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SUMMARY
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at depth. This temperature variation affects the strength of the ice. The strength of
iceberg ice is shown to be 1.7 times less than other freshwater ice at a strain-rate of
103s?, probably due to pre-existing cracks. Using an activation energy of
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ABSTRACT

Based on literature results, the temperature of an iceberg around the Grand
Banks of Newfoundland is shown to vary from —2°C at the surface to
approximately —20°C at depth. This temperature variation affects the strength of
the ice. The strength of iceberg ice is shown to be 1.7 times less than other
freshwater ice at a strain-rate of 10°>s™, probably due to pre-existing cracks.
Using an activation energy of 80kJ/mol., the uniaxial compressive strength of

iceberg ice is shown to vary from 5 MPa at —2°C near the surface, to 8 MPa at
—20°C, at 10-20m depth.
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COMPARISON OF THE STRENGTH OF ICEBERG AND OTHER
FRESHWATER ICE AND THE EFFECT OF TEMPERATURE

1.0 INTRODUCTION

The temperature of the ice making up an iceberg is not constant. It has been
found to vary significantly with depth. Since the properties of ice, particularly its
strength, depend on temperature it follows that in an iceberg-structure collision
the force generated will depend on the temperature of the ice.

This paper reviews briefly the temperature data for icebergs, and then shows
how the strength of glacial, or iceberg, ice depends on temperature.

2.0 ICEBERG TEMPERATURES

The temperature of an Antarctic iceberg was measured as long ago as 1902 (von
Drygalski, 1983). He monitored the temperature of a large, 1 km long, iceberg at
depths down to 20 m, over an extended period from April 1902-January 1903.
Below a depth of 15 m the temperature was constant at about —10°C. Above this
depth the temperature varied with the seasonal air temperature. While
interesting, these large icebergs are not subject to the same climate nor to the
same rolling and wave action as is found in the northern hemisphere in the
region of the Grand Banks and, therefore, his measurements are not directly
relevant to this review.

Diemand (1984) measured the temperature of several icebergs in the vicinity of
St. John’s, Newfoundland, during the spring and summer of 1983. She showed,
first, that rapid ablation at the surface leads to a high temperature gradient in the
ice, or colder surface ice, and second that the internal temperature at a depth of
2-3 m was, in one iceberg, as low as —13°C, as shown in Fig. 1. She concluded
that the original temperature of icebergs found in the North Atlantic is in the
vicinity of —17°C.
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John's, Newfoundland in 1983,

Figure 1. Temperature data obtained from icebergs near St. J
(Diemand, 1984).

L@set (1993[a]) measured the temperature in an iceber

ohn’s, Newfoundland in 1983

g in the Barents Sea at an

initial depth of 2 m as a function of time between April and July 1989. As shown

in Fig. 2, the original temperature at this depth was -13

.4°C, warming up as the

ice melted and the thermometer reached the surface. He also quoted a value of

—12.5°C at a depth of 6 m from another borehole meas

urement (Fig. 3).
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Figure 2. Ice temperature registrations of Iceberg #13 from 15 April to 13 July, 1989 (Lgset,

1993).
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Figure 3. Ice temperature profile from Iceberg #13, 27 April 1989. Snow depth 0 cm and air
temperature 1.6°C (Lgset, 1993)

Laset (1993[b]) gives results of numerical modeling of the internal temperatures
of icebergs in the Barents Sea. He showed that the temperature in the central
region of an iceberg is almost unaffected by the thermal conditions imposed on
its boundary. Thus the original temperature of an iceberg at the time of calving is
retained in its core owing to the insulating properties of the ice. He also showed
that the temperature at a depth of about 12 m into the ice is essentially constant
and unaffected by boundary influences, and proposed this as a method of
deducing from where an iceberg had calved. If this is the case, it is probable that
in Fig. 1 above, the icebergs measured came from two different sources, one
significantly colder than the other.
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Figure 4. Distance from surface vs temperature profiles for six thermal probes in an
iceberg in Okak Bay, Labrador (Gagnon and Gammon, 1997).



Gagnon and Gammon (1997) measured the internal temperature of an iceberg

grounded in Okak Bay, Labrador, at six places with results as shown in Fig. 4.
There is a significant temperature gradient near the surface with temperatures
falling to —15°C at depths of 4 - 10 m depending on the specific location of the

probe relative to the submerged ice surface.
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Figure 5. Iceberg temperature data from Diemand (1984), Lgset (1993) and Gagnon’s bergy
bit data (Cumming et al., 2001). Note maximum depth in this figure is 6 m.
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Figure 6. Iceberg temperature data from Goodrich (1987) and Gagnon and Gammon
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All these data, and additional data from Gagnon’s bergy bit experiments
(Cumming et al., 2001), were digitized and plotted in Figs. 5 and 6 above. Note
that Fig. 5 only goes to 6 m depth while Fig. 6 goes to 20 m. Goodrich (1987)
data is slightly unusual in that in some cases the surface temperature was colder
than the interior temperature while the reverse is true for all the other
measurements. This simply reflects the colder air temperatures at the time of his
measurements, which were carried out between March and May 1984 at the
northern end of Baffin Island. The other measurements were made at locations
further south, off Labrador or Newfoundland, and somewhat later in the year.

All the measurements show a steep temperature gradient at the surface and a
more constant temperature at a depth of 10 m or so. The value of this interior
temperature seems to vary from about -7to -17°C, but it is unlikely to be lower
than -20°C. The temperature at the water-ice interface must always be close to
—2°C, the freezing point of seawater, but the surface temperature will reflect the
seasonal air temperature.

We conclude that for icebergs off the Grand Banks of Newfoundland, it is very
unlikely that the temperature at depth in an iceberg is lower than —20°C, while the
temperature at the ice-water interface will be about —2°C. This, then, is the
temperature range of interest for a study of the mechanical properties of iceberg
ice.



3.0 COMPRESSIVE STRENGTH DATA

El-Tahan et al. (1984, 1988) conducted three types of tests on iceberg ice
as well as snow ice namely, uniaxial compressive, indentation, and impact tests.
The compressive tests were done at -5°C, over a strain-rate range of 10 to 10"
s™and their mean results are shown in Table 1 reproduced below:-

Table 1. Uniaxial compressive strength test results at —-5°C (El-Tahan et al., 1984)

Ice Type Mean strain- Mean Mean Mean time to | Mean strain
rate strength tangent failure at failure
modulus
s* MPa GPa s %
Iceberg ice 0.82 x 10° 7.43 5.04 2.38 0.19
0.59 x 10 6.6 5.97 0.20 0.12
0.58 x 10" 6.97 6.7 0.02 0.11

Nadreau (1985) included some iceberg ice samples in his study of the
compressive strength of ice under uniaxial, and confined, conditions. His
unconfined data, taken from his Table 4.11, are given below in Table 2.

Table 2. Uniaxial compressive strength data for iceberg ice from Nadreau (1985)

Temp. Strain-rate Comp. Strength Sample Number
°Cc s™ MPa
-9.8 1.0x 10" 2.7 XDI-0-8
-9.8 1.0x10° 1.2 XDI-0-9

-10.1 1.0x10-4 2.1 XDI-0-12
-9.7 1.0x10-4 2.5 XDI-0-13
-9.9 3.0x10-5 1.7 XDI-0-14
-9.9 1.0 x 10-5 14 XDI-0-15
-9.9 3.0x10-6 1.1 XDI-0-16

Sinha and Frederking (1987) have reported compressive strength data for
iceberg ice at —10°C. Their data, taken from their Fig.7, is listed below in Table 3.

Table 3. Failure stress data from Sinha and Frederking (1987)

Strain-Rate Failure Stress

s-1 MPa
1x 107 1.1
1x10° 1.6
1x 107 1.9
3x10-5 4.0
1x10™ 4.8
3x10" 55




Gagnon and Gammon (1985) reported results for the uniaxial and triaxial
compressive strength of iceberg ice. Their uniaxial results are shown in Table 4
below, all at a strain-rate of about 10 s™.

Table 4. Uniaxial compressive strength of iceberg ice (Gagnon and Gammon, 1985)

. Compressive
Strain-Rate Str%ngth

st MPa
1.58 x 10° 8.44
1.38 x 10° 9.33
1.60 x 10° 8.71
1.23x10° 8.05
1.49 x 10° 6.66
1.46 x 10° 7.26
1.33x10° 7.96
1.86 x 10° 7.23
1.23x 10° 6.61
1.13x 107 7.67
1.20x 10° 8.1
1.03 x 107 7.39

Lachance and Michel (1987) have reported extensive data on the uniaxial
compressive strength of iceberg ice in the brittle region of strain-rates, above
10s™. Their data are shown in Fig. 7 together with others as indicated.
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Figure 7. Uniaxial compressive strength data for iceberg ice at —10°C except where noted.



An extensive set of measurements on the uniaxial compressive strength of
iceberg ice as a function of strain-rate at —10°C has been reported by Jones et al.
(2003). Their two sets of data refer to the use of two different testing machines;
high-speed (HS) and low speed (LS). Their data are shown in Fig. 7 above
together with all the other data previously mentioned. From strain-rates of 10 to
102 s, the compressive strength rises fairly uniformly with strain-rate, and then
levels off and falls somewhat with increasing rate to 10™ s™, before rising again
at very high rates. However, the data are much more scattered at these high
strain-rates, which are in any case higher than that anticipated for most ice-
structure interactions.
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Figure 8. Uniaxial compressive strength data for all freshwater ice excluding iceberg ice,
—10°C except where noted.

We have excluded data from Hobson’s Choice Ice Island because the origin of
that ice is not thought to be glacial (Jeffries et al., 1991) but formed largely by
superimposed ice and bottom accretion.

For comparison, Fig. 8 shows all available data for freshwater ice of either
natural or laboratory grown origin. All the results are for —10°C except Cole
(1987), which is for —-5°C. These data show much less scatter particularly for
strain-rates less than 10°s™. Fig. 9 below combines all the data of Figs. 7 an 8
into one figure. To illustrate better the difference between iceberg ice and other
freshwater ice strengths, Fig. 10 shows the data of Fig. 9 grouped into the two
types of ice, iceberg and freshwater, but without distinguishing the different

authors.



Overall, the results in Fig. 10 show that iceberg ice is slightly weaker than the
other freshwater ice types. At the lowest strain-rates there is no difference but
above 10°s™, the freshwater data show somewhat higher strengths than the
iceberg ice.
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Figure 9. Combined data from Fig 7 and 8 above.
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Figure 10. All data as in Fig. 9, but without distinguishing the different authors.



In Figs. 11 and 12 we have broken down these data into two groups depending
on strain-rate. Fig 11 includes data up to 10 s while Fig. 12 contains only the
data above 10°s™. Least squares straight lines have been fitted to the data,
which are very scattered in Fig. 12.
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Figure 12. All data for strain-rates greater then 10°s™.

Fig. 11 shows that the freshwater ice strength data are higher than the iceberg
ice data by a factor of 1.7 at strain-rates close to 10°s™, but are virtually identical
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at rates below 10°s™. Any impact scenario between a structure and an iceberg
would involve the higher end of this strain-rate range. Fig. 12 shows that the
freshwater strength data are approximately twice the iceberg ice data, although
there is considerable scatter and some variation with strain-rate.

We conclude that for strain-rates appropriate to iceberg-structure interaction, the
strength of iceberg ice is one half that of other types of freshwater ice. This
weaker strength for the iceberg ice is probably due to the presence of pre-
existing cracks in that ice, but no account has been taken of possible grain size
effects (Cole, 1987).

Barrette and Jordaan (2003) have tested iceberg ice as a function of hydrostatic
confining pressure and of temperature, but unfortunately they gave no data at
zero confining pressure. We can use their data, however, to determine the
temperature dependence of the strength of iceberg ice. They maintained a
constant axial stress of 15 MPa and varied temperature from —26°C to —5°C, and
confining pressure from 10 to 65 MPa. They interpreted their data using the well-
known equation combining Glen’s (or Norton’s) law with an Arrhenius relationship

N &

where ¢ is strain-rate, o is stress, A is a constant, n is the exponent of the
power-law relationship, Q is the activation energy, R is the universal gas constant
and T is the absolute temperature. Their major result was that Q varied with
confining pressure, as shown in Fig. 13, but at the low confining pressures
relevant to this review, the activation energy, Q, was 80 kJ/mol. in agreement
with the value previously obtained by Barnes et al. (1971).
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Figure 13. Variation of activation energy, Q, with temperature for iceberg ice.
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By combining this value for Q and the mean line for iceberg ice in Fig. 11 above,
we can derive Fig. 14 below, which shows the expected temperature
dependence for the strength of iceberg ice.

10

MPa

Uniaxial compressive strength

it
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Figure 14. Result of combining the mean iceberg data at —10°C in Fig. 11 above with an
activation energy of 80kJ/mol. derived from Barrette and Jordaan (2003). The —
10°C line is the best fit to the data in Fig.11, and the other two lines are
calculated for —2°C and —20°C.

In Fig. 14, the —10°C line is the best fit to the iceberg ice data in Fig. 11. The
other two lines are calculated from this line using equation (1) above with the
values, Q=80kJ/mol., n=5.04 (Jones, 1982), R=8.31 J/mol.K and T is absolute
temperature (K). Equation (1) can be re-written as:-

ﬂ - expg |:i - i:| _________ (2)

o, nR

where the subscripts 1 and 2 refer to the strengths corresponding to two different
temperatures. If Ty is —10°C (263 K) and Tz is —20°C (253 K), then

6,=0.75+6, or 0,=1.330°0,
Similarly, if T1 is =10°C, and T, is —2°C,

6,=1.24c, or o, =0.81c,

12



Using these ratios, the two lines in Fig. 14 corresponding to —2°C and —20°C
were drawn from the —10°C line. From Fig. 14 and the above equations, it is
clear that the ratio of strengths between —2°C and —20°C is

G20 =1.65°0,

4.0 CONCLUSIONS

The temperature of an iceberg on the Grand Banks of Newfoundland varies from
about —2°C at the surface to no less than —20°C at a depth of between 10-20m.

The strength of iceberg ice is less than other freshwater ice, laboratory grown or
natural. At—10°C, and at a strain-rate of 10%s™, typical of ice-structure
interaction, iceberg ice has a strength of approximately 1.7 times less than other
freshwater data in the literature. This difference increases to a factor of 3.0 less
at the highest strain-rates tested, 10** s, but the data in this region are very
scattered. This difference is probably due to pre-existing cracks and flaws in the
iceberg ice. At very low strain-rates, below 10° s, there is no difference in the
strength of iceberg and other freshwater ice.

The uniaxial compressive strength of ice is known to increase with decreasing
temperature. In the temperature range of interest to this study, -2 to —20°C, the
strength increases by a factor of 1.65. At a strain-rate of 10°s™, this gives a
strength of 5 MPa at the surface of an iceberg (-2°C) and 8 MPa at a depth of 10-
20 m (-20°C).
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