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The tensile strength of first-year sea ice

J.A. RICHTER-MENGE AND K. F. JONES
U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire 03755, U.S.A.

ABSTRACT. We present the results of tests done to determine the tensile
behavior of first-year columnar sea ice over a range of temperatures from -20° to
—3°C and strain rates of 10~ and 10°s™". The temperature of a test specimen was
dictated by its in-situ location within the sea-ice sheet; samples located near the top of
the sea-ice sheet were tested at the lower temperatures. A tensile load was applied
along the cylindrical axes of the test specimens, which were perpendicular to the
growth direction of the ice. Results showed that the maximum stress reached during a
test was most strongly influenced by temperature, while the failure strain and the
modulus were principally affected by the loading rate. A model relating the tensile
strength of the ice to its porosity based on temperature-dependent variations in the

brine-pocket geometry is evaluated.

INTRODUCTION

Ice is substantially weaker in tension than it is in
compression at strain rates greater than 107°s™' (Mellor,
1983). Tensile stresses are introduced in an ice sheet when
it undergoes flexure, as is often the case during full-scale
ice—ice or ice-structure interaction events in the Arctic
region. In-situ stress measurements (Tucker and Pero-
vich, 1992) indicate that during such events there is a
variation in stress through the thickness of the ice sheet
associated with flexure and that tensile stresses are not
uncommon. Because the ice can withstand relatively high
compressive stresses, it follows that under these conditions
failure is generally controled by the tensile strength of the
ice. It is particularly important, therefore, that a better
understanding of the behavior of ice in tension is
developed so that its influence can be appropriately
considered in engineering-design problems and geophys-
ical models.

Given the difficulty of determining the direct tensile
strength of ice, via mechanical-property testing, very few
studies have focused on the subject. This is particularly
true with respect to saline ice, which has an inherently
complex structure. Previous related works discussing the
tensile properties of saline ice include those on columnar
first-year sea-ice samples by Peyton (1966), Saeki and
others (1978) and Dykins (1970), who tested columnar
saline samples grown in the laboratory. More recently,
work has been done by Kuehn and others (1990) on both
natural and laboratory-grown saline ice with a columnar
structure.

The data presented in this paper provide information
on the tensile behavior of columnar, first-year sea ice at
four different temperatures (-20°, —10°, —5° and —3°C)
and two strain rates (10 and 107°s™"). Specifically
described are the maximum tensile stress and correspond-
ing failure strain, and the initial and failure moduli as a
function of these test parameters. All of the test specimens
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were prepared from cylindrical ice cores that had been
taken from the horizontal plane of the ice sheet. Through
application of a load along the cylindrical axis of the test
specimen, a failure plane was created parallel to the long
axis of the columnar ice. This corresponds to the
orientation of the failure plane expected when the ice
sheet experiences flexure due to either bending or
buckling (Fig. 1).
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Fig. 1. Sample orientation relative to the failure plane of
an ice sheet experiencing a flexural load.

Combining the results from these experiments with
observations of the changes in brine-pocket geometry as a
function of temperature, we evaluate a model that relates
the porosity of the columnar ice to its tensile strength.
While never tested for its ability to represent the tensile
strength of sea ice, this physically based model was
originally suggested in earlier works by Assur (1960) and
Weeks and Assur (1967).

ICE DESCRIPTION

Ice samples for the test program were collected during
April 1986, when the average daytime air temperature
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Fig. 2. Profile characteristics of the ice sheet sampled for this test program. Ploted, vs depth, are (a) the mean c-axis
orientation relative to magnetic north (0°) and the degree of spread, (b) the average grain-size (mm), (c) the salinity
(ppt) and (d) the temperature (°C). The relationship between test lemperature and sample depth is also indicated in (d).

was —15°C. The sampling site was established on a 166 cm
thick, refrozen lead located in the Alaskan Beaufort Sea,
approximately 160km north of Barter Island. The
horizontally oriented samples collected for testing were
retrieved using a coring method described by Richter-
Menge and others (1986). Briefly, a 30.5cm diameter
vertical core was initially taken from the ice sheet. This
ice core was then placed on its side in a drill press
equipped with a 10.8 cm diameter hole saw. Samples were
taken along the length of the 30.5cm diameter ice core.
Their exact depth and a description of their crystal
structure, including an estimate of the ¢-axis orientation,
were recorded in the field notebook. The 10.8cm
diameter samples were then packed for shipment back
to the laboratory for testing.

Vertical cores taken specifically to evaluate the
physical characteristics of the ice in the 50 m? sampling
area indicated that at a given depth it was uniform with
respect to its crystal structure, salinity and temperature.
Profiles of the ice summarizing these physical properties
are presented in Figure 2. Vertically elongated crystals,
characteristic of congelation or columnar ice, extended
through the thickness of the ice sheet. Only a very thin
layer of granular ice (<2 cm) was evident at the top of the
ice sheet, indicating quiescent conditions during initial ice
formation. Plots of crystal orientations on the Schmidt net
indicated that, at 12cm depth, a c-axes horizontal
orientation was already well established. However,
strong azimuthal alignment of the c-axis of the ice in
the sampling area did not occur until a depth of 117 cm
(Fig. 2a).

The average grain-size of the sea-ice crystals,
measured perpendicular to their long axes, remained
relatively constant through the ice sheet, averaging
0.41 cm between 12 and 117 cm (Fig. 2b). Within each
individual crystal there was a sub-structure defined by
brine inclusions separated by platelets of pure ice (Fig. 3).
Brine inclusions form as sea water freezes because
impurities are not easily incorporated into the ice-crystal
lattice. Under the unidirectional growth conditions
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necessary for the development of columnar sea ice, most
of the concentrated, highly saline brine is rejected from
the ice sheet at the growth front. This process results in
the formation of a dendritic ice/water interface. As the ice
sheet continues to grow, some of the brine is trapped
between the advancing platelets of pure ice. The
distribution of the inclusions is a function of the rate of
ice growth (Lofgren and Weeks, 1969; Nakawo and
Sinha, 1984). Typically, as in the case of the ice we used
for testing, the spacing between the layers of the brine
pockets varies from 0.5 to 1.0 mm, increasing with depth
as the growth rate decreases. A detailed description of sea-
ice growth and the process of brine entrapment can be
found in Weeks and Ackley (1986).

The salinity of the ice we sampled varied with depth in
accordance with observations made by Nakawo and
Sinha (1981) on first-year ice sheets. The salinity was

Fig. 3. Crystal sub-structure as seen in a horizontal thin
section of columnar sea ice, showing fresh ice platelets
separated by brine inclusions (dark areas within individual
crystals) .
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Table 1. Mean (+ one standard deviation) salinity, density and porosity of test specimens. Listed alongside the rate is the

number of specimens tested at that condition

Temperature Rate Salinity Density Porosity

i ! ppt Mgm™ ppt
—20 1E-3 (13) 5.6 +: 1.3 0.922 + 0.010 189+ 4.2
1E-5 (12) 54 4 1.1 0.925 + 0.007 80 4 8.7
-10 1E-3 (17) 4.1 £10.3 0.919 + 0.006 225 + 1.4
1E-5 (14) 4.1 +0.8 0.918 + 0.005 25 1 1.7
-5 1E-3 (17) 8.5 0.9 0.919 + 0.004 44 £ 2.1
1E-5 (15) 2309 0.916 + 0.005 33.0 & 1.8
=3 1E-3 (8) 29403 0.913 + 0.006 a6 + 7.0
1E-5 (7) 81502 0.912 + 0.004 61.5 + 6.7

relatively high near the top and bottom of the ice sheet.
The central part of the ice sheet had a lower salinity,
which was nearly constant at 4 ppt (Fig. 2c).

The in-situ temperature profile of the ice sheet (Fig.
2d) was nearly linear, increasing from —~12.5°C at a depth
of 40 cm to the freezing point of sea water (—1.8°C) at the
bottom. Both the salinity and temperature profiles of this
ice sheet are typical of late-winter conditions.

The density of each sample was determined by
measuring its mass and volume. Its salinity was
established after the test by melting the sample once
sections had been removed for the crystallographic
analysis. The air and brine content (combined to give
total porosity) of the samples at the time of testing were
calculated using the equations developed by Cox and
Weeks (1983). The average density, salinity and porosity
of the ice samples at each test condition are given in Table
1.

The average salinity of the samples decreased with an
increase in test temperature. This is due, in part, to the
drainage of brine that occurs from an ice core during its
removal from the parent ice sheet, shipping, storage and
warming to test temperature. As discussed in Cox and
Weeks (1986), the amount of brine that drains is a
function of the temperature history of the ice core.
Maximum drainage occurs in samples removed from the
warmer, bottom part of the ice sheet. When the brine
drains, it leaves behind air-filled inclusions. Hence, this
process also results in a decrease in the ice density, which
is apparent in Table 1.

As mentioned, a part of this drainage occurs during
the 12-24h warming period needed to establish the test
temperature of the ice. Since this was unavoidable, we
laid the samples on their sides with the long axes of the
columnar crystals vertical while they equilibrated to test
temperature. This corresponds to the in-situ orientation of
the sample, allowing brine drainage to take place in a
natural direction.
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After evaluating the error associated with the
determination of the brine and air volumes, we found
that air-filled voids were a measurable component of the
total porosity only in the specimens used for the —3°C
tests. In these samples, which had the most variable
temperature histories, the air volume accounted for
approximately 20% of the total ice porosity. In the
remainder of the samples the total porosity was nearly
equal to the brine volume. A relatively small air volume is
typical of first-year sea ice that remains in situ and has not
experienced any significant periods of warming. Conseq-
uently, most descriptions of the behavior of first-year sea
ice as a function of its porosity only consider the brine
volume (e.g. Dykins, 1970). For consistency and
completeness, however, total sample porosity rather than
brine volume will be used throughout this paper in the
reporting and analysis of experimental results.

SAMPLE PREPARATION

Most often, direct tension tests on ice are done using
specimens with a reduced central cross-section to ensure
failure in the mid-region of the sample (Peyton, 1966;
Dykins, 1970; Hawkes and Mellor, 1972; Saeki and
others, 1978; Cox and Richter-Menge, 1985; Sinha,
1989). An exception to this is the recent work by Kuehn
and others (1990), who tested cylindrical samples of first-

‘year sea ice and laboratory-grown saline ice using an end-

capping technique described by Lee (1986). This
approach employs Synthane (a phenolic resin reinforced
by linen fabric) end caps with jute-backed carpeting
epoxied to the face that is frozen to the ice-test specimen.
According to the report by Lee, the carpeting increases
the bond strength at the ice/end-cap interface and
dissipates shear stresses that develop at the interface
during application of the load.

We were also able to test successfully cylindrical
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samples using an approach that differed from that of
Kuehn and others (1990). In early tests, Synthane end
caps without carpeting (we could not find a material to
duplicate Lee’s work) were bonded to the ice according to
the procedures suggested by Mellor and others (1984).
The end-capped ice-test specimen was attached to the
loading machine via a single central thread. Upon
application of the tensile load, failure consistently
occurred at the ice—end-cap bond. Inspection of the
failure plane indicated that localized displacement was
occurring in the end cap around the connection, causing
an uneven distribution of stresses in the ice near the bond.
To prevent this, a steel end plate, bolted around the
perimeter of the Synthane end cap (Fig. 4), was
incorporated into the loading train. Once this procedure
was adopted, failure generally occurred away from the
bond interface.

Failures at the ice-end-cap bond that occurred even
after incorporation of the steel end plate were caused by
bubbles that formed within the fresh-water bond acting as
stress risers. To reduce these failures, a significant amount
of time was spent developing a technique to produce a
fresh-water, bubble-free ice bond. Details of this
technique have been described separately by Richter-
Menge and others (1993).

Parallel alignment of the end caps was achieved using
a method developed by Cole and others (1985) for cored
ice samples. We were able to maintain a low deviation
from parallelism which averaged 0.052mm. The max-
imum deviation permitted in any sample was 0.127 mm.
Our initial work indicated that, at height differentials
greater than this, failure involved a measurable amount of
bending.

The average diameter and length of the test specimens
were 10.02 + 0.03cm and 25.40 £+ 0.02cm, respec-
tively. Cylindrical specimens were chosen for use in this
test program because they could easily be obtained from

Steel End
Plate

Fig. 4. Instrumented test specimen.
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the ice sheet at depths greater than 1m and they
minimized sample-preparation time. The dimensions of
these test specimens do meet or exceed those recom-
mended by Schwarz and others (1981), who suggested
that a minimum ratio between sample diameter and
grain-size of 15 to 20 be used for tension testing. This
guidance was based on the results of tests done on fresh-
water granular ice in compression, however, which
indicated that at ratios smaller than this the compressive
strength was dependent on sample size. While choosing to
follow Schwarz and others’ recommendations for our
tension tests, we recognize that the results from the
compression tests may not be directly applicable in
determining the dimensions of our tension-test spec-
imens. Significant differences in deformational mechan-
isms, which could result from a change in loading state
andfor ice type, could invalidate the extension. For
instance, brine inclusions in sea ice create an inherently
flawed material, which may result in a propagation-
controlled failure process. In contrast, the failure process
in relatively defect-free fresh-water ice is controled by the
nucleation of cracks.

Recently, Sinha (1989) presented arguments suggest-
ing that test specimens with a rectangular (prismatic)
rather than a circular (cylindrical) cross-section be used
when loads are applied to columnar ice in the horizontal
plane. He made the very logical point that, given the
structural characteristics of columnar ice, prismatic
specimens are more compatible with the grain structure
in this orientation. Unfortunately, not enough data are
available in that paper to make any comparisons with our
results that might provide insight into the effects of sample
cross-section in tension testing. Obviously, more work
needs to be done to define better acceptable sample
geometries for tension testing.

TEST PROCEDURE

All of the tension tests were conducted on a closed-loop
electro-hydraulic testing machine. This machine has a
high inherent stiffness, with a load frame capacity of
2.2MN. The 0.11 MN capacity actuator used to apply
the tensile load in this test series was equipped with a fast-
response, high-flow-rate servo-valve which is capable of
providing controled travel speeds of up to 0.42ms™.
Mounted within the frame of the MTS was an
environmental chamber that maintained the test tem-
perature to +0.2°C. The sample was attached to the
testing machine via an assembly that contained a
spherical ball joint and pin connections. This system
was developed by Currier and Schulson (1982) for tension
tests on fresh-water ice samples. A small pre-load (5-
15kPa) was applied to the test specimen in order to seat
the loading train.

Sample displacement was measured by three linear
variable differential transducers (LVDTs) with a full-
range capacity of +0.635mm. The LVDTs were
mounted directly on the sample (Fig. 4). They were
located 120° apart and measured the displacement over a
14.0cm section in the center part of of the sample. The
individual signals from the LVDTs were averaged and
this average was used in the machine’s feed-back loop to
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control the rate of displacement of the actuator. An
evaluation of the individual displacement measurements
recorded for each test was made after the test to rule out
bending as the failure mode. These observations indicated
that extension was occurring at each of the displacement
measurement sites and that there was little deviation
between the individual readings. The averaged displace-
ment was used in the stress—strain plots for the analysis of
the tension data.

An 88% success rate was achieved using these sample-
preparation and test techniques. A successful test was
defined as one in which the location of the failure plane
was within the central 14.0cm gauge length of the
sample. This high level of success is notable for direct
tension testing. In particular, it indicates the effectiveness
of the end-cap bonding and load-application techniques
which were developed for this program.

TEST VARIABLES AND SCHEDULE

A total of 103 constant strain-rate tension tests was
performed on the horizontal, columnar first-year sea-ice
specimens. The distribution of tests according to exper-
imental variables is given in Table 1. The test temp-
erature of a specimen was chosen, based on its original
location in the ice sheet. The range of sample depths that
coincided with a specific test temperature is shown in
Figure 2d. Assignment of the test strain rate was done to
ensure that there was a variation in rate between
specimens from the same vertical 30.5cm core and that
there was approximately the same number of 10~ and
1075 tests at each temperature.

EXPERIMENTAL RESULTS AND DISCUSSION

The results of our tests are presented in Table 2 and
compared to those of Dykins (1970) and Kuehn and

Richter-Menge and Fones: Tensile strength of first-year sea ice

others (1990) in Figures 5, 6 and 7. For ease of
comparison, the points plotted in these figures are the
average maximum tensile stress at each test temperature.

Dykins’ tests were done on horizontal samples of
laboratory-grown columnar saline ice using a screw-
driven loading machine operating under constant cross-
head velocity. The temperature in his tests ranged from
—27° to —4°C and the mean stress rate varied from 0.10 to
0.24 MPas™'. Assuming an initial elastic modulus of
5GPa (based on our results) and predominantly elastic
behavior, it is estimated that these tests were done at a
strain rate of approximately 3.5 x 107s™". The diameter
of Dykins’ test specimens was 4.05cm. The number of
grains per cm® in a specimen varied from 2.5 to 0.5. This
small diameter relative to the grain-size was necessary due
to the constraints of Dykins’ test technique and equip-
ment. It should be recognized in considering Dykins’
results, however, that this sample size falls far short of the
ratio between sample diameter and grain-size of 15-20
recommended by Schwarz and others (1981), which was
discussed earlier.

Kuehn’s tests were also done on horizontal samples of
laboratory-grown columnar saline ice. He tested the ice at
a temperature of —10°C and strain rates of 10~ and
107"s™" using a sample size, test technique and equipment
very similar to ours.

Immediately evident is the strong influence of
temperature on the tensile strength (the maximum
tensile stress reached during a test) of the saline ice
(Fig. 5a). Our results and those of Dykins consistently
indicate a decrease in strength with an increase in
temperature. This relationship has also been reported
by Saeki and others (1978). At any given temperature,
however, the maximum tensile stresses measured in our
tests are higher than those of both Dykins and Kuehn and
others.

This apparent discrepancy between the results is
significantly reduced when the strength is replotted as a
function of porosity (Fig. 5b). Using this method of

Table 2. Results of the direct tension tests (g = stress at failure, ¢ = strain at failure, F; = initial tangent modulus,
E; = failure modulus). Listed is the mean + one standard deviation

Temperature Rate ot € E; Ey
% g MPa % GPa GPa
—20 1E-3 0.78 + 0.14 0.012 + 0.002 7.3 +£ 08 6.7 + 0.5
1E-5 0.73 + 0.07 0.023 + 0.004 5.5 4+ 0.9 3.3 + 06
-10 1E-3 0.63 + 0.12 0.010 + 0.002 7.7 + 1.8 6.6 + 0.8
1E-5 0.56 + 0.06 0.020 + 0.006 46 + 04 3.0 £ 0.7
-5 1E-3 0.47 + 0.13 0.008 + 0.002 62 + 1.2 59 4+ 1.1
1E-5 0.45 + 0.06 0.020 + 0.006 4.0 4+ 0.7 24 + 0.8
-3 1E-3 0.31 + 0.06 0.008 + 0.005 53 + 1.3 45 + 1.8
1E-5 0.21 + 0.09 0.011 + 0.009 36 + 1.3 26 + 1.2
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Fig. 5. Maximum tensile stress as a function of (a)
temperature and (b) porosity. Plotted are the mean values
at each test condition.

comparison, there is very good agreement between the
data sets, indicating the importance of porosity in
determining the tensile strength of sea ice. The porosity
of the ice is related to its temperature. As the temperature
of the ice increases, the size of the brine-filled inclusions
increases to maintain equilibrium in this three-phase
system. This process has a particularly pronounced effect
on the integrity of columnar first-year sea ice since the
brine inclusions are concentrated in lines between ice
platelets (Fig. 3). Observations made by Anderson and
Weeks (1958) of the failure plane in a first-year sca-ice
beam broken in flexure indicate that when the ice fails in
tension it does so by the formation and propagation of
cracks along this line of brine inclusions. Dykins (1970)
made similar observations. In effect, then, when the brine
inclusions increase in size, there is a reduction in the area
of ice along the failure plane, causing a decrease in the
tensile strength. It is also likely that the relationship
among strength, temperature and porosity reflects
changes in the stress distribution around the brine
inclusions that occur as they vary in size and shape.
Tensile tests done on granular (Schulson and others,
1984) and columnar (Carter and Michel, 1971) fresh-
water ice indicate a much less pronounced temperature
dependence. This may be a result of a difference in failure
mechanisms and/or the fact that fresh-water ice contains
only air-filled voids. Unlike brine-filled inclusions in sea
ice, there is no marked change in the size or shape of the
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air bubbles accompanying changes in the ice temper-
ature.

The rate of loading has a much smaller effect on the
tensile strength at a given temperature, as can be seen
from our data in Figure 5a. It is consistently observed,
however, that at each test temperature the tensile
strength is higher for the higher strain-rate tests. Similar
behavior was reported by Kuehn and others (1990) and
in fresh-water ice tension tests by Hawkes and Mellor
(1972)-

The strain at failure (the strain at maximum stress) is
influenced more significantly by changes in the strain rate
than temperature (Fig. 6). The failure strain increases
with a decrease in the strain rate at all temperatures. Our
data indicate only a slight decrease in the strain at failure
with an increase in temperature, with the exception of
samples tested at 105! and -3°C, for which the decrease
in strain is more pronounced.

The failure modulus (stress divided by strain at
maximum stress) is a function of both the strength and
failure strain. Consequently, it is influenced by changes in
both the temperature and the strain rate. The failure
modulus increases with a decrease in temperature and an
increase in strain rate (Fig. 7). In Table 2 we see that the

n
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Fig. 7. Failure modulus as a function of temperature.
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Fig. 8. Representative stress versus strain curves at strain

rates of (a) 10°5™" and (b) 107°5".

initial tangent modulus (measured by the initial slope of
the stress—strain curve) follows these same trends and that
it is consistently greater than the failure modulus. Again,
these observations are in agreement with those made by
Kuehn and others (1990).

The low strains at failure are indicative of the
macroscopically brittle behavior observed at all test
conditions. Brittle failure is further evidenced by the fact
that in all of our tests the strain at failure coincided with
the strain at the end of the test. That the initial tangent
modulus is consistently higher than the failure modulus
suggests, however, that the failure was not a purely elastic
phenomenon. The difference between the initial tangent
and failure modulus is greater at the lower strain rate,
indicating that the non-elastic component of deformation
was increasing under these conditions. Typical stress—
strain curves from our tests (Fig. 8) confirm this. Again,
we point out that even with this difference in the stress—
strain behavior of the ice with strain rate, the strength
shows little change. The results of Kuehn and others
(1990) suggest that this characteristic extends to strain
rates of 107s™', where a slight decrease in stress is
observed before fracture.

MODELING TENSILE ICE STRENGTH

The results of our tension tests clearly show that changes
in the relative volume of the brine inclusions, which occur
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when the temperature of the ice varies, affect the tensile
properties of first-year sea ice. The concentration of the
brine inclusions along lines between individual ice
platelets and the coincidence of the failure plane with
the line of inclusions intensifies these effects. In this
section, a model that relates the tensile strength of first-
year sea ice to variations in brine-pocket geometry as a
function of ice temperature is presented and applied to
our results to evaluate its effectiveness. The influence of
the distribution of brine inclusions on the tensile strength
of first-year sea ice has been considered extensively by
Anderson and Weeks (1958), Assur (1960) and Weeks
and Assur (1967). To explain this relationship, Assur
(1960) introduced a simplified geometric model, repres-
enting the brine inclusions between the ice platelets as
regularly spaced cylinders whose dimensions change with
temperature (Fig. 9). Using this model and available
experimental results, Assur (1960) and Weeks and Assur
(1967, 1969) then suggested that the tensile strength of
first-year sea ice, oy, could be related to 9, the relative
reduction in the area of the failure plane (the yz-plane in
Figure 9) as follows:

(247

=1-y (1)

o
where oy is the strength of a hypothetical sea ice that has
no inclusions but maintains the same crystal sub-
structure. Recognizing that 4 is a function of the total
ice porosity and further assuming that the porosity of first-
year sea ice is equal to the volume of brine, 1, they
rewrote Equation (1) as

o FEY

k
L
ap Y

where k is a parameter that relates the changes in porosity
to the dimensional changes in brine-pocket geometry that
occur as a function of temperature and ¥ represents the
brine volume associated with an ice structure that cannot
sustain load. We suggest that for columnar ice 1 is

@)

Pure y
Ice — X
i Z
® ' 2
<
- Brine
. and Salt Ice

Fig. 9. Idealized diagram of the shape of brine inclusions
in sea ice (Assur, 1960).
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equivalent to the brine volume of the skeletal layer where
the dendritic platelets of ice are no longer laterally
connected and, hence, cause the ice to lose its structural
integrity.

Measurements made by Anderson and Weeks (1958)
using microphotographs to document the variations in
brine-pocket geometry with temperature can be used to
define k and approximate vy. As we have discussed, the
brine inclusions become larger to maintain phase
equilibrium as the temperature of the ice increases.
Anderson and Weeks found that, as the ice warms, the
brine inclusions, which are circular cylinders, increase in
diameter up to approximately 0.07 mm. Further growth
of the brine inclusions is then limited to the y-direction,
parallel to the platelets, and the circular cross-section
becomes elliptical. Growth continues in this direction
until the brine inclusions coalesce, forming the skeletal or
dendritic layer that characterizes the bottom of a
columnar sea-ice sheet. Anderson and Weeks estimated
the porosity of the skeletal layer as approximately
150 ppt. Similar observations have been made by
Langhorne and others (1980).

At the lower temperatures then, geometric similarity is
preserved in the zy-plane as the ice warms, the porosity
increases and the brine inclusions increase in diameter.
Since the porosity is proportional to T2, where 1y is the
cylinder radius, the decrease in the area of ice in the
failure plane is proportional to wh so k =1 At higher
temperatures, the porosity increase is associated with
brine-inclusion growth parallel to the platelets, so the
decrease in the area of ice in the failure plane is
proportional to v, and k = 1. These two processes are
represented in the ice-strength model

2 p- (). ®

ap Yy

This expression can be expanded to

i
ﬁ:l—z(ﬁ) oot (4)
o0 w) " w

to show explicitly the dependence of oy on #, and it
The relationship in Equation (3) can be presented as a
straight line with ordinate at#, abscissa Vb*, and z-
intercept Vué.

While Weeks and Assur originally presented the ice-
strength model given in Equation (4), its effectiveness in
describing the results of tension-test data was not
evaluated. Instead, a relationship expressing the tensile
strength of first-year sea ice as a function of the square
root of the brine volume was adopted. Assur (1960) did
point out the potential weakness of the oy — (14'1.,)i model
at higher temperatures based on his observation that the
tensile strength did not approach zero as a linear function
of mh. Dykins (1970) also analyzed his tension data using
the oy — (ub)% model, adding support to this approach.

We decided to evaluate further the (o) — (14,)5 ice-
strength model because we felt that its physical basis
made it a stronger candidate for incorporation into
larger-scale models, for example, finite-element models of
ice-sheet failure. It was decided that the two models
should be compared by performing least-square regres-
sion analyses on our own and Dykins’ (1970) test data.
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Individual data points were used for each regression
analysis rather than the mean at a given test condition to
provide a more statistically satisfying evaluation. Dykins’
results on brackish ice samples were not included because
we believed that the structural characteristics of this ice
type might differ from those of ice grown at salinities
representative of standard sea water. In all cases, the total
porosity rather than the brine volume of the samples was
used in the analysis, since both data sets involved ice that
had been removed from an ice sheet. As we discussed
earlier, the process of removing ice from its in-situ state
and preparing samples for testing can result in the
drainage of some of the brine inclusions, leaving air-filled
voids. Calculation of porosity was done for each of
Dykins’ samples using his reported measurements of
density and salinity.

In the regression analysis of our data, the square root
of the porosity was chosen as the variable to be fitted for
both models. This reflected our higher degree of certainty
in the accuracy of the maximum stress measurement
relative to the calculation of porosity using the mass and
volume of the test specimens. An analysis of the
dimensional characteristics of our core samples indicated
that significant variations in the diameter of the sample
occurred along its length, affecting the accuracy of the
determination of volume and, therefore, porosity.

Based on the information provided in Dykins’ report,
we were not confident in our ability to decide if his
strength measurement or porosity calculation was less
accurate and should be fitted. Therefore, a technique
presented by York (1966) was applied that minimizes the
sum of the squares of the perpendicular distances of the
data points to the best-fit line. This approach determines
a “reduced major axis” by assuming that the z and y
errors in the data are proportional to the z and y
standard deviations, respectively.

The results of the analysis are summarized in Table 3
and shown graphically in Figures 10 and 11. Comparison

Table 3. Results from linear least-squares regression
analyses to determine the relationship between the tensile
strength of sea ice and its porosity. Assuming:
T =my+a;

Model é ay ag r2 v

5! Ppt

y=(oy)} 1E-3 676 1054 063 111
z=@)! 1E-5 -7.83 1108 075 123
*35E-5 —13.51 1119 017 170

y=o,  1E-3 440 803 060 64
g=(w) I1E-5 592 862 0.75 74
*35E-5 -881 975 016 95

* Based on tension-test data presented by Dykins (1970).
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Fig. 10. Laast—squares regression analysis of tension data

using (at) — (Vb)i model at strain rates of (a) 1075

and (b) 10°5". The shaded area represents the 95%
confidence interval.

of 72, the square of the correlation coefficients, of the
(at)i— (vb)% and the oy ——(r/b)i models in each case
indicates that the quality of the fit is similar for both
models. The r? for Dykins’ data is much lower than for
our experiments, reflecting a much greater degree of
scatter in his strength measurements at each temperature.
This scatter is probably associated with the relatively
small ratio of sample diameter to grain-size in his test
specimens. The 7?2 for our data of 0.63 and 0.74 reflect the
inherent variability in the physical properties of ice and
its effect on the tensile strength.

To compare the models further, the regression lines
were extended to find the z-intercept. This was done

-27°C -

1.2

Tensile Strength (MPa)
o
(=]

e
FS

4/ Porosily (%)

Fig. 11. Linear least-squares regression analysis using a
reduced major axis (York, 1966) of Dykins’ (1970)
lension data.
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recognizing that ideally any interpretation of the results
made from an extrapolation should be confirmed by
further testing. In both cases, the intercept represents the
value predicted for 1y, the porosity associated with an ice
structure that cannot sustain load. We have suggested
that for columnar ice this porosity is equivalent to the
porosity of the skeletal layer, estimated to be approx-
imately 150 ppt. The results of this comparison indicate
that the (o) — (vb)% model consistently gives a more
reasonable value for vy. The 95% confidence intervals,
included in Figure 10a and b, show that this model
predicts »p = 111 + 11 and 1 = 123 + 11 for the 107
and 10757 strain rates, respccnvely As discussed by
Assur (1960), the oy — (ub) model gives a vy that is much
lower than that estimated by using physical measure-
ments. This is due to the fact that the oy — (Vb)i model
does not represent the changes that occur in the brine
inclusions at higher temperatures.

The y-intercept was not considered in the evaluation
of these models because it represents zero-porosity ice
with the same structure as sea ice, which does not exist.

SUMMARY AND CONCLUSIONS

The tensile strength of first-year ice is extremely
dependent on temperature due, in great part, to the
influence of temperature on brine volume. As the
temperature increases, the brine volume (and hence
porosity) of the ice increases and causes a decrease in
the tensile strength of the ice. This dependency is
intensified because the brine inclusions are concentrated
along lines that coincide with the plane of failure. While
the rate of loading has a much less dramatic effect on the
strength of the ice, it does significantly influence the
failure stram and modulus. As the loading rate increases
from 107 to 107357, the failure strain decreases and the
modulus increases. Thls behavior is reflected in the stress—
strain plots of our data where, as the rate increases, the
linearity of the plots becomes more pronounced. Taken
together, these characteristic behaviors indicate that
while the failure of the ice was observed to be
macroscopically brittle at all test conditions, the process
is not purely elastic. Instead, as the temperature increases
and the loading rate decreases, the non-elastic component
of deformation increases.

Using the results of our tests, we evaluated and
compared two models that relate the tensile strength of
the sea ice to its porosity. Both were originally suggested
by Weeks and Assur (1967). One, which is commonly
used in the analysis of tension data, describes the strength
as a function of the square root of the porosity. The other
relates the square root of the strength to the square root of
the porosity. The former was adopted by Weeks and
Assur based on experimental results available at the time,
even though it had been suggested in Assur (1960) that
the tensile strength did not approach zero linearly with
the square root of porosity. Weeks and Assur did
recognize the advantage of the (oy)} — (ub) model:
that it provides a more accurate representation of the
geometric changes that occur in the brine inclusions as the
temperature of the ice changes. However, it was never
evaluated.
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We made the comparison of the two models using a
least-squares regression analysis. While both models
provided comparable fits to the data, the (o)} — ()t
model gives a more reasonable estimate of the porosity of
the skeletal layer because it accurately describes the
changes that occur in the brine inclusions at higher
temperatures. The capability of this model to represent
the tensile strength at the under side of the ice sheet makes
it particularly useful for predicting the flexural failure of
an ice sheet.
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