ARCTIC SEA ICE OF VARIOUS AGES
II. ELASTIC PROPERTIES

By E. R. PouNper and M. P. LANGLEBEN
(Ice Research Project, Department of Physics, MeGill University, Montreal, Canada)

ABsTRACT. Young's modulus E and Poisson’s ratio oo were calculated for biennial and polar ice from
measurements of the P-wave velocity in small samples and from a study of the resonant frequencies of the
same samples. P- and S-wave velocities in the biennial ice cover were also found by a seismic methed,
The small-scale tests showed no significant differences between the two types of ice tested. Young's modulus
averaged 3-6 per cent lower than the comparable figure for annual sea ice. The seismic method gave
values of & and oo about 20 per cent lower than the small-scale tests.

RisumE. On a caleulé le module de Young (E) et le rapport de Poisson {o0) pour de la glace agée de
deux ans et pour la glace polaire a partir des mesures de la vitesse des ondes P et d'une étude des fréquences
de résonnance dans de petits échantillons. On a mesuré aussi les vitesses des ondes P et § dans la couverture
de glace agée de deux ans par une méthode séismique. Les tests 4 petite ¢ehelle n’ont pas montré de
différences significatives entre les deux types de glace. La valeur moyenne de B est 3.6% plus faible que
la valeur comparable de la glace de mer annuelle, Les résultats séismiques ont donné des valeurs de £
el oo inféricures d’environ 202, A celles obtenues par les tests 4 petite échelle.

ZusamMENEASSUNG. Der Young'sche Modul E und die Poisson’sche Konstante o wurden fiir zweljihriges
Lis und Polareis aus Messungen der Geschwindigkeit der P-Wellen in kleinen Proben und aus einer
Untersuchung der Resonanzfrequenzen der gleichen Proben errechnet.

Die Geschwindigkeit der P- und S-Wellen in der zweijihrigen Fisdecke wurde auch mit einer seismischen
Methade ermittelt. Die Versuche an kleinen Proben zeigten keine merklichen Unterschiede zwischen den
beiden untersuchten Eisarten. Der Young’sche Modul war im Durchschnitt um 3-69;, nicdriger als dic

f
entsprechenden Vergleichszahlen fiir cinjihriges Meer-Eis. Die seismische Methode ergab Werte von E
und ga, dic ungefihr 209, nicdriger lagen als die der Versuche an kleinen Proben.

1. INTRODUCTION

This is one of a series of papers on the elastic properties of sea ice. Previous reports are
Pounder and Stalinski (1961[b]), Langleben (1962), and Langleben and Pounder (1963),
the last paper including a review of earlier work. The observations reported here were made
in April-May 1962 on the floating sea ice cover at lat. 78°42'N., long. 104°%06'W. near
Isachsen, Ellef Ringnes Island, N.W.T. Other investigations made during this expedition
are given in Langleben and Pounder (1964),

Two types of ice were available, namely polar ice of unknown age but more than two
years old and “biennial™ ice which had started to form in the fal] of 1960 some twenty months
prior to the observations,

2. MEeTHoDS

Most of the observations were made on 6-in. (15°2-cm.) sections of cores extracted from
the ice cover with a SIPRE core drill which cuts out cylinders of diameter 3 in. {76 cm. ),
Full details of the sonic techniques used are given in the references above. Briefly, barium
titanate transducers were attached to both ends of the sample and the input transducer
was excited with repetitive pulses having a sharp leading edge. The transit time for a pulse
was measured by comparing it with a calibrated time delay in the DuMont Type 326
generator which supplied triggers for hoth the input pulse to the ice and the sweep for the
cathode ray oscilloscope on which the received pulse was displayed. The resonant frequency
of the input transducer was sufficiently high that the wave-length of the longitudinal waves
was less than 10 per cent of the diameter of the sample so that it could be considered (o be
an infinite medium. Measurement of transit time for a known length thus gave the bulk
velocity ¢, with an estimated accuracy of 1-5 per cent or better
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The equation for the bulk velocity involves both Young’s modulus £ and Poisson’s ratio
o, so that two independent measurements are needed. In principle, measurement of the
resonant frequencies of the ice sample will give sufficient data. For this measurement the
input transducer is driven by a sinusoidal oscillator which is swept slowly over the range
from about 8 to 80 ke. sec.—1, resonant frequencies being detected by increases in the amplitude
of the output transducer. This tedious method gives ambiguous results because the large
number of spurious resonances found makes identification of the correct frequencies difficult.
Langleben and Pounder (1963) gave the results of a number of resonant measurements of
this type on ice samples of widely differing brine content v from covers of both annual and
polar ice. They concluded tentatively that g, is almost independent of salinity, temperature,
and type of sea ice and gave a value of o, = 0-295.

In the present experiment, resonant frequencies were measured for eight ice samples,
from vertical cores of polar ice and both vertical and horizontal cores of biennial ice. The
result was g, — 0-299-+0-007. The uncertainty quoted is simply the maximum observed
deviation from the average; systematic error, which is all too likely with this method, could
not be estimated,

Supporting observations on the core samples were made in the usual way. Most of the
ice samples (about 80 per cent of those used for measurements) were melted after the mechani-
cal and acoustical tests and their salinities found by titration. The density profiles of the two
types of ice were found by measurements on one core each of polar and biennial ice, in
which the mass of a sample was found by weighing and its volume by the amount of
n-heptane it displaced in a calibrated vessel. The crystal structure of each type of ice was
observed by photographing thin vertical and horizontal sections of a core between crossed
polaroids, at frequent intervals of depth below the surface.

Some simple seismic measurements were also made on the biennial ice cover, using a
seismic hammer, With this instrument, the seismic shock is generated by striking the ice
smartly with a heavy sledge hammer. Attached to the hammer is a microswitch which is
actuated by the blow and transmits the “shot instant™ by wire to the timing device, acting
to trigger a scale-of-two counter which was accurate to o-25 msec. A finite time later the
seismic waves reach the geophone, which is also connected to the counter. The first arrival
of the seismic wave (i.e. the leading edge) serves to stop the counter and the time taken for the
waves to travel from “shot point” to geophone plant are registered. By striking different
vertical faces of a rectangular pit in the ice, the waves propagated in the direction of the
geophones may be either predominantly compressional or shear and may be detected by
suitably oriented geophones.

Measurements were made over path lengths of 40, 80 and 120 m., which were chained off.
At each detection point, the snow was shovelled off the ice and two horizontal-component
geophones were firmly planted in intimate contact with the ice and then covered with
enow to reduce wind noise. The axis of one pointed towards the point of impact to receive
the compressional wave when the ice was struck in that direction, the other was oriented
at right angles to this direction so as to detect the shear wave. Each geophone in turn was
connected to the counter. Sufficient hammer blows were struck to obtain about six identical
counter readings of the time of first arrival at each geophone plant. Spurious readings some-
times resulted when vibrations other than those generated by the hammer were detected
by the geophone and tripped the counter prematurely. On the other hand, at low amplifier
sensitivity or for a weak hammer blow, it was sometimes possible to observe longer transit
times.

The shear velocity ¢ was calculated directly from I, the time taken for the shear waves
to travel over a given distance. (The shear wave was too weak for measurement at the range
of 120 m.) The compressional wave propagated in a floating ice sheet at distances large
compared with ice thickness (i.e. for long wave-lengths) is the longitudinal plate wave.
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It travels more slowly than the bulk compressional wave. The bulk velocity ¢, can, however,
be calculated indirectly from the transit time ¢, of the longitudinal plate waves using the

expression
lﬁ 2] -1
Cw = € I —f — v
v [ ('Hp”

The calculation of Poisson’s ratio and Young’s modulus then follows from
g

k*—2 .
o — é(ka—--x)’ where k2 = (cy/eq)?
kllld
E = 2¢2p (14a,), where p is the ice density.

3. REesurTs
Salimty

Eighteen cores were extracted vertically from the polar ice, all from within an area
of radius 4 ft. (1-2 m.). Five of these cores were analysed in detail for salinity. Four of the

& os s?tl.lmfy (70) -

Depth {inches)
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Fig. 1. Average salinity profiles of polar ice (dashed line) and biennial ice (solid line) in the ice cover near Isachsen. May 1962
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eleven vertical cores of biennial ice (from an area of radius 3 ft. (0-9 m.)) were analysed
similarly. Separate salinity tests were made on the horizontal cores. Average salinity profiles
for the two types of ice are shown in Figure 1. Deviations of measured salinities from these
curves were usually less than o0-1%, although there were a few deviations up to 0-27,.
It will be seen that there is only a slight difference in salinity of the two types, the polar
ice being more saline, and that the upper 6 ft. (1-8 m.) of either type of ice cover has a
salinity of 1%, or less. The temperatures of the ice samples at the time of measurement ranged
from —4°to —12° (.., and the combination of low salinity and narrow temperature range
gave a very limited range of values for brine content with almost all values of » being
below 10%,.

Densily

As has been pointed out in earlier papers, the density of a given sheet of sea ice is almost
constant. In this case the polar ice showed no systematic variation in density with depth,
the average being 0-894-+0-006 g. cm.=3. The density of the biennial ice was constant at
0-9o2 +0-003 g. cm.~3 at depths below 3o in. (76 cm.). The upper layer of this ice was
slightly less dense. On the basis of two measurements, a linear interpolation for the specific
gravity of 0:854- 1-62 x102d, where d is the depth in inches below the ice surface,
was used in calculations on the top 30 in. (76 cm.) of the biennial ice.

Crystal structure

The cover of biennial ice started to form in September 1960 and, from the evidence
of observers at Isachsen in the summer of 1961, it remained shore-fast up to the time of this
work. This was borne out by the absence of pressure ridging. The snow cover was heavy,
and from examination of the snow—ice interface it was clear that no surface melting of the
ice had taken place. The crystal structure resembled closely that of annual sca ice; the
surface layer consisted of many small, randomly oriented crystals but below about 1 ft.
(30 cm.) the crystals were large (typically 2-5 cm. across and many centimeters in vertical
height). There was a tendency for the crystal size to increase with depth, but in the bottom
part (sections from 6 to 8 ft. (1-8 to 2:4 m.) in depth) there was an increase in the number
of small crystals in a section. This tendency was noted in annual ice by Pounder and Stalinski
(1g61[a]). In this case it may represent new growth during the winter of 1961-62.

The polar ice was more uniform than the biennial. The average crystal size was smaller
and there was no systematic change in the crystals with depth. Because of the gently rounded
hummocks of the polar ice it is a reasonable guess that this floe was over five years old.
Presumably it had therefore gone through several cycles of surface melting and growth on
the bottom. The crystal sections gave no evidence of the alternating annual layers reported
by Cherepanov (1957).

Young’s modulus

Sonic measurcments were made on three categories of ice, 98 samples from vertical
cores of polar ice, g9 samples from vertical cores of biennial ice, and 21 samples from hori-
zontal cores of biennial ice. Using a fixed value of o, (0-295) in all calculations, Young’s
modulus was evaluated for each sample from the length, transit time, and density, and the
brine content from the salinity and temperature (using the table in Assur, 1958). Within
each category the values obtained were sorted in order of increasing brine content, and then
both v and E were averaged in groups of about ten observations. The results are given in
Table T and plotted in Figure 2. The line in Figure 2 is the empirical equation found by
Langleben for annual sea ice, namely

E = 10-00—0-0351¥ (1)
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TapLe 1. SUMMARY OF OBSERVATIONS
E is in units of 1010 dyne em.=2, v in %,. Fe is based on equation (1), 4E = FE— Eops.
Number of observations averaged in each group — n

n v Eops Ew AE ndk
Polar ice—vertical cores

9 0714 9775 9:975 0°200 1-8oo

9 2-461 97443 9-914 0471 4-239

10 3656 9°434 9-872 0°438 4-380

10 4'157 9-467 9-854 0-387 3-870

10 4624 9442 9-838 0-396 3-960

10 5065 g 461 9-8o2 0-361 3-b10

10 5587 g-6z24 9-8oyg o-280 2800

1o 6192 9-469 9-783 0-314 3'140

10 7130 9-265 9°750 0-485 4850

10 10-98 9-270 9-615 0°345 3450

g8 Total Average = 9-82 ZndE[Zn = 0368 100dE/Ea = 3:7%
Biennial ice—vertical cores

10 1707 9284 9940 0- 656 6- 560

10 2°490 9-298 9913 0-615 6-150

10 2-8oz 9470 9902 0432 4-320

10 R 6o 9-boz 9891 0-289 2-8go

10 3-413 g-658 9-880 0222 2-220

10 3731 9°529 9869 0°340 3°400

10 4487 9578 9843 0-265 2-650

10 5468 9621 9808 o-187 1-870

10 6-254 9-425 9+ 780 0°355 37550

9 8-873 9° 541 9689 0148 1-332

99 ‘Total Average = -85 ZndE[Zn = 0:353 1004E/Ex = 3§:6%
Bicnnial ice—horizontal cores

11 2:914 9-g72 9-898 0-526 5786

10 2873 9494 9-899 0405 4050

21 Total Average 9-90 ZndE| Zn = 0468 1004E[Ey 4°7%
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Fig. 2. Values of Young's modulus. Data are coded as follows : solid circles ( polar ice), squares (biennial ice—uvertical cores),
and crosses (biennial ice—horizontal coves). The line is the empirical variation of E with brine content for annual sea ice
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where E is in units of 101 dyne em.~2 and » is in %,. This equation was deduced from
measurements made at Thule on both natural sea ice and on sea ice artificially thickened
by flooding the surface with sea-water. The resulting high freezing rates gave very high
brine contents so that equation (1) is based on observations with o<<v<:85%,. Another
possible comparison is with the result found by Pounder for polar ice in summer, namely

E = 8-go—0-0163v (2)
in the same units as (1). The range of v values observed was 0-757, but the possible errors
in v were much larger because of its rapid change with temperature in the o® to —5° C.
region.

As mentioned above, the range in v in the Isachsen experiments was only 0-10%,, too
narrow a range to make useful a least-squares analysis of the data to produce a functional
relation between E and v. A comparison with the results predicted by equations (1) and (2)
is more significant. All the observed values of E were slightly lower than predicted by (1)
and much higher than given by (2). In Table I the comparison is made with values calculated
from (1). Vertical cores from both polar and biennial ice gave values of Young’s modulus
averaging 3-6 per cent lower than those for annual sea ice of similar brine content. The
comparable figure for the samples of ice cut horizontally was 4-7 per cent lower.

Tapre I1. SEismic MEASUREMENTS OF BIENNIAL IcE

Range, m. 40 8o 120
Travel time, shear Is, msec. 22-5 +0°25 45 —_
Travel time, plate 1y, msec. 13-75+0"25 27°5 41
Shear velocity cs, m.sec. T 1788+1% 1788

Bulk velocity cp. m. sec.” ™ grio+2:5% 3110 3140
Poisson’s ratio oo 0-25-+10% 0°25 0-26
Young’s modulus E,101° dyne em.~2 7-19-+4% 7°19 7-26

Seismic measurements

Table II shows the results of about six observations at each of the three ranges. The
results for the longest path length were calculated assuming the value of ¢ measured for
the shorter ones.

The possible or percentage possible errors are indicated in the 40 m. range column of
Table 11, assuming that the error in measurement of range is negligible. The percentage
errors in o, and E at ranges of 80 and 120 m. are less than those at 40 m. The twofold increase
in travel time in going from a range of 40 m. to 8o m. for both the shear wave and the longi-
tudinal plate wave rules out the possibility of systematic error.

It will be noted that the values of Poisson’s ratio in Table 11 are some 15 per cent lower
than the value of 0-295 from previous work, and that the values of Young’s modulus are
25 per cent lower than the value of 9-65 predicted by equation (1) for ice of average brine
content of 10%,. This may be compared with E values 3-6 per cent lower from the sonic
tests on vertical cores described above, although the comparison is not quite apt because of
the differences in the two types of tests. In the sonic measurements, waves were propagated
along the long dimension of the ice crystals, i.e. in the direction which was vertical in the
ice cover, whereas in the seismic work the direction of wave propagation was essentially
horizontal.

4. DiscussioN

The sonic measurements on small ice samples showed no significant difference between
biennial and polar ice, and the differences between them in density, salinity, and crystal
structure were quite minor. It appears that sea ice which has gone through a summer,
even one in which no surface melting occurs (as was the case at Isachsen in 1961), has lost
most of ifs salt and might as well be classed as polar ice for most purposes. It should be noted,
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however, that an appreciable difference was observed in the ultimate tensile strength of the
two types of ice (Langleben and Pounder, 1964).

Results of the small-scale tests on vertical cores confirmed that Young’s modulus for cold
polar ice is slightly lower than it is for annual ice, a result suggested earlier by the authors
on the basis of very limited evidence.

The discrepancy between the results of the seismic tests and the measurements on the
horizontal cores is puzzling, since both involve wave propagation transverse to the long
dimensions of the ice crystals. The seismic wave was travelling in slightly warmer ice.
In situ ice temperatures were not recorded, but even if the coldest part of the ice cover was
as warm as —3° (. and its salinity was 19, this would correspond to v — 16-2%  and
E = 9-43x 10 dyne cm.=* from (1), which is far from the results given in Table IT.
Brown (1963) has recently reported an exhaustive set of tests on sea-ice sheets at various
localities using standard seismic techniques. He too finds that values of Young’s modulus
for these large-scale tests are considerably lower than those associated with small-sample
testing.

This type of discrepancy is quite common in measurements of ultimate strengths.
Small-scale tests (such as ring-tensile ones) almost invariably give higher mechanical strengths
than large-scale ones (e.g. fracture of large cantilever beams). It is usual to attribute this to
a random distribution of flaws in ice, and possibly some such mechanism is responsible for
the seismic results. Against this, it should be noted that the value of ¢y appears quite normal.
It is the low values of ¢, which are responsible for the low values of E. Since the measurements
are made on first arrival, i.e. the wave which has found the shortest path, it is difficult to
see why macroscopic flaws or fractures, or microscopic flaws such as intercrystalline boun-
daries or brine pockets should act differentially on compressional and shear waves.
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