectivity of the ice is emphasized, and the importance of the grain bonds 
is retained. 
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PROCEDUR E AND A P PA R AT US 

Snow was prepared by sieving new or felt-like snow into 20 X 20 X 30 cm 3 boxes and then allowing it to sinter at a constant tempera ture (- 10° C) in the covered boxes for times between 20 a nd 60 d . Five different snows were prepared and arbitrarily labelled using the letters A to E . Samples cu t from these snows had rounded grains less than 0 .5 mm in size; the density of these snows varied from 270- 340 kg m- 3. The samples were cut to a cuboid shape with a saw to a 5. I X 5 . I cm2 cross section (± the grain size), mounted in th e confining case used for densification a nd trimmed to a length of 15.0 cm . Samples were never taken within 2.5 cm of a snow surface . T he ends of the confining cases were parallel and plane to within ± 15 [Lm . T he cut snow samples were massed to with in ± 0. 5 g and therefore their initial mean d ensities were known to ± 2% . Errors in density determination due to changes during the experiments were ± o. I % as the densities were calculated from cha nges in the sample leng th which was itself measured to within ± 100 [Lm . 
In genera l, the experimen ts involved several stages; this is illustrated by the stress history of the single snow sample in Figure I. In each stage the visco-elastic proper ties of the snow subject to a uniaxial stress were measured a nd the sample was then densified by a confined uniaxial compression. In th e first stage (Fig . I) the prepared snow sample was cut, mounted and subjected to a uniaxia l compressive pre-stress whose magnitude was comparable to the expected stresses for the visco-elastic tests. This procedure ensured a good seating of the platens. Young's modulus was then measured by a quasi-sta tic method which involved repeated rapid straining of the snow. The creep behaviour for small total stra ins of the snow under a dead load was recorded as a function of time. This function yielded a quasi-steady strain-rate corresponding to the applied stress. After these two visco-elastic tests, if the structure of the sample was to be analysed , the sample was removed and a section 1.2 cm thick was cut from the bottom end. This was immediately immersed in 1,2-benzenedicar­boxylic acid diethyl ester, frozen, and stored for analysis as d escribed by Kry ( 1975). T he remaining sample was re-mounted and densified. Densification was at strain-rates which averaged 5 X 10- 5 S - I but which never caused a macroscopic rupture. After a given density 
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Fig. 1. Schematic of the stress history of a single snOw sample. 
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had been achieved 103 S w ere allowed for relaxation. This completed one stage of an experi­

ment. Before the visco-elastic tests of the next stage were performed the fina l strain-rate was 

less than 10- 7 S- I. 

Figure 2 shows the m echanical press which was used to m easure the visco-elastic properties 

and to d ensify the snow samples. This portable press is a mcdified compression-strength 

tester. The photograph also shows a snow sample, I2 cm long, mounted on a spacing block 

with half of the confining case which was used for densifica tion set in place behind the sample. 

Rapid stresses (for measuring the Young's mcdulus) were a pplied by pulling on the spring 

attached to the counterba la nced lever arm. Dead loads for the creep tes ts were applied by 

placing masses in the basket. Forces on the snow sample were detected with the piezo-quartz 

elem ent (KIAG Swiss Type 932 I) immediately above the top platen. The charge change of 

the element was amplified (KIAG Swiss 500 I charge amplifier) and then transformed to a 

voltage which was displayed on a storage oscilloscope (T etronix 5I03N). The linearity of the 

sensor was ± 0.4 % at the temperature used . All experiments were performed at - 8± 0.7° C. 

\ 
\ 
\ 

Fig. 2. Photograph oJ the mechaniccljJress showing the /Jiezo-qllartz element, the dial gauge with afriction device to maintain 

maximum. deflections and the snow probe mounted on a spacing block. 

Sma ll deformations of the sampl e were measured with the T esa dia l gauge which indicated 

deformations of ± 1 [J-m , had a total error of ± 4 iJ-m, and was linear to ± I iJ-m. For the 

m easurement of Young's modulus th e maximum deforma tion after a rapidly applied stress 

was indicated on the dial gauge. This was measured with a spring-loa ded friction d evice 

(Fig. 2) which prevented the return m ovement of the extension arm of the dial gauge. The 

frictional force of this mechanism was a pproximately 3 N compared with a return force of 

1 N in the dia l gauge. 
The platens which applied the stress to the snow samples were parallel to within ± 15 [J-m 

over their area and the spacing-block faces were parallel to ± 3 iJ-m. All surfaces in contact 

with snow had a coat of teRon (polytetraRuoroethylene) which was 90 iJ-m thick. The 

counterweight on the lever was adjusted so as to exert a force of I .5 N when there was no 

weigh t in the basket. This was to maintain contact between the platens and the sno"v so that 

ini tia l snow lengths might be measured . Friction between the guide bearings and the load 
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application shaft was less than I N. To estimate error strains due to stresses on various parts of 
the press, anticipated stresses were applied when a steel cylinder was between the platens. 
Observed deformations in this test were less than ±4 [J.m. As the piezo-quartz was between 
the snow sample and the dial gauge, and the platen surfaces were coated with teflon, a 
correction was required for deformation in these parts when a force was applied. To measure 
the correction, a larger a luminium spacing-block was placed between the platens and loads 
were applied. The observed deformation I1lc was found to be related to be applied force F 
to within ±2 [J.m by 

if F < looN 

if F ?:; lOo N. 

Measuring Young's modulus E involved straining the snow repeatedly at a constant rate 
(S X 10- 4 s- ' ) by amounts less than 2 X 10- 3 and , usually, ranging over a decade of strain. 
The constant rate was achieved by applying a linearly increasing force which was controlled 
by ensuring that the oscilloscope trace followed a pre-drawn line which was based on an 
estimate of E. For each straining the maximum strain and stress were recorded and E was 
calculated by a least-squares analysis of this data. After each straining, the snow was relaxed 
for less than a minute and the dial gauge was zeroed if necessary. There was never more than 
S % non-recovered strain and this was a maximum for the largest strains. After 10 measure­
ments the total non-recovered strain was usually less than IS % of the maximum strain. 
Before each measurement of Young's modulus snow samples had been densified or pre­
stressed , to ensure a good contact between snow and platens. 

The visco-elastic behaviour under a dead load was recorded by applying the load within 
two seconds and then recording the deformation as a fun ction of time. This is illustrated in 
Figure 3. For the very lowes t stresses, fric tion between the shaft and guide bearings caused 
a drift in the applied force which was corrected periodically by tapping the shaft lightly. 
Tapping the shaft when higher stresses were used did not change the creep of a given sample 
at a fixed d ensity. The straight line in Figure 3 is a least-squares fit (with essentially zero 
error) to the data points for times greater than 360 s. 
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Fig. 3 . Diformatioll /:,1 under COllstallt load a as a junctioll oj time t. D iformation rate approaching a qllasi-stead.~ strain­
rate E. 
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The creep data (illustrated in Fig. 3) were analysed in terms of the Burgers body rheological 
model (M ellor, in press) in which the strain E related to a constant uniaxial str ess 0' is given by 

{
It 1 } 

E = 0' E+~+ Ed [1 - exp (- tfT)] 

where t is the time, E is the Young's modulus, "I is the viscosity, a nd Ed and T are the Young's 
modulus and the time constant of the transient elastic response. The time constant 7 is both 
the relaxation time for the body after removal of the stress and the resp onse-time constant 
when a stress is applied. This identity does not necessarily hold for a complex substance such 
as snow and therefore the time constant m easured must be identified. In these experiments T 

applies to the response time of a snow sample which is suddenly subjected to stress. Thus, T 

was evaluated by plotting against time the difference Sl between the actual d eformation and 
the straight-line extrapolation of the quasi-steady creep rate. This is shown in Figure 4 for 
the data from Figure 3. There is a deviation from the Burgers model as indicated by the 
more rapid initial response. (A similar phenomenon was observed by Gold and Traetteberg 
(in press) for the relaxation time in polycrystalline ice). For all experiments performed here, 
this shape of curve was found (Fig. 4). Furthermore, the least-squares fit to a straight line of the 
first 200 s of data gave values of 7 which were independent of density for a given sample 
(± 5%). Variations over an order of magnitude in the quasi-steady strain-rate at fixed 
density caused variations of ± 17 % in T . 

From the creep data of each sample (Fig. 3) a quasi -steady strain-rate associated with the 
applied stress was calculated from the fitted straight-line. Snow never achieves a steady 
strain-rate under constant load (M ellor, 1964). However, the data obtained after 360 s 
in these experiments is linear within experimental error, and the strain acceleration is at least 
two orders of magnitude less than that obtained at 60 s. Because of this and also because 
all the quasi-steady strain-rates were calculated from data obtained in the time range 37- 5T 
after the load was applied , all snow samples were in the same state of creep deformation. 

200 

E 
3-.... 

G() 

100 

50 

20~------~---------L---------L------~ 
o 50 100 150 200 

t (5) 

Fig. 4. Difference al between diformation and the linear extrapolation of the quasi-steady strain-rate as a function of time t. 
The slopes of the straight lines yield e:folding times T for the approach of the deformation rate to quasi-steady creep . 
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The relationship between quasi -steady strain-rate E and applied stress a can b e adequately 
represented by a hyperbolic sine fun ction with theoretical justification (K ennedy, 1962; 
Mellor and Smith, 1967) . The functional form is 

E = (uolY) ) sinh (a/ao) 

where Y) is the low-stress viscosity and ao is the normalizing plastic stress. For sufficiently low 
stresses the relation between E and a becomes linear (viscous flow ), while at high stresses it is 
exponential (this is termed plastic deformation here). The magnitude of ao indicates the level 
of stress required for plastic d eformation. 

In the experiments, stresses were used to characterize the creep behaviour. The loads 
chosen were those which gave approximately the same quasi-steady strain-rate for the different 
samples and densities (3 X 10- 6 S-I ) . This strain-rate was sufficiently rapid to limit the strain­
measurement errors to less than 2% over 600 s while still producing a viscous flow with low­
density snow (Table I ). However, for densified snows this strain-rate occurred with plastic 
deformation. The error in Y) is primarily due to friction in the shaft-guide bearing at the low 
stress levels applied; its magnitude is ± 10 % . 

TABLE I. QUASI-STEADY STRAIN­

RATES € AND THE CO RR ESPONDING 

COEFFICIENT OF VISCOSITY "I FOR 

SNOW C AT A DENSITY OF 307 kg m - J 

€ 
X 105 S- I 

0.063 
0. 107 
0.178 
0.296 
0.488 

"I 
X 10- 10 N m-z s 

0.25 
0.26 

0.23 

0.24 

0 .27 

Preliminary experiments, in which samples were cut to successively shorter lengths, 
showed that to within ± 7% the visco-elastic properties were neither dependent on sample 
length nor affected by cutting and re-mounting. Furthermore, tests in which samples were 
cut from the sample box horizontally and vertically possessed initial isotropy and homogeneity 
to within ± 10% . 

An experiment, in which a snow sample was first densified by 10% after which its visco­
elastic properties were measured as a function of time, showed variations of only ±S- IO% 
over five days. The data were reduced to one density for this test, this correction was necessary 
due to the large number of creep tests involved ( 17 which gave rise to a total strain of 0.04) . 
Between tests there was no measurable length change in the sample. The sample was kept in a 
saturated environment by enclosing it in the case used to densify it initially and by surrounding 
the case with a plastic cover containing loose snow. 

RESULTS 

Figure S shows three typical sets of data which were used to calculate Young's modulus E. 
The representative errors in stress indicated in the Figure are due to possible calibration and 
reading errors. Those errors in strain include non-recoverable strain and errors in dial gauge 
readings . The magnitude of the initial non-linearity in the data is seen to be larger for denser 
snows. The unexpected stiffness at low strains partly explains the observation that the values 
of E measured by dynamic methods are higher than those measured by quasi-static methods 
(Bader and Kuroiwa, 1962). Strains involved in dynamic m easurements are far smaller 
than those occurring in quasi-static measurem ents and therefore represent data in our initial 
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Fig. 5. Normalized slress a/as as aJunclion oJ strain iJor snows uniaxially densijied by different amounls. Slress normalized 
by thal slress which causes 0.001 strain (as). 

non-linear range. That the stiffness increases with density implies that it is a structure­
dependent effect. It may also be related to the stress history of the snow sample. However, 
the details of this were not investigated. 

The data for the calculation of E normally consisted of points in the linear portion of the 
curves only (E > 2 X 10- 4). The slope of the best-line fit to this data (more than 9 points) 
had an error :::;;5% . A ± 7% error was assigned to E, this was based on possible errors due to 
temperature and strain-rate variations during an experiment. This corresponds to the 
reproducibility of the E m easurements. 

The Young's modulus was found to depend weakly on strain-rate as shown in Figure 6 
which is a plot of normalized Young's modulus against the strain-rate at which the measure­
ment was made. The E values were arbitrarily normalized using the value of Young's 
modulus at a strain-rate of 5 X 10- 4 s- 1 (Es). The data for the two snows (low and high 
density) show the same variation over an order of magnitude in strain-rate despite the order of 
magnitude difference in E s. H ence, this variation is an ice property and is not dependent on 
the snow structure. Furthermore, a similar strain-rate dependence of Young's modulus in 
polycrystalline ice has been found by Gold and Traetteberg (in press) . 

The results of several creep experiments which were used to determine the stress-strain­
rate relationship for two snow samples are summarized in Figure 7. Snow A was one sample 
which was densified in stages, at each stage the quasi-steady strain-rate E for four different 
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Fig. 6. Normali zed Young's modulus E /E , as aJullction oJ the strain-rate £ at which E was measured,Jor two snows densified b), different amounts. E. measured at 5 X [ 0-4 r '. 

stresses (J was determined. There was only one stage of densification for snow B. The semi­logarithmic p lot in Figure 7 indicates that E is exponentially related to (J as 

E = K exp ((J/ uo) 

where K is a constant and (Jo is the normalizing p lastic stress. In this paper deformation at strain-rates obeying Equation ( I) are termed plastic. 
The resu lts in Figure 7 demonstrate that (Jo is not constant as a given snow sample is non­destructively d ensified; the largest variation occurs in the vicinity of 400 kg m - 3 . Below this, (Jo does not vary strongly with density. If we assume that the onset of non-linear behaviour for a given ice sample is a constant, then the variation in Uo with density must depend directly on structural changes in the sample. Therefore, sections were taken for structural analysis at each density for snow A. 

Figures 8 and 9 show the results of the principal experiments. Following the general procedure, ea ch of the four snow samples was su bjected to cycles of testing followed by densification by incremental stages of 4 % (up to a total compression of 30%) . Samples were taken for structural analysis after the first, fourth , and last sets of measurem ents had been made. Young's modulus (m easured at a strain-rate of 5 X 10- 4 S- I) is plotted in Figure 8 as a function of density. R epresenta tive error bars are indicated (± 7%) . Figure 9 shows, as a 
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Fig. 7. Quasi-steady strain-rate i as afunction of the applied uniaxial stress G for two snows, one of which was successively 
uniaxially densified. Stopes of the lines Go are called normalizing plastic stresses. 

function of density, the stress which was applied to the samples in order to obtain a quasi­
steady creep-rate of 3 X 10- 6 s-'. The representative errors (±7-IO%) shown in this Figure 
are based on possible errors arising from deviations in the strain-rate of 3 X 10- 6 S- I (Fig. 7) 
or from temperature variations during the experiments. At the lowest stresses an error in the 
stress determination is caused by friction in the shaft-guide bearings. Since an estimate of the 
required load was made each time, the final quasi-steady creep-rate was not always equal to 
3 X 10-6 S-I. Corrections of the data for deviations from the standard strain-rate based on 
Figure 7 would tend to bring the points closer to the straight lines. 

The results for each snow sample (Figures 8 and 9) show a IS-fold increase in the visco­
elastic properties for a 30% change in density. Differences in the lowest measurements, 
between the four samples, illustrate the effect of densification solely as a result of equi­
temperature metamorphism. This densification consisted of a settling of each snow sample 
under its own weight after sieving. The differences of a factor 2 or less in these measurements 
compared with the IS-fold increase in measurements for each snow sample establishes the 
significance of stress history (or corresponding deformation history) in a determination of the 
visco-elastic properties of a snow sample. 

Creep behaviour which is important in natural snow occurs under low stresses. The 
combined data of Figure 7 and Figure 9 indicate that the low-stress viscosity 1] in this range 
varies almost exponentially with density for a given snow sample which has been non­
destructively densified in stages. If it is assumed that Equation ( I) represents the high-stress 
limit of a hyperbolic sinusoidal constitutive equation, then the low-stress viscosity 1J varies 
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Fig. 8. Young's modulus E measured at a strain-rate of 5 X 10-< r l as afwlCtion of the density pfor each of four snow samples 
uniaxial(y densified. Representative error bars are shown. 

inversely as the factor K (Equation ( I)) . For constant quasi-steady strain-rates this implies 
that 

The stress a (F ig. 9) required to produce a constant quasi-steady strain-rate increases 
linearly with density so that if ao is approximately constant (densities less than 380 kg m-3) 

then Equation (2) becomes 
(3) 

where D.p = p - Po, 7]0 is a constant and Po is of the order of 30 kg m - 3 using ao = 1.5 X 104 

N m - 2 and an average value for the slopes of the lines in Figure g . 
An exponential relation between 7] and p is consistent with previous results (Mellor, 1964). 

However, for these earlier results different snow samples were used to obtain data at different 
densities . 

The important conclusion is that 7] varies much more rapidly than E for an increase in 
density; that is, there is a difference in the structural dependence of E and 7]. The snow 
structure when densified becomes much stiffer with respect to viscous deformations than with 
respect to elastic deformations . Furthermore, the structural dependence of the normalizing 
plastic stress ao is different from those of either E or 7] . Although a o increases with d ensity, the 
increase in 7J is so much more rapid that plastic flow occurs at progressively lower strain-rates 
for increasing density. Any attempt to explain snow structure must account for these three 
separate dependences. 
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Fig. 9. Steady uniaxial stress a resulting in a quasi-steady strain-rate of 3 X 10- 6 S-I as a function of the density p for each 
of four snow samples lllliaxial!JI densified. Representative error bars are shown. The point (445, [7.4) for snow E has 
been omitted. 

The structural analysis resulted in quantitative m easures of m ean grain and grain-bond 
properties (Kry, 1975). A grain bond is the plane surface of minimum area in the neck region 
of two linked grains. It can be assumed to be a circular disk. 

R esults of the structural analyses of sections appear in Table II. For each snow (A to E) the 
section of highes t density is an average of evaluations from planes perpendicular and parallel 
to the applied stress. As shown in Kry ( 1975) these gave equal results which establish ed the 
isotropy and randomness of grain-bond and grain orientations, and locations. The indicated 
errors in Table II are primarily statistical being based on the numbers of features counted, 
but they also correspond to the inhomogeneity observed in the snow samples. They do not 
contain possible systematic errors. However, such errors would not affect relative relation­
ships. 

The mean grain properties (Table II ) are the m ean intercept length L3 and the m ean-free­
path between grains d. Both are defined as the m ean length in three dimensions of a straight 
line from grain surface to grain surface, L3 within a grain and d between grains. The mean 
intercept length L 3 is therefore a statistical measure of the mean grain size. Table II shows 
that L3 within the statistical error is a constant, as it must be. Neither L3 nor d depend on any 
assumptions concerning grain-shape or size distribution . 

The surprising r esult from Table II is that the mean grain-bond radius i (in three dimen­
sions) remains a con stant under deforma tion , despite the fact that the number of grain bonds 
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a lmost doubles. This may result from the snow samples consisting of old snow with well 
sintered rounded-grains. The grain-bond size in such snow has reached a p lateau in its 
growth which is not exceeded until the grain size or the nature of the structure changes 
dras tically. Keeler (1969) found that the ratio of the mean radii of the grain bonds and grains 
seemed to stabilize at a value of 0.25 . From Table 11, r/L3 is constant for all snows at 0 . 20 

(r/Re = 0 .26, where Re is the radius of the sphere with a mean intercept length of L3) ' Grain 
bonds formed under stress may tend to approach this limit directly and this would explain why 
r remains constant after d ensification. 

TABLE H. STRUCTURAL PROPERTIES OF F[VE SNOW SAMPLES WHICH WERE DENS[FlED UN[AX[ALLY 

Sample p L3 d Sv C JV v A 
kg m- 3 mm mm rnm- I mm mm- 3 X 103 mm2 

A 338 0.26 0-45 0. [ [ 0.037 0.057 [ [ g.8 
376 0.24 0·35 0· [5 0.042 0.06[ [6 g.[ 
426 0.26 0.30 0.20 0.054 0.057 2 1 9·7 

B 270 0.22 0.52 0.077 0.028 0.040 '4 5·5 
3[5 0.20 0.38 0· [4 0.038 0.045 '9 7-4 
369 0.22 0·33 0.[ 7 0.045 0.04[ 30 5·7 

C 30 [ 0.,8 0·37 0.[0 0.028 0.044 ,6 7·5 
349 0.20 0.32 0.[2 0.030 0.038 27 4·5 
406 0.22 0.27 0.22 0.05 [ 0.042 38 5· 7 

0 3[4 0.22 0-43 0.[2 0.038 0.045 '4 8.6 
363 0.23 0·35 0. 16 0.044 0.048 '9 8-4 
421 0 .24 0.28 0.27 0.065 0.046 35 7.8 

E 343 0.27 0.46 0.12 0 .04' 0.052 ' 2 9·5 
378 0.23 0·33 0.15 0 .040 0.053 '7 8.g 
445 0.30 0. 3 1 0.24 0.068 0.055 26 9·3 

Relative error % ± 2 ± 7 ± 7 ± 10 ± 12 ± 6 ± IO ± 15 

D ensity, p ; m ean intercept length, L3 ; mean free p a th from grain surface to grain surface, d; grain-bond 
surface a rea per unit volume, Sv; cOl]tiguity, C; mean grain-bond radius, r; number of gra in b onds per unit 
volume, N v ; m ean grain-bond a rea, A. 

The principal change in the bonding properti es of snow as it d ensifies is the creation of new 
grain bonds as shown by N v the number of grain bonds per unit volume in Table 11. The 
independent m easure of Sv, the total surface of grain bond per unit volume, also indicates that, 
since the m ean grain-bond area A remains constant for each sample only the number of grain 
bonds is changing. That A is a constant implies that the variance in the distribution of grain ­
bond sizes is a constant. However, the error range for A weakens this latter conclusion since 
the variance is proportional to the difference between two neady equal quantities, A and 7Tr 2 . 

Dividing N v and Sv by the d ensity yields the number of bonds and the total area of grain bond 
per unit mass; in samples of constant mass, changes in these parameters are due excl usively 
to the formation of new grain bonds. In Figures 10 and I I Sv / p and N v/ p, h ave a 1.5- to 2-

fold increase for a 30% non-destructive densification. This is far smaller than the change in 
the visco-elastic properti es for the same densification. The linear variation of N v / p with density 
implies that for equal strain changes more new grain bonds are formed at higher densitie . 
This result is not unexpected since the mean distance between grains decreases as p increases. 
As N v / p varies linearly with d ensity and the m ean area of grain bond remains constant Sv/ p 
must a lso vary linearly with d ensity. The ratio of slopes for each snow from Figures 10 and I I 

is the constant m ean size of the new grain bonds for that snow. A quantitative comparison of 
the ratios shows agreement with the res ults in T able IT. 
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Fig_ 11. Number of grain bonds per unit mass N v/ p as afunction of density p for each of jive snow samples uniaxial(y densified. 
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• DISCUSSION 

The establishment of the relationship be tween the structural and mechanical properties 
of snow requires the identification of the fundamental unit of snow structure. The defining 
property of such a unit is that, for a given stress on a snow sample, the strain of the average 
elementary unit must equal that of the snow sample. 

Individual grain bonds cannot serve as fundamental units since a 1.5- to 2-fold increase 
in the number of grain bonds (Fig. 1 I) cannot directly explain a IS-fold increase in mechanical 
properties (Fig. 8 and Fig. 9) . H owever , due to associated stress concentrations, the neck 
regions of grains near grain bonds (within a dista nce f from the bond) must play an important 
role in the total deformation. For the same given states of stress in a grain and in the neck 

j 
(J 

1 

Fig. 1 2 . Sketch of a chain of length .\ in the direction of applied stress u. Points indicate grain geometric-centers: 0 , end 
grains ; . , link grains; x , branch grains. 

region, the stresses in the central part of the grain are (f IL 3) 2 times smaller than those in the 
neck region (stress concentra tion by area ). H owever, strain in the grain extends approxi­
mately over a distance L 3, compared to a distance f for the strain in the neck region. There­
fore, for the combination of a grain and grain bond, the tota l strain in the grain is a factor of 
the order offlL 3 smaller than that in the neck r egion. For the snows in these experiments this 
factor is 0.2 and therefore the principal deformations occur near grain bonds. 

It is proposed that the fundamental units of snow structure a re chains- series of connected 
grains transmitting a single force (Fig. 12). With this definition , the importa nce of individual 
bonds is combined with the connectivi ty of the snow grains. The extent to which the conc:ept 
explains snow behaviour provides the justification for its application and further use. 
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Chain concept 

Whether a series of grains acts as a chain or not depends on the stress on the snow sample. 
For simplicity, and in accordance with the experimental procedure adopted, it is assumed in 
this discussion that the macroscopic states of stress are uniaxial. 

Figure 12 shows the geometry ofa chain schematically. For each snow sample individual 
grains are classified either as link grains, which transmit the force along the chain and have 
two stressed bonds; or as branch grains, which transmit no significant stress although con­
nected to a chain ; or as end grains, which have three or more stressed bonds. The length of the 
chain is defined as the sum of the lengths of the straight-line segments which join grain centers 
to grain-bond centers and is further defined to start and end at the center of an end grain. 
If, on the average, there are Ne stressed grain bonds per chain then the m ean chain length is 
Nc L J • The projection A of this length along the macroscopic stress direction is then the base 
length for relating strain in the chain to strain in the snow sample. The greatest extent of the 
chain normal to the direction of er provides a measure of the average of the torques in the 
chain due to the forces applied at the end grains. For more eccentric chains the torques will be 
greater and hence the average bending stresses through the chain will increase. 

As a snow sample is densified the number of chains per unit volume AI increases as a result 
of the creation of new chains and the decrease in volume. The new chains are formed when 
two grains are pushed into contact and form a grain bond. For example, if two link grains 
come into contact they will become end grains for new chains and four chains will exist where 
previously there were two. The types of the two grains (end, link or branch ) which come into 
contact determine whether one, two, or three new chains are formed. If each of the six 
cases has an equal probability of occurrence, then two chains are formed on average by each 
new grain bond. 

The formation of n ew bonds must occur primarily during the relaxation process after the 
densification stress is removed. This is evident from a comparison of the results in Figure 9 
and some results from compression exp eriments over large strain intervals at a constant 
strain-rate with no intermediate relaxation (Salm, 197 I). In the latter case the stress is 
essentially constant (± 10%) once quasi-steady creep occurs for strains of up to 0.05. However , 
a similar deformation with an intermediate relaxation results in a doubling of the stress 
required for the same quasi-steady strain-rate (Fig. 9). 

The strain-rate during the relaxation process steadily decreases as the snow block extends. 
Below a certain rate the relative motion between most of the sliding grains is sufficiently slow 
for the contacts to adhere, halt the motion and form grain bonds . The tendency to surface 
adhesion is the same effect as that responsible for the agglomeration of snow crystals to form 
snow-flakes (HosIer and others, 1957). The new bonds formed can be divided into two classes: 
strong grain bonds, in which the contact was achieved before the densification stress was 
removed; and weak grain bonds, in which the contact was achieved after the stress was 
removed . On the average, because the strain involved during relaxation is relatively small, 
the weak grain-bonds would have much smaller surface areas than the strong grain bonds and 
would be the grain bonds to be broken first when a compressive stress is re-applied . 

Diformation mechanisms 

The deformation of a chain is assumed to be due to deformations in the neck regions of 
grains near grain bonds. For elastic deformations this may be visualized as a bending strain 
caused by torques due to the eccentricity of the chain. The exact mechanism for viscous flow 
is unknown. However, it can be inferred from the existence of a viscous deformation of the 
whole snow sample (stress linearly related to strain-rate) that there is a viscous deformation in 
the individual grain bonds. That is, what is linear on the scale of the snow sample is linear 
on the scale of the snow grain. 
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There are at least two possible viscous flow m echanisms. One is that bending (Krausz, 
19T2 ) occurs in analogy to the elastic deformation. The other is that the glide at crystal 
bonds, the surface between two crystals, obeys a viscous flow law at low stresses (the disloca­
tions at the crystal bond behaving as a viscous oil-layer) . Since crystal bonds and grain bonds 
are, in general, coincident (and must be for all bonds formed during deformations of a snow 
structure), the glide mechanism must be active in the same regions as the bending mechanism. 
H owever, the glide is a shear deformation rather than a bending d eformation. In both cases 
migration of dislocations at the grain bond probably plays a major role in the d eformation 
m echanism. 

For plastic flow it is assumed that other deformation mechanisms, principally basal glide 
in the snow grains (Wakahama, 1960), become activated at higher stress levels . 

Qualitative description of snow compression 

Consider a snow sample subjected to the general procedure of these experiments. During 
the relaxation p eriods new grain bonds are formed (strong and weak). When a stress is 
applied subsequently the weak grain bonds break. As long as the stress applied is less than the 
pre-stress during d ensification no strong grain bonds break, since the pre-stress established an 
optimum structure. 

For the elastic tests, once the weak grain bonds are broken, the deformation is a pure 
elastic deformation of the chains. However, during the initial deformation the work done in 
breaking the weak grain bonds causes the snow to appear stiffer. This is the explanation of 
the initial non-linearity in Figure 5 in terms of the chain concept. The time between stress 
applications in the elastic tests (30- 60 s) is sufficient for the weak grain bonds to r e-form 
and hence give reproducible results. 

For the viscous tests, the weak grain bonds are broken by the initial application of the dead 
load and the ice in the vicinity of the grain bonds b egins to deform in the way shown by the 
strain- time curve in Figure 3. No new bonds form during the test as the grains brought into 
contact have a sufficiently rapid motion relative to each other. 

If the stress is increased much above the pre-stress further grain bonds will break as the 
structure re-adjusts to distribute the new maximum stress in an optimum way. It is thought 
that this is the m echanism of the Kaiser effect in snow which has b een observed by Bradley 
and St. Lawrence (in press) . 

Normalizing plastic stress 

The data shown in Figure 7 were used to es timate the variation of MA, the number of 
chains intersected by a plane of unit area perpendicular to the applied stress as a function of 
d ensity. The principal assumption was that the normalizing plastic stress for the average 
chain does not dep end on the chain length. This is justified in part if the plastic deformation 
is due to shear deformations , since the grain and grain-bond size do not change as the snow is 
d ensified. Shear stresses in the cha ins do not depend on the torques generated by the eccentri­
city of the chain and, hence, are independent of chain length. This assumption implies that 
increases in 0"0 (Fig. 7) for increasing densities of snow A are due to increasing numbers of 
chains bearing the stress. That is, if at each density the corresponding normalizing plastic 
stress is applied to the sample, the average force on a chain will be constant. Thus, O"o/MA. is a 
constant for a given snow. For snow A the ratios of the number of chains bearing the stress at 
lower densities to the number at 426 kg m- 3 were found to be 
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Young's modulus 

The variation of Young's modulus with density can be explained in terms of an elastic 
stiffening of the chains as they become shorter and less eccentric. For a given force applied 
on the end grain of a chain, as the chains become less eccentric the average bending stresses 
near the grain bonds become smaller. That is, the average deformations are less in shorter 
chains if equal forces are applied to the chains. 

If Eb represents the strain in the vicinity of a grain bond, which is a perpendicular distance 
L3 from the center of an end grain, then hb represents the deformation in the vicinity of a 
grain bond which is a perpendicular distance kL3 from the center of an end grain. (On the 
average, the applied forces on the end grains can b e treated as being applied at the center of 
the end grains). For the two extrem e cases of one grain bond in the average chain and ten 
grain bonds in the average chain, k varies from (2V 2)- 1 (for a bond oriented at 45° to the 
force on the end grain) to something less than 5 (for the mean distance of the grain bonds 
from the end grain to be a maximum). Thus, when the number of bonds per chain varies 
from 10 to I a factor decrease of from 5 to 10 in k would be expected. 

The strain in the chain is the average strain hb multiplied by the factor f /L 3 (the r elative 
range of strain in the vicinity of the bond). Therefore, equating the chain strain to the snow­
sample strain allows the expression for the Young's modulus of snow to be written as 

(5) 

where a is the applied stress. As NI A chains per unit area carry this stress, the average force 
on a chain is a/M A. This is proportional to the strain Eb . Ifa force er/MA is applied a p erpendi­
cular dis tance L3 from a single grain bond (radius f) the bending stress would be a(er jMA)L3jf3 
where a is a factor depending on the form of the neck region. If Eb is an appropriately d efined 
elastic modulus for bending the ice then 

( a) L3 
a AIA f3 == EbEb. (6) 

Combining Equations (5) and (6) yields an expression for the Young's modulus of snow as 

E == (~A)(LrL/ (~b). 
Combined variations of a factor 3 in AI A (Equation (4)) and 5 in k account for the observed 

I5-fold increase in Young's modulus of snow which has been densified by 30% . Furthermore, 
as predicted from Equation (7) the faster increase in E at higher densities, shown in Figure 8, 
corresponds to the sharp increase in M A at the highest density in Equation (4). 

The increase of Young's modulus with density can be expressed in terms of changes in 
Nv j p, the number of bonds per unit mass in the sample. According to Equation (5) two 
factors can change Young's modulus as the density increases : M / p, the number of chains per 
unit mass of the sample; and pAjk, a factor which d epends only on the chain length . As the 
snow is densified A d ecreases due to the formation of n ew shorter chains and the d eforma tion 
of old chains. Because the densification is uniaxial and A is the m ean chain length in the 
direction of the strain, decreases in PA are due only to the formation of new shorter chains. 
However, decreases in k also depend on the formation of new shorter chains so that p/..fk will 
tend to have a small variation with density. Therefore, variations in E result primarily from 
variations in the number of chains p er unit mass. On the average, two new chains, are formed 
by each new bond so that after a densification 21::l. (N v /p) new chains are formed. These 
considerations imply that 
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t::.E ex: (Pkl..) L/ t::. (Nv/p). (8) 

Figure 13 is a graph of E plotted as a function of the number of bonds in unit mass of the 
sample for five different snows. In general it verifies the linear relationship in Equation (8) 
and therefore indicates that pl../k is essentially constant as a given snow sample is non-
destructively compacted. 
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Fig. 13. Young 's modulus E measured at a strain-rate of 5 X 10- 4 S-l as a function of the number of grain bonds per unit 
mass Nv / pfor each offive snow samples uniaxial(y densified. 

The slopes of the lines in Figure 13 are proportional to (pl../k)L/. Therefore the variation 
in slope is in part due to a variation in the mean grain-size for the different snows. The factor 
pl../k also increases with mean grain-size. For snows which have different mean grain-sizes 
but whose chains have the same number of bonds (similar values of k), pI.. increases with the 
grain size. Table III verifies that larger values of the slope occur for larger grain-sizes. 

TABLE Ill. M EAN I NTERCEPT LENGTH 

L3 OF THE GRAINS IN EACH OF FrVE SNOW 

SAMPLES AND THE CORRESPONDING RATE 

OF CHANGE OF YOUNG'S MODULUS WITH 

R ESPECT TO THE NUMBER OF GRAIN BONDS 

PER UNIT MASS 

Snow L3 Slope 
mm N m - 2 kg 

A 0.26 7. 1 
B 0 .22 3. 1 

C 0.20 3 · 5 
D 023 43 
E 0.27 13. 0 
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Low-stress viscosity 

If the viscous deformation were purely due to bending n ear grain bonds then the variation 
of E and 7J with density would be exactly the same. However, for a 30 % densification, 7J 
varies by a factor of 30 (Equation (3)) whereas E varies by a factor 15 (Fig. 8) . This is the 
principle evidence that two mechanisms operate and that both can cause a stiffening of the 
structure as the density increases. 

Thus the two viscous deformation m echanisms are viscous bending n ear grain bonds and 
viscous glide at crystal bonds (usually coincident with the grain bonds). Only the stiffening 
due to the bending m echanism parallels the elastic stiffening. It can account for a 15-fold 
increase in 7J for a 30% densification. The viscous glide mechanism is not affected by decreases 
in the average torque in the chains because it is a shear d eformation. As the chains become 
shorter, the influence on the deformation of the end grains increases compared with the effect 
of the link grains. The end grains have at least one more stressed bond than the link grains 
and thus they are less free to move. Therefore, the effectiveness of the glide mechanism 
decreases as the chains become shorter. 

CONCLUSIONS 

In a sample of alpine snow metamorphosed at one temperature, the visco-elastic properties 
are determined by the structure which distributes applied stresses over a fraction of the total 
number of grain bonds only. Since this frac tion is directly affected by stress-induced deforma­
tion, the visco-elastic properties of a given snow sample are strongly related to its stress history . 

In snow which has been densified in stages over a 30% range the m ean grain-bond size 
remains constant while the total number of grain bonds increases linearly with density by a 
factor of from 1.5 to 2 . However, Young's modulus increases with density almost linearly an 
order of magnitude higher. The compressive viscosity under low stresses increases even 
faster, nearly exponentially with density for densities less than 380 kg m - 3 • Since the mean 
grain-bond size remains constant the gross difference in the rates of change of the grain-bond 
number density and the visco-elastic properties with density implies that a far smaller fraction 
of the grain bonds are significantly stressed in the original snow samples than in the densified 
snow samples. That is, applied stresses are transmitted by only a fraction of the total number 
of grain bonds. 

Snow does not obey Hooke's law even when the stress is applied rapidly. However, after 
the initial non-linearity of the stress- strain relationship there is a range of strain (> 2 X 10- 4) 

for which a linear stress-strain relation is valid and for which a quasi-static Young's modulus 
can be defined. For strains less than 2 X 10- 4 the snow is stiffer in a structure-dependent 
manner. Moreover, the quasi-static Young's modulus is strain-rate dependent, but this is not a 
structural property. Both these effects cause dynamic measurement methods to yield larger 
values for the Young's modulus than those obtained using quasi-static m ethods. 

Each type of deformation (elastic, viscous or plastic) possesses a different structural 
dependence. As the structure is densified in stages it becom es elastically stiffer almost linearly 
and more viscous almost exponentially, the normalizing plastic stress increases only very 
slightly provided that the density remains less than 380 kg m- 3• Any model based on a 
structural mechanism must agree at least qualitatively with this behaviour. 

The concept of a chain, a connected series of stress-bearing grains, as the fundamental 
unit of snow structure accounts semi-quantitatively for the observed variations in the vis co­
elastic properties of snow. The deformation of a chain is assumed to result primarily from a 
bending deformation in the neck regions of the grains close to the grain bonds. Viscous 
deformation is assumed to occur also by a viscous glide mechanism in the crystal bonds, which 
are generally coincident with grain bonds. 
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With these principle assumptions the chain concept is able to provide an explanation of 
the deformation behaviour of snow. The initial non-linearity of the elastic response is due to 
the breaking of grain bonds which had been formed during a relaxation process immediately 
preceeding the test. The subsequent linear stress- strain behaviour is a result of a deformation 
of the chains which may be considered to be purely elastic. As the stru cture is densified , new 
grain bonds are formed , this decreases the average chain length and increases the number of 
chains. The increased normalizing plastic stress is due to the increased number of chains 
bearing the total stress. The increase in the quasi-static Young's modulus is due to a stiffening 
which occurs as the chains become shorter and less eccentric. The more rapid increase in the 
low-stress viscosity is attributed to a decrease in the contribution to the deformation rate 
made by viscous glide processes at crystal bonds as the chains become shorter. Shorter chains 
have fewer link grains and, therefore, the end grains play a more significant role because they 
have more stressed bonds and are less free to move. 

These experiments have provided a basis for the chain concept and have established its 
validity and usefulness. To test and elaborate the concept further more experiments are 
required. These should involve controlled structural changes in snow and should also investi­
gate the deformation of pairs and sequ en ces of bonded ice-grains. 
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