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. DESIGN·OF. FOOTING FOUNDATIONS ON POLAR S~OW 

·.by 

SherwOOd C. Reed 

INTRODUCTION 

The design of foundation systems for large-scale ice cap facilities presents special prob
lems because. of the inherent instability of snow. Any object placed at a near thesurfaceofan 
ice cap moves downward with time as a combined result·of the natural densification of the·snow 
and the penetration of the object. . 

Natural densification is a continuous process influenced by 'the normal overburden load, 
and results in the gradual consolidation of the permeable snow to ice. The process nite varies ,. 
with locale because of environmental parameters but can be considered uniform over a particular 
site. Methods are available to predict this rate (Bader, 1962). Its effects must be considered if 
the· structural foundations cannot be placed and maintained in a horizontal plane or if t~e abs·olute 
elevation of a facility is critical. 

' The penetration of ari object is of primary interest to the design engineer since differential 
movements can impose severe stresses in structur~l elements and disrupt utility connections. Ob
servations have shown that ttiis penetration, or settlement, for spread footings on snow depe11ds on: 
time, snow density, snow temperature, load intensity, footing size, and footing shape. It is the. 
purpose of ·this :report to examine these parameters and to present an empirical meth,od that c~~· pe 
used by the design engineer to estimate the tiehavior of spreadfootings on snow., · · · ·. ; : 

Field tests were conducted for this investigation at Camp Century, Greenland, from 1961 
. through 1965 (Ryan, 1966; Reed, 1966):. The design equations developed in this report are based 

on the re~ults of these tests. In general, they apply· only to spread footings on fine-grained dry 
snows common to cold polar snowfields. 'fhese areas are characterized by gradual changes in 
dens·~ty and grain type with depth, At tnose sites exhibiting significant discontinuity (i.e. strati
fication of very hard and very soft layers, ice glands and pipes, depth hoar, etc.), it is necessary 
to place the footings at a depth where these effects are minimal. Such discontinuities are usually 
common to the newly deposited layers at or near the snow surface. These very unstable surface 
layers should be avoided to eliminate the possibility of sudden collapse or excessive settle~ent 
(Linen et al . •. 1947). · · · . .· · .. 

The nine tests in the 1961 series were designed and the installations were ·made by Major 
.T.F. Ryan of the British Army Royal Engineers; results were reported in detail by ~eed (1966). 

. . 

Three di.fferent locations were ~sed for the test series to evaluate the snow d~nsity and 
environmental parameters; The 1961 test footings were placedi jn the fuel storage area, in trenches 
13 and 14, at the main camp. of the Camp Century complex. The 1963 test footings.~ere installed 
in ti·ench 33, a special trench located ·east of the main camp. The final test installations were 
made during the 1965 summer on the surf~e north ·of the main camp. : . . . 

The 1965' surface installations were made possible through the developmentof a new snow 
construction technique by Mr. W. Tobiasson of U.S. Army Cold Regions Res·earch.andErigin~ering 
Laboratory. The test area· was enclosed with snow walls formed of disaggregate(r sriow~ c~st in. · 
place in a construction process similar to that employed for concrete. Suffiblent·. 1JO'nd1~g dccurred 
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in the material to produce self-supporting walls within 24 hours, permitting rapid stripping of the 
- plywood forms. A c<X'rugated steel roof supported on open-web steel joints and covered with a 

1 ayer of proce~sed s~o~ completed the enclosure. Thi~· ~~~no~ical snow structure provid~d the'. 
necessary protection from storms a.nd drifting snow. al)d tne test area was. still accessible in 1966. 
A detailed report on thls. technique is· in preparation by Mr. Tobias son. '· · 

Permanent copper-constantan thermocouple strings were installed at each location to monitor 
snow temperature conditions during the test periOd. 

Data were collected continuously 'from 196'1 through early 1963 for the first test group . 
• 

PROCEDURE 
. -· :.::·· 

·.AU· test footings were composed of timber and plywood and with the e,xception of the circular 
and r~ctangular units were constructed _as shown in Figure 1.. The circul.ar footings were built-up 
plywood sheets and the rectangular footings were a single timber of the dimensions given in Table 
I. Table I summarizes details of t~e field tests conducted for this investigation. 

·At least four dial. gages· (0;001-in. increment, 2-in. range) were fixed to each _test footing . 
and. impi:nged on small pads locat.ed Ol) the adjacent snow surface. PeriOdic observation of these 
gages. indicated the settlement or penetration of the footings with respect to the adj~cent undis-
: turbed ·surface. 

The load source for all tests was a predetermined weight of pig iron symmetrically placed. 
· OQ a pallet. This pallet wasJoyrered onto the test footing with mechanical ja.Gks . .for the 1961 and 

1963 tests to approximate instantaneous loading. The 1965 tests were incrementally loaded in 
place s_ince space limitations prevented the use of. mechanical jacks. Loading operations-were .com
plete within :10 min for these tests. From late 1963 through 1966, Camp Century was. closed during 
the winter months; this permitted data collection only during,the spring and summer for tests con
ducted in this period. Since t.he dial gages functioned continuously it was possible to record the 
total settlement that occurre~ d!Jring the winter. 

Table· I. Test details. 

Initial* Tern per ature*r (- °C) 
specific Long-term Test 

Test Series Size Load Shape gravity Construction average duration 
(ft) (kips/ft 2

) (days) 

1 . 1961 . 1.5 1 Square 0.458 16 20 698 
2 .. 1961 1. 72 (diam) 1 Circle 0.463 16 20 699 
3 1961 3.0 1 Square 0.455 16 .. 20 701 
4 1961 4.5 1 Square 0.455 16 20 693 

:5. . 1961 3.75 1 Square 0.458 16 . 20 693 
6 ·1961 .625 X 3.6 1 Rectangle 0.466- 16 20 551 
7 196;11 3.D 0.5 Square 0.455 17 20 694 
8 . 1961 ·3.0 1.5 Square· 0.453 17 20 620 
9 1961 3.0 ·2 Square 0.449 17 20 630 
4 1963 1.5. 1 · Square 0.509. 11 20 290 
3 1963 3.0 4 Square 0.505. 11 20 429. 
8 1965 1.5 1 Square o.5oot 14 20 390 
9 1965 1. 72 (diam) i Circle ·o.5oot 14 2C 390 

H.I 1965 .625 X 3,6 1 Rectangle: o.5oot 14 20 390 
13 1965 1.5 1 Square 0.384· 14 20 352 

* Within a depth equalto b/2~ 

t. On processed snow. 
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Figure 1. Footing and gage pad construction. 
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Mixed units (c.g.s. and English system) repeatedly appear in the development of this report. 
Glaciological data such as snow density and snow temperature are usually reported in metric ·linits. 
The adoption of specific gravity G as a parameter instead of density in the e9uations to.follow 
permits the direct utilization. of metric field density data i~ a dimensionless forin. 

RESULTS AND ANALYSIS 

Time dependence 

All the settlement-time plots have a similar configuration which is characteristic of the . 
viscoelastic stress-strain relationship described by Mellor (1964) for the creep of snow under sus
tained load. Upon the application of load an essentially instantaneous strain was exhibited by all 
tests. This was followed within minutes by a decreasing rate which gradually approached a nearly 
constant value. 
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Figure 2. Typical settlement-time relationship. 
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Figure 2 is a typical settlement-time plot for test 1. The settlement rate was essentially 
linear after a finite time period with the exception of fluctuations that were shown to be tempera

. ture dependent (Reed, 1966). A simplified equivalent of this plot could be adequately described 
by the slope and intercept of the linearportion and an estimated location of the initial point of 
tangency. 

The influences of the various parameters on these quantities were examined separately and 
then combined. The traditional soils engineering approach using ratios that compare the perform
ance of a known reference test to the desired unknown quantity was adopted in this analysis. The 
test results plotted on Figure 2 were chosen as the reference case. Two adjacent tests having 
this configuration were installed in 1961 and produced practically identical results during the 21h 
years of observation (Reed, 1966). This duplication supports the validity of the results shown in 
Figure 2· and justifies their selection as the reference case. 

Temperature dependence 

The temperature dependence :of rate processes is usually described by some modification of 
th~~ relationship developed by S.A .. Arrhenius (Mellor, 1964 )": The ·effect ()f U;mperature on the creep 
rate of snow has been described by Mellor as: 

where T · temperatme, °K 

refereBct~ rem per at ur~ at which ~ T has been mea~ urt~d 
0 gas co11stant. (0.98) cal/mole degree 

(1) 
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The activation energy Q varies within the. rang~ 7,000 to 25,000. cal/mole, with 14,000 sug
gested as a fair niean for analytical purposes (Mellor, 1964). 

The performance of the reference case was examined to test the applicability of this rela
tionship .. The settlement rates during short time intervals versus the average snow temperatures ; 
within a 2. 5-ft depth during· the same time intervals are plotted on Figure. 3. The settlement rates 
are from. the linear portion (after 150 days ±) of Figure 2 only. There is some scatter but the data 

· can be adequately described by 

s O.o489 e 0.182T (2) 

where s settlement rate, in./day 

T temperature, ° C . · 

using a linear regressi~n program. Similar results will .be produced by .eq·l if t~e aqtiyation. ~nergy 
is .taken as 22,000. This is high~r than t~e suggested ~ean but within the reportedrange ... ·~qua
tion 1 was theref.ore adopted for use with an actiyation energy of 14,000 cal/mole since one;.test 

. • ' • ·. . .· '• . 1 . .·, ., 

is insufficient evidence· to support the general vali~ity of the indicated 22,000 cal;triole .. 
~ ·. .! . 

Equation. 1 was used in. this .analysis to convert test result~- to a common -10C base for 
examination of-other parameters. Application of the methods.developed in this study. therefore re-. 
quires a readjustment from the base temperature to: the ambient GOnditiops under con~~deration. ·. · 

/ 

. / 
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so~----~--~--~----~~-----~------~------~ 

Figure 4. Depth-density under footing test no. 13 ( 1965 series). · 

Density dependence 

The creep of snow under sustained load has been shown by many investigators to be strongly 
dependent ·on density (Mellor, 1964 ). A variety of exponential relationships relating creep and 
density are available in the literature (Mellor, 1 964)., 

A density relationship for design purposes must be written in terms of the initial in-situ 
density of the supporting material since these are the only data that will be available. It is there
fore necessary to determine the finite depth over which the density will be considered. 

A previous analysis of the 1961 test data hdicated that most of the densification could be ac
counted for within a depth ·equal to 1;2 the width or diameter of a particular footing (Reed, 1966). 
Further evidence is shown on Figure 4 where inore recent test results give the same indication. 
A dept'h equal to b/2, where b is the footing width or diameter was thereforeselected as the effec., 
tive depth for this analysis. This same value has been suggested and used by oth~rs (Mellor, 1 969; 
Tobiasson, 1970). · '· 

Three -of the footing tests (1-1961, 4-1963, 13-1965, Table l) were equivalent in all 
physical respects except temperature and the initial density of the supporting snow within the 
effective depth. The settlement-time relationships for these three tests, adjusted to a common 
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temperature of -lOC are shown on Figure 5. It is apparent that the intercept, slope, ~d point of. 
tangency for the linearized versions are dependent on the density, or specific gravity,· ·of the sup
porting snow. These quantities are plotted vs the initial average specific .gravity (G) within the · 
effective depth on Figure. 6. It was found that the intercept and slope relationships could· be 
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adequately described by a modified first order hyperbolic equation. Substitution of appropriate 
values and)e.~rrangement of terms produce: 

Intercept In - 1.59(1.137- GnlGR .) 
· IR ·. - Gn!GR :__ 0. 784 

where In = intercept for unknown footing 

IR . = intercept for 'reference footing 

Gn IG R ·;; rado of specific gravities. 

(3) 

A straight line fitted by the method of least squares was found to give the best representation of 
slope and point of tangency data: 

··slope Sn ( Gn) 
SR 

3.85 1.25:... GR (4) 

where Sn settlement rate for unknown. 

SR settlement rate for reference. 

The time required to reach the point of tangency as a function of the initial density can be 
approximated by: 

where tn = time for unknown (days) 

· tk = time for reference test (days). 

Substitution of reference test data produces: 

Intercept In 

siope :sn 

Point of tn tangency 

( 
0.520- Gn) 

0.795 
Gn- 0.359 

(in.) . 

0.0323 (0.575- Gn) 

(in. /day) 

0.'2855 (0.510- Gn) 

(days) 

with units as defined previously. 

(5) 

(3a) · 

(4a) 

(5a) 

The apparent limiting specific gravity of 0.575 as indicated by eq 4a is not a completely 
valid boundary condition as secondary creep will occur at higher values. However, creep as de
t'ined here will approach zero as- the specific gravity approaches the ultimate value of ice (0.918). 
To permit an approximation of creep at the higher densities, a specific gravity of 0.550 was arbi
trarily chosen as the upper limit for eq 4a. A conservative estimate of settlement rate in the range 
0.550 to 0.918 is given by: 

S = 0.00245(0. 918- G) (6) 

with terms as defined previously. 
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Equations 4 and 4a are considered valid ·between G = 0.350 and G = 0.550, which is tha 
range of primary _interest to the design engineer. The apparent upper limits of eq 3 and 5 are con· 
sidered valid since test results were observed near these values. 

A direct comparison between these equations and the results of other investigators is not' 
possible because of the different treatment of the density parameters. The equations in this study 
.always refer to the initial specific gravity at time zero while other methods are based on long
range average or instantaneous conditions. 

rn:~~oo& o~ lo~cdl ~IDl~ISIDl~Uy 

Settlement of the five tests in this group is plotted versus time on .Fligure 7. All test fen&~ 
ings were the same size and shape and were exposed to similar environmental conditions. The 
initial specific gravity varied from 0.449 for test 9 to 0.505 for test 5 (1963). It is-6bvious abn&. 
both the slope and the intercept of tire linearized versions would be depand£mton load intensity. 
Equations 3 and 4 were used to adjust these data to a common initial specific gravity to elimin&Me 
density dependence. A common value of 0.458 was chosen since this was the initial SP8Cifi<! 
gravity for· the reference case. . 

.,, 
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These adjusted values for settlement rate and intercept are plotted on Figmes 8 and 9, re
spectively. A linear relationship between settlement rate and load intensity is suggested by the 
data, at least up to 2000 lblft\ A mo~e complex form is necessary to include higher loads and 
the following closely approximates all of the'adjusted data: 

where s 
PIA 

settlement rate,. in./day 

load i~tensity, ksf. 

Substitution of values for the reference case produces the specific form: 

. ( (P/A)N ) 
SN = 0.049 · . 

25.2+ (p/A)N · 

(7) 

· (7a) 

The settlement intercept versus load intensity data suggest an expone-ntial relationship. 
primarily because of the position of the adjusted results (to specific gravity of 0.458) of test 5 
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(1963) .. lf eq 3 and 4 were not used to ·adjust to a common density an approximately linear.dep~iid ... 
ency would be indicated. The following curvilinear expression adequately describes the adju~ted 
data but should be considered valid for loads up to 2000 lb/ft 2 only: ... 

where In 

IR 

(PI A)ni(PI A)R 

4(1?/ A)p/(.P! A) R 

5- [(PIA)n/(PIA)R] 

ratio of intercepts for unknowit. 
footing and reference test 

ratio of load intensities. 

(8} 

This expression can be used as first approximation for loads in excess of 2000 lbift2 but i.ts 
real validity in this range can only be established by further investigation. 

E,ff~t qf size 

The results from ·four identically-loaded tests are shown ~n Figure 10. Except for initial 
discrepanCies between tests 3, 4 and 5 the settlement rate is clearly depe.ndent orifootirig size.·· 
The smallest· footing in these tests (test 3) showed the highest settlement rate during the initial 
period of primary creep. This could be due to.s.lll'face irregij].arities under the test installation 
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Figure 10: Effect ·of'size-set'tlement vs time. 

640 720. 

causing stress concentrations and a temporary increase in settlement rate. This is believed to be 
the IJlOSt pro~able caus~ since during the lopg-range secondary ereep test performances reflec~ed 
footJ~g size as,expected. 

·~ ·', . . ' . . 

- Obviously, the influence ·of size is an·expression of the magnitude of the pressure bulb be-
neath the footing.' As the size increase.s·the volume of material and deformable voids in the pres
S].ll'e bulb increases correspondi~gly. 

A preliminary analysis of these data (Reed, 1966) suggested the Jollowing equation to ex
press the relationship between settlement rate and size: 

where S2/S 1 

bl •.. b2 

ratioof settlement rates of two footings, in./day· 

width or diameter of footings, ft. 

(9) 

An identical equation is used in soils foundation engineering; based on- the work of Kogler, 
it relates the settlement of any footing to the movement of a plate 1 ft square (b 1 = l) (Terzaghi 
and Peck, 1948). Equation 9 is graphically presented on Figure 11, using test l as a reference, . 
where the secondary creep rates of the fourtests. are plotted directly and, after adjustment with 
eq3, to a·common initial specific gravity .. Th~ equation gives a reasonable fit fo~ the range of 
values shown. It obviously is deficient for very narrow footings; as the width approaches ,zero 
one would expect the settlement to increase rapidly under the- influence of .the predominant edge 
effects. 
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, The ~ettlement intercep_ts adjusted to a common initialspecific gravity (OA58) are !:;howq._on 
Figu_r~· 12.' The scatter is believed du~ to the effect of SW"face irregularities discussed previously. 
These inconsistencies prevent a rig oro u.s analysis, but as a first approximation it is assu~ed the 

' interc~pt is dependenton s1ze in a manner similar to that established for settlemen_t~ate.: . ·: . 
' . . . ' . . . . . .. ' ;, .' . . . . ... 

2''34 ' ... ·,· . ('. b21bt . )' 
.. · :; L33 + b 2/b1 .. 

(9a) 

~atio of settl~mentinterc.ept for· two 'footings. 
• .• · ._, • t • '·: ' .: 

',i :·· 
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I' 

. \ 

,.._,__ _______ _ 
-

FOOTING NUMBERS 

1961 Test Series ,__ __ 
::---~~ 

=---:......._ 6 
-- 7.50" x 43.25" RECTANGULAR -.......___ 2 

WITH DIM:ENSIONS 

1961 

FOOTING LOAD: 1000 psf 

Figure 13. Settlel'llellt vs time -' effect of shape, 1961 series. 

100 

TIME, days 

200· 

Shape 
, R 

1 1 S in/day 
--- _!Conge 

300 

~ -~------_9.:_0~110 
' -------'..::::.::::-~u~e ---- . -

Circie - ""-- _ 2_:00142 
--:----

2.5 L-------~------~~~--~~----~------~--------L-
Figure 14. Settl~men(vs' time - effect of shape, 1~65 series. 

720 

Effect of shape 

Aithougn this. parameter is not as significant '~s those. previ~usly discussed it does 'produce 
~· m~asurable influence on settle.ment. Th~ t.heories .·of Boussinesq ·and Westergaard show that the 
depth of .significant stress in,fluence increases a~ the shape is changed from a rectangle ,to a square 
and then to a circle of equal area. Similar conchisioris can be deriv,ed from the ~ork of w :S. Housel 
(1929),who assumes that footing load is distributed to the foundation material thrQ\.lgh a combina
tion of compressive stress under the footing and shear stresses aroundthe p~rimeter. 

Three differently shaped footings in the 1961 test group (Fig .. 13) were designed to examine 
this parameter. Inconclusive results preve11t a rigorous analysi,s so the examination was tra11s~ 
ferred to a similar group of tests installed in 1965' on ·a thick layer of 'disaggregated processed 
snow. Figrre 14 shows that the total settlement of these tests was significantly greater than that 
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Figure 15. Settlement rate ratio vs shape factor ratio .. ~ 
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2.5 

of the previous group which had been supported on natural undisturbed snow·. These differences 
are attributed to. the altered properties of the disaggregated material. ··However, the results of 
these tests are believed to demonstrate the effect of shape on settlement~ . 

The res.ults of these three.tests indicate that for a: given· area' the. s~ttiemeht will decrease 
as the perimeter increa·ses. · Determination of a shape factor to describe this phenomeric:m must re
flect the geometric relationship between perimeter and area· and must be invariant with size for a 
particular .shape. The only suitable relationship to sat~sfy these conditions is: 

Shape factor 

where L perimeter 
A area. 

Figure 15 gives a plot of settlement rate against the ·shape fac~or for these tests. Data 
. are plotted as ratios with the square footing test chosen ~s, the· r_efere~ee·.' :A 'straight line, fitted 

by the method of least squares, gives the following relationship: 

; ' ~ . 

(10) 

. ; ; J The dght side of this' equation reduces t9 a ·constarit'for'regular geometric .sh?-pes and 
satisfies the requirement that it be invariant With size: · · 

·.:t 
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Combined effects 

The final working ·equations were produced by combining the separate treatments of the 
individual parameters and with substitution of values for the reference case (test 1, 1961 
series) to. produce: settlement rate S, shown to be dependent on initial specific gravity, load 
intensity, size, shape and temperature (eq 4, 7, 9, 10, and 11) and evaluated for the reference 
case: 

0;()()384 (8.40) (0.575 -·G) (26.3)_(. PI A ·)(2. 'Jj)(~~ (1.43)(1 - 0.075L) [ (70. 46)~ 
·. · .. 25.2 +(PIA) .· 1 + i,} . _ 17 exp 26.8- --

vA. T 

since , (8.40) (26~3) (2. 79) (1.43) (0.00 384) 3.38. 

Then: let · K·l = (3.38) exp[26.8 ~ (7046/T)]. 

, Then, combining and rearranging terms: 

where s 
q 
p 

A 

L 
b 

G. 

S = i (0.57S- G)(1 - 0.075LJf~f 
K 25. 2 + q VA ~~ ~ ¢- b/ 

settlement rate, in./day · 

load intensity (PI A:4,ksf 
footing load, kips (1 kip= 1000 lb) 
contact area, fe 
perimeter, ft 

footing width or diameter, ft 
initial. specific gravity of supporting snow withi~ a depth equ~lto .. b/2 .. 

(11) 

.K constant, dependent on temperature and, for ponvenience, illcluding the combined 
coefficients from the reference case. 

Values for the constant K are shown in Table II for temperatures from -5C · (23F) to -50C 
(-58F) and are plotted graphically on Figure 16. Extrapolation fortemperatures approaching OC 
(32F) is not recommended. 

The ratio L/yA is constant for circles and squares so for these regular shapes eq 11 re· 
duces to: 

Squares 

s = (o. 700) i (o~575 ~ G)L!!_f 
K 25.2 + q \1 + b/ 

Circles 
2 . 

S = ( 0. 735) i (0· 575 - G)f_l!_ \ . 
K 25.2 + q \1 + bl 

(11a) 

(11b) 

It is necessary to conform. to the specified units in eq 11, since dimensional quantities for 
the reference case have bee~ included in the K-factor. . . ·. . ·· · . · . 

- . '·. . ' 
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.•--t-:,· 

0~----~------~~----~ 
.:.s -10 .-15"-·' -20 

TEMPERATURE, oc ·· 

-10 . -20 -30 -40 -50 

TEMPERATURE, °C 

Figure 16. · Kvalue vs temperature (see eq 11 for definition of K). 

Intercept I was shown to be strongly dependent on size, density, load and temperature. The 
effect of shape is minor and is therefore neglected. 

_I_. = (2.34)(-b-)(1.59)(0·520-G .)(4.0)( P/ A ) ex 26.8- (7046/T) 
0.60 2+b . G-~.359 5-(P/A) p 

if K- 1 = (3.38) exp[26.8- (7046/T)] .. Then 
\. 

I = _(2.65).(-_ b ·) ~ .... ·)(0.520- G) 
K 2 + b 5 :- q G - 0.359 

(12) 

where I = settlement intercept, in., and other te~ms are as defined previously. 

Point of tangency 

This value gives an estimate of lhe time required for the onset of a linear settlement rate 
of secondary creep. A :suitable approximation can be obtained by considering only the specific 
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- 6 
- 6 
- 7 
- 8 
- 9 
-10 
-11 
-i2 
-13 
-.14 
~15 

'-16 
-17 
-18 
-19 
-20 
-21 
-22 
-23 
-24 
-26 
~26 

-27 

23 
21.2 
19.4 
17.6 
15.8 
14 
12.2 
10.4 
8.6 
6.8 
5 
3.2 

.. 1.4 
- .4 
- 2.2 
- 4 
- 5.8 
- 7~6 
- 9;.4 
-11.2 
-13 
-14.8 
-16.6 

TaMe D. K valaea. . 

K• 

0.179602 
0.19816 
0.218797 
0.241785 
0.267345 
0.295868~ 
0.327665 
0~38317~ 

. o.4rl2853 

·. g:UAjfi¥ 
0 .. 552506 
0.614867 
0.684841 
0.763425· 
0.851756 
0.951134 
1.06304 
1.18917 
1.33146 
1.49214 
1.67375 
1.87921 

-28 
-29 
-30 
-31 
-32 
-33 

(] -34 ~· 

-35 
-36 
-37 
-as 
~39 

-40 
-41 
-42 
-43 
-44 
-45 
-46 
~47 

-48 
-49 
-50· 

-18.4 
-20.2 
-22 
-23.8 
-26.8 
-27.4 
-29.2 
-31 
-32.8 
-34.6 
-36.4 
-38.2 
-40 
-41.8 
-43.6 
-45.4 
-47.2 
-49 
-50.8 
-52.6 
-54.4 
-56.2 
-58 

K• 

2.1119 
2.37566 
2.67495 
3.01491 
3.40144 
3.84138 
4.34263 
4.91436 
5.56715. 
6.31333 
7.16718 
8.14533 
9.26713 

10.6652 
12.0368 
13.7397 
15.'703 
1(.9679 
20.5838 
23.609 
27.1117 
31.1726 
35.8866 

* See eq 11 for definition. 

TEST I 
1961 

TIME, 

1.5 ft square, I ksf 
G=.458, T1 =-16°C, T5 =...,20CC 
Test duration: 698 days 

Total settlement 
Actual: I. 2 in. 
Predicted: I. 2 in. 

~1.2L-----~L-----~~-----L------~------~--~--~~~~ 
w 
:e 
w 
_J 
..... 
..... 
w 
en 

0.4 

08 
TEST 2 

1961 

1.72 ft dla, circular, I ksf 
G=.463, T1=-16 °C, Ts =-20°C 

· Test duration: 699 days 
Test settlement 

o o Actual: 1.1 in. 
o Predicted: 1.21n . 

. 0 0 

·Figure 17. Actual vs computed settlement, test 1 and 2, 1961. 
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TEST 3 
1961 

TIME, 

3.0 ft square, I ksf 
G= .455, Tr=-I6°C, T5 =-:-20°C 
Test duroti on: 70 I days 

) 

400 600 

4.5 ft. square 1 ksf 
G= .455, T1 =-I6°C, Ts= -20°C. 
Test duration: 693 days 

Total settlement 
Actual : 2.3 in.· 
Predicted:2.4 in. 

Figure 18. Actual vs computed settlem.ent, test 3 and 4, 1961. · 

en 
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-B 2.0 
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.,..: 
z 
w 
~ 
w 
_J 

I
I
w 
(/) 

1.0 

2.0 
TEST 7 

1961 

TIME, 

600 

3.0 ft square, 0.5 ksf 
G=.455, T1 =-I7°C, T5 =-20°C 
Test duro t. ion: 69 4 days · 
Total settlement 

Actual :0.9 in. 
Predicted :0.9 in. 

Figure 19. Actual vs computed settlement, test 5 and 7, 1961. 

19 

gravity dependence, so other factors were neglected. Its primary value is to enable the graphical 
estimation of a time-settlement plot to be made. Having computed and plotted intercept and settle
ment rate, a smooth curve from the origin to this point of tangency will give . a reasonable approxi
mation of primary creep: 

t = (2855)(0.510-G) (13) 

where t =- Plapsed time to poi~t of tangency, d~ys. and other terms are as defined previously. 
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DESIGN OF FOOTING FOUNDATIONS ON POLAR SNOW 

TEST 8 
1961 

3.0 ft square, 1.~ kif 
G=.453, T1 • -11•c, T; •- 20•c 
Test dura.tlon: 120 do.p 
Total settlement 

Actual :2.4 ln. 
Predicted :2.1 ln. 

3.0 ft. square, 2 ksf 

\o 
G=.449, Tr=-17•c, Ts=-2e>-C 
Test duration: 63 0 days 
Total settlement_ \0 

0 

' 00 
'0 

'- Oo 
00 

~ 0 
~ 

I,. 

TEST 9 
1961 

0 Oo 
.o 

o oo 

Actual :J.5 in. 
Predicted ;3,6 ln. 

Figure 20. Actual vs computed settlement, test 8 and 9, 1961. 

1.0 

TEST 4 
1963 

1.5 ft square, lklf . 
G•.509 T1•-ll•c, Ts~-20•c 
Test duration: 290 days 

Total settlement 
Actual :Q.21n. 
Predlcted:0.21n. 

: or-------r-------~~----~----~~~----~ 
.c. 
u 
c 

.,.: 
z 
L!J 
·~ 
w 
..:J 
I-
I-
L!J 

.. en 2.0 

3.0 

4.0 

0 

'o. 
0 

TEST 5 
1963 

3.0ft square, 4 ksf 
G=.505, Tr=-II°C; Ts •-2o•c 
Test duration: 429 days 
Toto I settlement 

Actual :4.11n. 
Predicted:3. 91n. 

0 

. Figure 21. Actual vs computed settlement, test 4 and 5, 1963. 
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TEST"B" 
Byrd Station, Antarctica 

1962 

TIME, days· 
100 ' 150 200 

0 

3.0 ft square, lksf 
G =0.48, T= variable .-17 to..,. ~9 t 
Test dur:oti9n: 210 days 
Total settlement ' 

Actual ; 0.36 in. 
Predicted :0.34 in. 

0 ---:--:.---
0· 

Figure 22. Actual vs computed settlement, test 13, 1965 and Test" B," Byrd Station,· Antarctica. 

The results of eq 11, 12 and 13 are. compared graphically with the actual settlement of the test 
footings on Figures 17-22, The black dots indicate the computed point of tangency. The computed 
results are completely adequate for engineering purposes in every case. The measured average sum
mer temperature was used to compute the intercept and the measured average annual temperature ·to 
compute the settlement rate, . A closer intermediate fit with field data could .have been obtained by 
incremep.ting eq 11 with actual average temperature values: for s_rrialler time periods, . 

Figure 22, test B, shows the analysis of a test footing installed at Byrd Station, Antarctica 
(Mellor and Morelli, 1962). The average snow temperature in 25-day increments was used in suc
cessive applications of eq 11 to produce the curvilinear form shown. Initial snow density measure
ments at this locale ~howed a v~ry .erratic pattern varying from 0.46 g/cm 3 to 0.5'3 g/cm 3 within the 
significant depth. A value of 0.48 g/cm 3 was used in the an.alysis presented in this study. The· 
successful application of the equations to this test indicate that the approach is not .limited by 
locale. Application of these techniques to a design situation is illustrated in Appendix A. 

CONCLUSIONS 

1. The settlement of spread roofings on snow is dependent on: time, snow density, tempera
ture, load intensity, footing size and shape. Empirical equations relating these parameters have 
been developed in this report. These equations permit the calculation of the linear secondary 

. settlement rate S, and an intercept I and point of tangency t for plotting purposes. These equations 
are: 

Settle.ment rate 

S = .!!_ (0.575- G) (l _ 0.0~5L) (-b-)2 
K 25.2 + q y A 1 + b 
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where S = )~e~tl~ment rate, in./.day 
I· 

q load intensity, ksL 
A contact area, ft 1 

L perimeter. ft 
b = width or diameter, ft 

G :::z initial specific gravity of supporting snow within a depth equal to b/2 

K dimensionless constant, dependent on temperature, evaluated in Table II. 

The ratio L/VA reduces to a constant for regular geometric shapes: 

Squares 

S = O. 700 !(0. 575 .- G)(-. b \2 
. K 25.2 + q l + b} 

Circles 

S (0;735) !!.(0·575 - G)f_E_f 
. . K 25.2 + q \i + b/ 

Intercept 

I ·= 2.65 (0.520- G)( q )·( b ) 
T G - 0.359 5- q 2 + b I 

where r = intercept, in. t and other terms are defined previously. 

Point of tangency 

t = (2855)(0.510- G) 

where t ::;: . time,. days. 

2. These equations predicted the performance of the 12 test footings discussed in this re
port with an accuracy suitable for engineering purposes. To ensW'e a comparable ac9uracy in de
sign applications the following limits are suggested for input data: 

G = 0.350 to 0.550 

Temperature =:= ~5C to -50C; Load intensity q = 0 to 2 ksf; Sizeb :t: 1 ft lower limit. 

Since most ice cap situations fall within these limits no severe restrictions are placed on the 
designer. 

3. Field measurements required consist only of in-situ snow dens1ty and temperatures beneath 
the proposed location. For very critical facilities a more extensive investigation including field 
testing would be advantageous. If time permits, the observation of an 18-in. square test footing, · 
loaded to 1 ksf would provide referenc~ data similar to data used in the development of the equa
tions presented in this study. If required, this would permit modification,of the equations to re
flect particular local conditions. 

· 4. It must be remembered that the results predicted by the equations represent only the pene
tration of the footing into the snow. If total absolute settlement is of interest. the portion due to . 
natural densification of the supporting snow must be included. 

5. As stated previously, the approach developed here is entirely empirical. Its major ad
vantage is believed to be its relative simplicity compared with previously developed empirical 
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approaches. Because of its emf:>il"ical nat.ure; the technique does not provide any real insight 
into the fundamental stress-strain relationships involved. Theoretical treatments of footing be
havior on viscoelastic materials by Kerr (1962) offer an approach to the fundamental processes. 
A combination of the technique described here and Kerr's treatment would provide a more rational 
basis for a wider variety of design applications. Work in this direction has been initiated and 

its continuation is recommended. 
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AIPI?l&WBJKX A: DESRGN APIPLKCATKON 

Minimum requirements for design include a temperature profile to a depth of 10 m (32.8 ft) 
. below the snow surface and accurate depth-density data at the footing location. Techniques for 
obtainingthese data are described by Mellor (1964). 

It can be assumed that the temperature observed a~ the 10-m d_epthtn an undisturbed area 
is very close to the mean annual temperature_ for the s~te (Mellor, 1964). This is suitable for de
sign purposes if the intended foundations are plac'ed 10-15 ft below the surface and are protected 
from subsequent heat sources. Design of foo~ings .31t shall.?wer depths must reflect the cyclic 
temperature changes. If exact data are- not available K is suggested that summer temperatures at 
the desired depth be assumed to exist for four mo~ths' and the' mean annual temperature for eight 
months in the design calculations. Any heat losses from the proposed facility must also be 
considered. 

The presence of ice lenses in the snow mass within the effective depth (b/2) has a direct 
effect on input data for the equations. Since this material cannot densify ~urther it should not be 
included in a determination of average specific gravity. Only material within the effective depth 
having a specific gravity less than 0. 9 should be conside~ed. Since ice lenses might be discon
tinuous over a given area a subsurface exploration at or near each footing is necessary to insure 
homogeneity of supporting material to avoid differential settlements. . 

The equations are .all based on 'the assumption that.:_each footing acts independently. A 
spacing, edge-to edge of adjacent footings, at least equal tcdhe width of the largest as indicated 
by the performance of these test foot1ngs (Reed, 1966), should be adequate. 

':! 

A hypothetical example is given below to illustrate the application of the design equations. 
As shown below, the design procedure is a series of trial.;.and .. error operations for size determina-
tion. 

Example: 

Column load 
Footing elevation 
Design life 

. 30 kips 
10 ft below surface 
5·years 

Design footing to limit settlement to not more than 2 in. /year. 

Field measurements: 

Depth Specific Temp 

J!!L_ gravity (-oC)-

10 0.480 15.0 
11 0.490 1;) .4 

12 0.495 15.8 

13 '0.500 1 (), 0 
15 1 (i.5 
20 17.8 

30 19.0 
32.5 HLO 

Assume b/2 = approximately 2.5 ft. Then: G (<l\t~rage) "" 0.490; T (summer) 
T (mean annual) = · -19.0C. From Tablr II, for T (sumtr.,·i l. K -~ 0.525: for T(winten. K 

-15.5C; 
0.76:3. 
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Time to po1nt of tangeacy: 

t 2855(0.510- G) 

= 57 days. 

Assume construction to occur during early summer; so intercept I calculation to be based 
on summer temperatures. 

I (2.65).( b )( q )(0.520- G') 
= K 2 + b 5- q G - 0.359 

\ 

( 2.65)( b )( q )(0.520.- 0.490) 
= 0.525 2 + b 5- q 0.490-0.359 

= (1.155) (-b )(-. q )· 
. 2+b 5-q 

Try a 4-ft square footing 

Substituting 

then 

and 

b = 4.0 
30 

q = - = 1.875 ksf 
16 

I = 1.155 (-b )(-· q ) • 
2+b 5-q 

b 4.0 q 1.875 

I 0.473 in. 

s = (o. 700) !!.. (.o:s7s - a\(_E_)2 . 
K 25.2 + q J l + b 

For a 4.-ft square footing with q = 1:875 · ·., 

0.00264 s == ---
K 

0.00264 
In summer months,~ :s = 0.00505 in./day 

0.525 

0.00264 . 
In winter months, S = == 0.00346 in./day. 

0.763 

Total settlement: 

1st year • I + St (summer}+ St (winter) 



Thei!Ao 

then, 

and, 

S<i: 

and 

APPENDIX A 

1st year (0.473) + (0.00505) (120) + (0.00346)(245) 

. · ·. i, · !-r :.~<•i< ~ .. • ,1 ·Jit •· .~ •. t.o •· · 

0.473 + 0.606 + 0.849 

1.93 in. is less than 2 in. 

Therefore the 4-ft footing is suitable. 

each remaining year 0.606 + 0.849 

1.46 in. is less than 2 in. 

Recheck density and temperature assumptions: 

b/2 = 2.0 ft 

G (average) 

T (summer) 

K (summer) 

0.490 in. 

S (summer) 

0.490 which equals original assumption 

-15.4C 

0.519. 

0.00264 

0.519 
~.00509 in./day. 

Total settlement: 

1st year 0.490 + (0.00509) (120) + (0.00346) (245) 

0.490 + 0.612 + 0.849 

1. 95 in. - O.K. to use 4-ft square footing. 

27~ 

A square was arbitrarily adopted in the example but similar calculations for other shapes 
are also possible. The first year settlement controls in the example since 2 in./year was set as 
a limiting value. If in the actual facility some adjustment were included to compensate for primary 
creep, the design could be based on the lower steady-state creep rate and a footing size smaller 
than 4 ft would be suitable. 

The following procedure is recommended to limit differential settlement among a group 
of footings where total settlement is not especially critical: 

1. Determine the size for the most heavily loaded column so that bearing pressure is 
about 2 ksf, then compute settlement. 

2. Determine the size of other footings to produce the same settlements as computed 
abov-e. 
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