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A BSTRACT. The age ha rdening of a rtifi cially a nd na tura lly compac ted snow has been in ves tigated a t the 
Sou th Pole. R esults show that the age-hard ening process is g reatl y retarded a t low tempera tures. Artificia ll y 
compacted samples o f density o· 55 g. /cm .l a tta ined a compressive streng th o f less than 3' 0 kg. /cm .' a ft et· 
one year's ageing a t - 49 0 C. Exposure to sola r radia tion accelera ted the age ha rdening. Irradia ted samples 
a tta ined a streng th of 6 · 0 kg. /cm. ' a fte r 100 hr., increasing to a virtua l maximum of 8 · 0 kg./cm. ' at the end 
of 600 hr. Compress ive streng ths increased with decrease in snow-parti cle size a nd with increasing angula ri ty 
o f the particles. Below 3 m. the streng th of na tura ll y com pacted snow was found to increase rapidly with 
increase in density . Naturall y compacted snow of density o· 55 g./cm. ) possessed considera bly g rea ter 
streng th than a n y of the age-ha rdened samples of a rtificia lly compacted snow of the same d ensity. Thin­
section studies show that age ha rdening can be correlated with the forma tion a nd growth of in te rg ra nular 
bonds, and that bond g rowth fall s o ff ra pidly with decreas ing tempera ture. In view of the low streng ths 
found in both natura lly compacted snows near the surface a nd in artifi cia ll y compac ted snow a t the South 
Pole, "cut-and-cover" under-snow camp construction may n ot prove too practical at the South Po le. 

R ESUME. La cohesion en fonction du vieillissement d e la neige tassee a rtifi c ie llem ent et na turell em ent a 
e te etudiee a u p o le Sud. Les resuita ts montrent que le processus de vari a tion d e cohesion en fonction du 
vieillissement es t g ra ndement reta rde a ux basses tempera tures. Des echantillons a rti fic iellement tasses de 
densite 0,55 g/cm3, ont a tteint une resistance a la compression d e moins de 3,0 kg/cm ', apres une p e riode de 
I a n a - 490 C. 

L 'exposition a la radia tion sola ire accd ere la cohesion en fonction du vie illi ssement. Des echa ntillons 
irra dies ont atteint une resista nce de 6 kg/cm ' apres lOO he Lll'es croissant jusqu 'a un maximum virtuel de 
8 kg/cm ' apres 600 heLll·es. La resistance a la compression croit avec la decroissance de la d imension des 
parti cules de ne ige e t avec l'angula rite cro issante des pa rti cules. En-dessous d e 3 m etres, la res ista nce de 
n eige naturellem en t tassee croi t rap idemen t avec l'accroissemen t de densite. U ne neige tassee na turellemelll 
d ' une densite 0,55 g/cm J possed e une res ista nce conside ra blement p lus g ra n de que tous les echa ntillons 
vieillis de neige a rtifi ciell ement tassee a yant meme densitc\ . D es etudes d e la mes minces mon trent que la 
varia tion de cohesion avec I'age peu t e tre reliee a une fo rmation de lia isons inte rg ra nulaires et que ce tle 
c roissance des lia isons diminue rapidem ent avec une tempera ture dec roissante. 

Pa r sui te des fa ibles resistances tro uvees a la fois dans les n eiges na turellem en t tassees pres de la surface 
et dans la neige artifi ciellement tassee a u pole Sud, la construction d ' un camp sous la neige pa r la technique 
d e " couper et couvrir" peut ne pas e tre tres e ffi cace a u po le Sud . 

Z USAMMEN FASSUNG. Es wurde die d urch Alterung he rvorgerufene Verfes tigung von kunstli ch uncl 
na tlirlich verdich tetem Schnee a m Sudpol untersucht. Die E rgebnisse zeigen, d ass d e r P rozess der Al tersver­
fes ligung bei niedrigen Tempera turen sta rk verzogert ist. Kunstlich verdi ch te te P ro ben der Dichte 0,55 
g/cm J erreichten nach einem J a hr Alte rung bei - 490 C eine K om press ions-festigkeit von weniger a l!; 
3,0 kg/cm '. Sonnenstra hlung beschleunig te di e Altersverfes tigung. Bes trahlte P ro ben erreich ten n ach 100 
S tunden eine Fest igkeil von 6,0 kg/cm ' , d ie nach 600 Stund en einem virtuel len M axim um von 8,0 kg/cm ' 
zustreb te. Dic K ompressionsfestigkeit sti eg an m it abnehmender G rosse und m it zunehmender Eckig keit der 
Schnee-Teilchen . Es wurde gefund en , d ass unterha lb 3 m d ie F es tigkeit von na tOrli ch verdichte tem Schnee 
mit zunehemender Dichte rasc h a nwiichst. Nalurli ch verdichte ter Schnee d er Dich te 0,55 g/cm J besass eine 
be triich tlich gross ere Festigkeit a ls irgendeine der durch Alterung verfestigten Proben von kunstli ch 
verdichtetem Sc hnee dersel ben Dichtc. Diinnschnittstudien zeigen, dass di e A ltersverfestigung m it der 
Bildung und d em W achslum von Bindungen zwischen d en T eilchen in Bez iehung gebracht werden ka nn , 
und dass das W achstum der Bindung mit abnehmender T empera tur rasch nachl iisst. I m Hinblick a uf die 
niedrigen Festigkeiten , wie sie sowohl in dem oberA iichenna hen na lurlich ve rd ichleten a ls a uch in dem 
kustlich verdich teten Schnee a m Sudpol gefun den wurden, mag si ch die " cu t-a nd-cover" Ba uweise von 
Lagern unter dem Schnee a m Sudpol a ls ni cht zu pra ktisch erweisen. 

I NTRO DUCTIO N 

The object of this paper is to present the res ults of some recent studies of the age hardening 
of a rtificia ll y and na turally compacted snows a t the South Pole. Prior to this stud y very littl e 
was known as to the ra te of age hardening, or the ultima te strength of snow at very low 
temperatures . In view of the proposed construction of a new camp under the snow at the 
South Pole, such d a ta becam e most desira ble. Under-snow construc tion was successfully 
accomplished by the U. S. Army in Greenla nd , and it is hoped tha t the sam e methods can be 
a pplied in the Anta rctic. In the present investigations, therefore, a n a ttempt was m ad e to 
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prepare snow samples which simulated, in density and grain size, the disaggregated snow 
produced by the Peter snow miller and used extensively in under-snow camp construction. 
Of particular interest was to evaluate the effect of the very low temperatures at the South 
Pole on the age-hardening process. The effects of solar radiation, grain size and grain shape 
on the age hardening of snow were also investigated. These investigations were supplemented 
by thin-section studies to determine changes in the structure of the snow as it aged. 

PREVIOUS WORK 

Extensive tests on the strength properties of snow have been made by Butkovich (1956). 
These investigations conducted primarily on old snow that had reached its maximum strength 
over a long period of time showed that the compressive strength of the snow increased linearly 
with density. Studies of age hardening (the increase of strength of disaggregated snow with 
time) by Bender (1957) indicated that the strength of bonds between grains in test samples 
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increased very rapidly during the first four days and attained close to maximum strength in 
ten days. In 1957 J ellinek carried out more detailed studies of the compressive strength of 
artificially compacted snow cylinders as a function of age of the snow, snow-particle size and 
amount of age hardening. His results show that young snow hardens (strengthens) more 
rapidly than old snow under the same conditions of ageing, and that the ultimate strength 
diminishes with decrease in grain size. Field studies on the changes in snow structures with 
ageing have been reported by Fuchs (1959, 1960), Butkovich (1962 ) and Wuori (in press) . All 
these studies indicate that age hardening of snow involves the formation of bonds between 
grains, and that the strength of the snow seems to be determined very largely by the number 
and size of inter granular bonds. Koch and Wegener (1930) used this principle in their north 
Greenland expedition in 1913. They mixed ice chips with snow to build bridges across 
crevasses which could be crossed by horses and sledges the following day. Recently, Kingery 
( 1960) and Kuroiwa (1961 ) have compared the kinetics of the freezing together of ice particles 
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(a nd the resultan t forma tion of bonds) w ith those derived from sintering phenomena. A ll the 
a bove studies were performed a t tempera tures varying from - 70 C . to - 2 0

0 C., a nd the 
object o f the present stud y was to extend current kn ow ledge of age h a rdening to the low­
tempera ture conditions preva ili ng at th e South Pole . 

The proj ect was co-sponsored by the U nited Sta les A ntarctic R esearch Progra m C om­
m ittee a nd suppor ted in pa rt by a National Science Foundation Gra nt to the D.S. Army 
Cold R egions Research a nd Engineering La bora tory. The D.S. Navy provided logistic support 
in the fie ld . 

EX P E RIM ENTAL lVI ETH ODS 

Cylindrical snow samples used in the age-ha rdening studies were a ll prepa red from a 
standa rd mixture of disaggrega ted snow. A 4 m . pi t "vas dug for this purpose on 6 D ecember 
1960. A preli mina ry stud y of the p it strat igraphy showed that snow now buried to a depth o f 
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Fig. 2 . Grain-size ana(yses oJ disaggregaled snow 

4 m . was deposited at th e sui·face 2 r yr. ago. This gives a n accumu la tion ra te of a bout 7·4 cm. 
of water per year. D ensities vary considera bly from layer to layer. T he density in the fi rst 
meter averaged 0.36 g. /cm .! and increased to 0.42 g ./cm . ) a t 4 m. d ep th . T he tempera ture 
va ried from - 300 C . in the surface layers to - 470 C. at 4 m. Temperature profi les for the 
la te summer a nd fa ll from the surface to r 0 m . a re g iven in Figure r . 

Blocks of snow were cu t in continuous vertica l sequence from one wa ll of the pit a nd 
d isaggrega ted on a la rge sieve of r· 0 mm. mesh . A ll grains la rger than 1 · 0 mm . were 
discarded and the rem a inder were thoroughl y m ixed to form the sta nda rd sample m a ter ia l. 
R esul ts of sieve ana lyses of two a rb itra ry samples from this snow mix ture a re given in Fig ure 2 . 
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These curves compare rather closely with the size distributions observed in well-sorted, 
medium- to coarse-grained sands . 

The compaction a pparatus for making the snow test cylinders consisted of two half cylinders 
of a luminum coated on the inside w ith " Tefton". The two half cylinders were assembled and 
mounted on a circular base plate, and the snow was added in small amounts a nd tamped 
periodically with an a luminum plunger. After compaction the two ha lf cylinders were 
disconnected, a nd the artificially compressed snow cylinder (diameter 5' 7 cm., length 
20 ' 0 cm.) was carefull y removed. With this method it was possible to prepare test samples 
of a lmost constant d ensity (0 ' 554 ± o' 005 g. /cm. 3) at a rate of about 40 cy linde rs per hour. 
Several series of snow cylinders were prepared and subj ected to ageing under varied conditions. 
Each series consisted of 8 to 1 3 groups of samples, a nd each group contained 8 to 10 sa mples. 
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Fig . 3. Unconjined compressive strength oJ snow ~vlillders as a fimction q[ the age of the ~l' linders at - 49° C. E ach jJoint 
represents the average of ten tests in Series A 

At intervals throughout the ageing process, g roups of samples were crushed in uncon fi ned 
compression, on a "Soiltest" press with a 2,000 lb. (900 kg. ) load capacity. The upper plate 
of th e press could be swivelled through an angle of about 5 degrees to accommodate slight 
irregularities in the bearing surface of the snow cylindcr. The force required to crush a sample 
was read from a dial gauge mounted on the proving ring. The load was applied manua lly at a 
rate of about 10 ' 5 kg. /cm.2 sec. The cylinder usually fractured into three pieces in the manner 
described by Bu tkovich (1956). However, many of the low-strength samples (those aged for a 
short period of time) tended to crumble rather than fracture . All samples used in the present 
study were processed during December 1960 and most of the tests were completed before the 
authors left the South Pole in late J anuary 1961 . However, extra samples were prepared in 
D ecember 1960 to permit continuation of some of the low- temperature tes ts during the 
winter of 1961 . The authors a re indebted to Mr. James Burnham, ionospheric physicist at the 
South Pole in 196 1, for conducting these additional tests on the Series A samples. 
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Changes in structure of snow with ageing were investigated in thin sections. The aniline 
m ethod for the prepara tion of thin sections as d escribed by Kinosita a nd Wa kaha m a ( 1960) 
was used . Thin sections were cut to a thickness of about o · I mm. on a Leitz sledge microtome, 
a nd photomicrogra phs were obta ined in tra nsm itted light between crossed pola roids with a 
Ba usch a nd Lomb extension cam era . 

E XPE R IME NT A L R ESU LTS 

Series A: Th e sa mples for Series A were prepa red and aged in a '27· 5 m . snow mine a t a temp­
era ture of - 49 ·4 ± o· '2 0 C. Each poin t in Figure 3 represents the average unconfined compress­
lve streng th of ten samples. Two photographs of str uctures in thin section are given in Figure 4. 

(a) 
Fig. 4. Thin-section jJllOtograj)ils of age-hardelled structllre in Series A samples after (a) 768 hr. and (b) l p . 6 x magnification . 

Note how weakly developed the bonding is even after olle ) Iear's ageillg 

Series B : The samples in Series B were aged a t the snow surface, i. e. subjec ted to sola r 
radia tion a t the a mbient air tempera ture (Fig. 5) . R esults a re presented in Figure 6 a nd thin-
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Fig. 5. Plot of daily average ambient air temperatllres 3ft. (0·9 m. ) above the snow surface from 18 December 1960 to 20 
.7allua~y 1961 at the SOllth Pole 
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Fig. 6. Unconfilled comjJressive strengths of snow cylinders of Series B. Each point represents the average of tell tests 

(a) (b) 

(c) (d) 

Fig. 7. Thin-section photogralJhs of age-hardened structure in Series B samples after (a) 48 hr., (b) alld (c) 96 hr., and (d) 
624 hr. 6 x magnification. Photograph (c) shows the same area as (b) but is taken with the sample betw~en crossed polaroids 
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section photographs are given in Figure 7. During ageing, the Series B samples underwen t 
progressive sublimation . I n Figure 8 sublimation is shown in terms of cross-sectiona l area loss 
plotted against time for both Series B a nd C. 

30.-----------.-----------,-----------,-----------, 

5 

0L---------~10~--------~270--------~3~0~--------~40 

AGE (DAYS) 

Fig. 8. Cross-sectiollaL area Loss by subLimation of snow C)'Lilldtrs in Series B alld Series C 

200 400 600 800 

AGE (HOURS) 

Fig. 9. Unconjincd comj)ressive strengths of mow C)'Linders in Series C. Each /)Oilll represents the average of eight tests 

Series C: T his series was a lso aged at the am bient a ir tempera ture b u t the samples were 
placed in a ventilated box to elimina te th e effects of sola r radiation . I t can be seen from 
Figu re 8 that the Series C samples u nderwent much less sublimation tha n did the samples in 
Series B. R esults of compressive strength tests are given in Figure 9 and thin-section structures 
a re shown in Figure lO . 
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(a) (b) 

(c) (d) 
Fig. 10. Thin-section photographs of age-hardened structure in Series C samples after (a ) 24 hr., (b) 48 hr. , (c) 384 hr., and (d ) 

768 hr. 6 x magnification 
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Fig. I I . Compressive strength as afunction of particle size for Series D samples. A ll samples were aged for 384 hr. Each I)oint 
represents the average of five tests 

Series D: These samples were aged for 384 hr. under approximately the same conditions 
as for Series C: i. e. at ambient air temperatures and protected from solar radiation. Figure I I 
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g ives the compressive strength values as a fun ction of particle size fo r the snow cy li nd ers in 
Series D ; each d ata poin t represents the average of 5 tests. T he horizonta l line drawn th rough 
each point ind icates the range of g ra in sizes within a group of samples. T wo samples from each 

(a) 

(c) (d) 

(e) (f) 
Fig. 12 (continu ,d overletif ) 
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(g) (h) 

(i ) (j) 
Fig. 12. Thin-section photographs qf age-hardened structure at the end of 384 hr. (a- e) and after one year (f -j ) in Series D 

samples. Grain-size ranges are as follows : (a) and (f ), 0·35 mm. and less; (b) and (g ), 0'35- 0 '50 mm. ; (c) and 
(h) , o· 50-0' 84 mm.; (d ) and (i ), o · 84- [ ' 00 mm.; (e) and (j), [ . 00 mm. and larger. 6 x magnification 

group in Series D were retained unbroken and deposited in the snow mine with samples from 
Series A. These will be crushed after two years ageing to determine the effect of a constan t low 
temperature on structure and subsequent strength. Thin-section photographs of the age­
hardened snow structure after 384 hr. and at the end of one year are given in Figure J 2. 

Series E: During the winter of 1957, a snow m ine was excavated to a depth of 27·5 m. 
below the surface at the South Pole. T he following year, M. Giovinetto (1960) systematically 
cored one wall of the snow mine to obtain samples for density and pollen analyses at different 
depths. Most of the cores were replaced in the original drill holes, and a large number of 
these cores were used for measuring compressive strengths of naturally compacted snow at 
depths from 7·5 to 27 · 5 m. below the surface. Above 7 · 5 m., Giovinetto's cores had not been 
replaced so fresh cores were cut to within 4' 5 m . of the surface with a standard 3 in. (7.6 cm.) 
coring auger. Because of the excessive accumulation near the portal, it was not possible to 
obtain undisturbed samples in the first 4 m. in the mine. These shallow samples were taken 
from the 4 m. pit. Since the snow in the pit lacked the cohesion of the deeper deposits the 
3 in. coring auger could not be used and samples were obtained with standard SIPRE snow 
tu bes. All samples were trimmed to 19.8 cm. length and crushed in unconfined compression 
at - 49 0 C. A 5,000 lb. (2,250 kg. ) proving ring was required to measure the crushing 
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strengths of the high density samples from near the bottom of the snow mine. A plot of the 
crushing strength versus density is shown in Figure 13. Some average values obtained by 
Butkovich ( 1956) at Site 2, Greenla nd are included for comparison. Thin-section photographs 
in Figure 14. ill ustrate the changes in structure with increasing depth of burial in snow a nd 
firn at the South Pole. 

DISCUSSION 

That the process of age hard ening is strongly dependent on temperature can be readily 
appreciated if we compare the low temperature studies at the South Pole with results obtained 
by J ell inek ( 1957) on the age hard en ing of snow at - 100 C . J ellinek found that artificia lly 
compacted snow atta ined a near maximum streng th of 10 kg./cm. ' after about 100 hr. at 
- 10 0 C. In the Series A tests at - 490 c., the samples had acquired a strength of less than 
0·8 kg./cm. ' after 100 hr. , i.e. about 8 per cen t of the strength attained at - 100 C. After 
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Fig . ' 3 . Strength a /)Iotted against density y of /latllrall]' com/Jacted snow at the SOlllit Pole. Each point re/msents the ""confined 
com/)(essive strength of a single sall1/)le 

768 hr. of ageing the Series A samp les had acquired a strength of I . 25 kg. /cm.' increasing to 
I ' 5 kg. /cm.' a t 1,500 hr. and becoming 1·8 kg. /cm.' after 3,000 hr. Additiona l tests of the 
Series A samples show that they are still gaining in strength at a n a pproximatel y constant but 
very slow rate (Fig. 3) . 

By com parison we find that the natura ll y compacted snow in Series E a t the sam e d ensity 
(0 ' 55 g./cm )) has a strength of about 20 kg. /cm.'. Nakaya and W aterhouse (persona l 
communica tion) have been ab le to correla te a n increase in Young's Modulus with increasing 
strength in Greenland snow, a nd according to akaya ( 1962) th e Young's modulus (and 
hence the strength) of disaggregated snow at Site 2 , Green la nd , exceeded that of na tura ll y 
compacted snow after only one year's ageing. Such a rate of age hardening does not occur at 
the low temperatures experienced at the South Pole. Results fi'om Series A show that it wou ld 
take a very long time for artificial ly compacted snow of d ensity o· 55 g ./cm ) a t a temperature 
of - 49 0 C. even to approach the strength of naturally compacted snow of the same density. 
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(a) (b) 

(c) (d ) 

Fig. 14. Thin-section /Jhotographs of the grain structure of naturally compacted snow at the South Pole : (a) at 0 · 6 m. de/lth , 
density 0'37 g. /em. l, (b) at 6'0 m. depth, density 0'45 g ./em. ), (c) at 20 · 0 m. depth, density 0'55 g ./cm. ), (d ) at 
48 . 0 m. depth , density o· 65 g. /em.). The dark areas in (c) and (d) are pore s/Jaces .filled with. partially melted aniline. 
6 x magnification 

Furthermore, age hardening in naturally compacted and artificially compacted snow are not 
strictly comparable processes. It should be realized that naturally compacted snow of density 
o· 55 g. /cm .3 ( 19 m. depth ) at the South Pole has passed through a long history (more than 
100 yr. ) of recrystallization and structural changes. These changes have occurred under 
cond itions of very low temperature and slowly applied overburden pressure. On the other 
hand the Series A samples were compacted very rapid ly to a density of o· 55 g.fcm .3 and then 
aged. 

In Series C where the samples were aged at the ambient air temperature which averaged 
26° C. for the duration of the studies, the rate of age hardening was much higher than for 
Series A. After 100 hr., the strength had exceeded 2' 5 kg. /cm. 2

• Thereafter, the rate of increase 
remained constant, reaching a strength of about 6· 0 kg.fcm.' a fter 800 hr. 

The samples in Series B were also maintained at ambient air temperature, but the rapid 
increase in strength can be attributed to exposure to solar radiation. After 100 hr., the 
strength had reached 6· 0 kg./cm. 2

• With additional ageing, the strength increased at a much 
reduced rate, reaching 8· 0 kg.fcm. 2 after 600 hr. 
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Studies of the effect of particle size on the compressive strength of artificially compacted 
snow (Series D ) showed that the strength decreased appreciably with increase in grain size. It 
was observed however that the fine-grained particles were generall y more angular than the 
coarser particles, so that the apparent correlation between strength and grain size may be in 
part a function of grain shape. In contrast to the present resu lt, J ellinek (1957) found the 
strength of artificia ll y compacted snow to increase with increasing grain size. J ellinek a lso 
noted that the coarse-grained samples req uired much more work of compaction to be com­
pressed to a density of 0·55 g./cm) than did the finer-grained samples. He attributed the 
somewhat greater strength of coarse-grained samples to recrystallization and firmer bond 
formation in the more highly stressed grains of the coarse-grained samples. H owever, it is 
possible that during compaction, many of the coarser grains (consisting in large part of 
crystal aggregates) were broken, causing a resultant overall reduction of grain size and changes 
in grain shape. It would seem that the shape of grains is just as importan t as their size in 
determining the number of contacts between grains, and hence the potential number of bonds 
and ultimate strength of a n artificiall y compacted aggregate. As alread y mentioned in the 
section on experimenta l methods, it proved possible to prepare samples of almost constant 
density~o· 554 ± 0·005 g. /cm), equivalent to 39- 40 per cent porosity. R edetermination of 
densities just prior to testing revealed no significant changes, even after considerable ageing . 
Thus, apart from the growth of bonds in the contact areas of grains, low-temperature age 
hardening results in negligible changes in the bulk structure of a moderately compacted 
aggregate. 

T he plot of crushing strength versus density for Ser ies E (Fig. 13) shows that strength 
increases very rapidly with density. Although there is a large variation in strength for the 
4 m. pit samples, the strength of snow from the mine increases linearly at densities above 
0.42 g. /cm. 3, but for one distinct break at a density of 0·55 g. /cm ) . 

CONC LUSIONS 

Age hardening at the South Pole at low temperatures is very slow. Exposing samples to 
so lar radiation greatly accelerated the process. However, an artificia ll y compacted snow cover 
wou ld not gain strength as rapidly as the Series B snow cylinders because of the difference in 
the amount of direct so lar radiation received. Because of the low angle of incidence of the sun's 
radiation at the South Pole (less than 23° during December and J anuary) the snow surface 
would absorb considerably less solar energy than the test samples which were set up verticall y 
on the surface. In the particular case of snow processed for engineering purposes a thin layer 
of artificia ll y compacted snow wou ld probably not gain in strength at a rate much faster than 
that found for the Series C samples (protected from solar radiation) . A thicker layer would not 
strengthen uniformly because of the fairly rapid decrease in temperatures with depth in the 
layer. 

J ellinek (1957) was ab le satisfactorily to fit his age-hardening curves of - I 0° C. with the 
equation 

Sf - St 
-;:'-----;:;- = e- kt 

Sf - So 
where So a nd Sf are the initia l and final compressive strengths respectively, St is the com­
pressive strength at time t, and k is a rate constant. An attempt has been made to apply th e 
same equation to the results from the South Pole and also to data obtained by Butkovich 
(1962) and Wuori (1962) with artificiall y processed snow. The constants used to construct 
the curves in Figure 15 are listed in Table I. It should be noted however that J ellinek was 
able to estimate Sf very closely because his samples had attained a lmost maximum strength 
after 100 hr. This was not the case at the South Pole where the results showed that samples 
were still gaining in strength at the end of the tests- approximately 700 hr. for the field tests. 
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To facilitate the calculations, the value assigned to Sf was that strength attained after 
approximately 700 hr. ageing. I t can be seen in Figure ' 5 that a ll the calcu lated curves with the 
exception of the Series A tests at - 49 0 C. deviate considerably from the experimentally 

N . 

" ~ 
" 
X 
t;I O 
Z 

'" u: 
t-
U> 

'" > 
in 
U> 

'" 0: 
Q. 

" o 
o 

o 

TADLE 1. PARAMETERS USED TO FIT DATA 

T So Sf k Density 
DC. kg. /cm.' kg. /cm. ' / hr. X IO- J g./cm.l 

- 7 3. 63 I I '25 12'3 0'49 
- 10 I ' 50 I I ·00 17'73 0'55 
- 20 0'35 10'35 5'52 0'50 
- 26 0·60 8 · I 9 .83 0'55 
- 26 o · 70 5. 2 3 .8 1 0 ' 55 
- 49 0·02 1·2 5. 66 0'55 
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Fig. 15. Age-hardening curves, calCIIlated from the equation 

Sf - St = e - 1d, 

Sf - So 

--

where Sf and So are the final and initial compressive strengths, St is the compressive strength at time t, and k is a mte 
constant 

determined values, especia lly in the early stages of age-hardening. The non-uniform conditions 
under which some of the tests were conducted may be partly responsible. For instance, the 
Series B and Series C samples at the South Pole were aged at the average ambient temperature 
which , as indicated in Figure 5, fluctuated from day to day. Similarly the processed snow used 
by Butkovich and Wuori had a lso been subj ected to natural variations in solar radiation and 
temperature. The very significant effect of solar radiation on the age-hardening process can 
be readily seen in the _ 26 0 C . tests at the South Pole. However, it a lso appears that our 
estimates of Sf were too low. Long term testing of the Series A samples has shown that the 
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average strength has increased a lmost linearly from Y·2 kg. /cm.' (Sf at 700 hr. ) to nearly 
3.0 kg. /cm. 2 a fter one year's ageing. A constant rate of increase was also noted in the Series C 
samples a fter the first 100 hr. of ageing, and this would suggest that at least for low temperature 
tests the age-hardening process cannot be expressed entirely satisfactorily in terms of the 
eq uation 

Sf - Si 
7-- --:::- = e- kt 

Sf - So 

At least on the basis of the present ana lysis, it is rather diffi c ult to hnd a direct relationsh ip 
between the rate constant k and temperature . Of immediate interest would b e fur ther labor­
atory tests with the same type of snow to d etermine strength as a function of temperature. If 
the results of such tests can be accommodated in the first-order reaction equation suggested by 
J ell inek then it would be possibl e to derive a n energy of activation for age hardening in snow. 

Compressive strengths were found to increase with decreasing par ticle size and with 
increasing angularity of the pa rticles. The fact that fin e-gra ined samples cou ld be compacted 
to the test density of 0·55 g. /cm) much more readily than coarse-g rained snow clearly refl ects 
the influence of particle sha p e and size distribution on the packing of particles in the com ­
pacted aggrega te. The effec ts of these variables a nd a lso of variab le degrees of compaction on 
the age-hardening properties of snow warrant further study. Resu lts up to the present suggest 
that optimum streng then ing would be obtained with a fine-grained but poorly sorted aggregate 
composed of angu la r pa rticles . In nature these conditions are perhaps most closely approached 
in certa in wind-compacted layers- fine grained wind sla bs. 

Naturally compacted snow acquires considerable strength at depth . Near-surface snows 
(density less than 0 .42 g. /cm .» possess rather low strength. The rate of increase of streng th 
with density is essentiall y linear for densities between 0.42 a nd 0·55 g./cm. ' . Above 0·55 
g. /cm . l the strength appears to increase at a n even greater rate. 

Thin-section studies show that age hard ening can be corre lated with the fo rmation a nd 
growth of bonds between g rains. This occurs more ra pidl y at higher temperatures and the 
whole process is essentiall y one of sintering. The rela tively rapid initial streng thening in an 
artificially compacted snow sample can be a ttributed to the widespread formation of bonds at 
grain contac ts. Subsequent age hardening at a diminishing rate probably re Aects the con­
tinued growth of these early-fo rmed intergra nu lar bridges, plus growth of some new bonds. 
The process is obviously retarded at lower temperatures as evidenced by the tend ency for the 
samples at - 49 0 C. to crumble rather th a n fracture in unconfined compression even a fter 
considerable ageing. In natura ll y compacted snow at the South Pole, the process is facilitated 
by diffusion , sublimation and recrysta llization under conditions of slowly increasing over­
burden pressure. 

Since this work was performed at the South Pole a new under-snow camp has been 
successfull y constructed at Byrd Station. However, in view of the low strength found in 
artificially compacted snow a nd in naturally compacted snow near the surface at the South 
Pole, the current "cut-a nd -cover" method of under-snow construction m ay not prove the 
most practical m eans of rebuilding the South Pole Station . Other methods are now being 
considered (M elior, un pu blished; R amseier, un pu bl ished) . 

NIS. received 15 November 1962 
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