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Abstract

Sliding experiments were performed along Coulombic shear faults in first-year
sea ice collected from the Beaufort Sea during April 2003, 2007 and 2009. For
comparison additional tests were performed on freshwater ice. The experiments were

performed over a range of sliding velocities (8 x 10" m s* < & < 4 x 10° m s™),
temperatures (-3 °C, -10 °C and -40 °C) and normal stresses (0.02 < 622 < 1.5 MPa). In

both materials at an intermediate velocity the coefficient of friction reaches a maximum
value between 1.0 and 1.6, dependent upon temperature. The velocity of the maximum is

an order of magnitude higher for the sea ice (8 x 10° m s) than for the freshwater ice (8
x 10° m s™). At lower velocities sliding is ductile-like, and for a given velocity the

coefficients of friction of sea ice are lower than those of freshwater ice. At higher
velocities, sliding is brittle-like; for a given velocity the coefficients of friction for the

two materials are essentially the same.

1. Introduction

New understanding of sea ice mechanics points strongly to a governing role of
fracture and friction in the deformation of the winter cover, and to a scale-independence
of the failure processes [Schulson and Hibler, 1991; Hibler and Schulson, 2000; Marsan
et al., 2004; Schulson, 2004; Weiss et al., 2007; Wang and Wang, 2009; Stern and
Lindsay, 2009; Schulson and Duval, 2009]. For instance, intersecting linear kinematic
features or LKFs [Kwok, 2001] within the ice cover “look like” conjugate left-lateral and
right-lateral Coulombic shear faults within specimens of first-year sea ice harvested from

the winter cover and compressed to terminal failure under biaxial loading [Schulson,



2004], the angle of intersection being about the same on the two scales. Similarly, failure
envelopes obtained from the ice cover [Weiss et al., 2007] have the same slope as
envelopes obtained from specimens of sea ice [Schulson et al., 2006a]. And in-situ
stresses measured within winter ice covers [Richter-Menge et al., 1998; Richter-Menge et
al., 2002], although generally smaller by three orders of magnitude than failure stresses
measured from specimens of sea ice, can be accounted for [Schulson and Duval, 2009] in
terms of fracture mechanics and the activation of stress concentrators that are around six
orders of magnitude larger (O(km)) than in test specimens (O(mm)).

Fundamental to all of this behavior is frictional sliding. From the mechanics of
brittle compressive failure [Jaeger and Cook, 1979; Ashby and Hallam, 1986] it follows
that both the angle of intersection for conjugate faults and the slope of the failure
envelope are governed by the coefficient of internal friction, in keeping with
experimental measurements [Schulson et al., 2006b; Fortt and Schulson 2007]. Indeed,
the coefficient of internal friction has essentially the same value as the coefficient of
kinetic friction for sliding across a Coulombic fault once it has formed [Schulson et al.,
2006b], at least for freshwater ice. An implication is that the coefficient of friction is a
scale-independent mechanical property. Even though the roughness of a sliding
LKF/fault within the ice cover is probably orders of magnitude greater than the roughness
of Coulombic shear faults within test specimens, the resistance to sliding may be similar
between the two cases. In other words, brittle compressive failure of sea ice on scales
large and small appears to be governed by frictional sliding and by a mechanical

property—the coefficient of friction—that applies to all scales.



If this is true, and from a growing body of evidence it appears that it is, then
Nature has given ice mechanics a wonderful gift. The gift is the direct relevance of a
property that can be measured in the laboratory under controlled conditions to modeling
on the engineering and geophysical scales. It is with that in mind that the current study
was undertaken. The primary objective was to measure the coefficient of friction for
sliding upon freshly-created Coulombic shear faults within first-year sea ice, at
temperatures and sliding velocities relevant to sea ice mechanics. The secondary
objective was to compare frictional sliding within sea ice to sliding within freshwater ice,
reported earlier [Fortt and Schulson, 2007].

In performing this work, we were well served by the results of earlier studies
[Fortt, 2006; Fortt and Schulson, 2007] on frictional sliding across Coulombic faults in
freshwater ice. We have incorporated those results in this report, supplemented by
additional measurements on freshwater ice that we made during the course of this work
and which span a wider range of confining stress than first explored, in the interests of

comparing the frictional character of ice with and without salt.

2. Experimental Procedure

Biaxial compression experiments were performed on square- and rectangular-
shaped prismatic specimens of both freshwater ice and first-year arctic sea ice, at -3, -10
and -40 °C. Both materials possessed the S2 growth texture. In total 97 specimens of sea

ice and 61 specimens of freshwater ice were examined.

2.1 Seaice



Sea ice specimens were prepared from three parent blocks collected from the
Beaufort Sea during April 2003, 2007 and 2009. The dates and approximate locations of
the harvest sites are listed in Table 1. In all three cases, a block of approximately 1.0 m x
0.5 m (in plane) x 0.5 m (through thickness) was cut from the ice sheet in a section of
first-year ice of thickness ~ 1 m. The ice was placed on its side in an insulated padded
box, with the surface parallel to the ocean’s surface rotated 90° so that it lay in the
vertical plane (to reduce brine drainage). The ice was shipped to the Ice Research
Laboratory (IRL) at Dartmouth College. Upon arrival, there was little evidence of

drainage. Prior to testing, the ice was stored in its shipping box in a cold-room at -10°C.

Through micro-structural examination using established procedures, each of the
three blocks of sea ice was found to consist of S2 ice [Michel and Ramseier, 1971],
Figure 1, similar to the laboratory-grown freshwater ice we previously studied [Fortt and
Schulson, 2007] and to which comparisons will be made. The ice consists of columnar-
shaped grains whose long axes are approximately perpendicular to the surface, a direct
result of more-or-less unidirectional solidification. The crystallographic c-axes of the
individual grains was closely confined to the horizontal plane of the cover, but randomly
oriented within that plane, as shown in the Wulff plot in Figure 2. Table 1 lists the
average column diameter and average deviation of the c-axes from the horizontal plane of
the cover plus the salinity and density of the ice. Salinity was measured using a Yellow
Springs Instrument conductivity probe (Model #: YSI 3400). Density was calculated from
the average volume (calculated using each specimen’s dimension measured with calipers)

and mass of each of the specimens. Unlike freshwater ice, first-year arctic ice is neither



transparent nor free from visible air-inclusions; and it contains star-shaped brine drainage

channels, like those reported by Wakatsuchi and Kawamura [1987].

2.2 Freshwater ice
The freshwater ice was prepared in the laboratory using the procedure described
by Fortt and Schulson [2007]. It, too, consisted of columnar shaped grains and possessed

the S2 growth texture [Michel and Ramseier, 1971].

2.3 Test Specimens — Sea ice and freshwater ice

Plate shaped specimens of both the sea ice and the freshwater ice were prepared
from the parent blocks, first to rough dimensions and then to finished dimensions, using a
horizontal milling machine. Figures 3a to 3j show the process. Opposing faces were
machined parallel to a tolerance of + 0.05 mm. Initial tests used square prismatic
specimens that were prepared with dimensions of: length = width = 160 mm, and
thickness ~ 40 mm. Later tests, to conserve material, used rectangular prismatic
specimens that were prepared with dimensions of length ~ 160 mm, width ~ 80 mm and
thickness = 40 mm. The specimens were prepared with the long axis of the columnar
shaped grains perpendicular to the largest faces, as shown schematically in Figures 4a

and 5a.

2.4 Testing Procedure — Sea Ice
For our initial tests square prismatic specimens were used and the testing

procedure consisted of two separate steps: introducing a fault and then sliding along it, as



shown schematically in Figure 4. In both steps, biaxial compressive loads were applied
across the long axis of the columnar-shaped grains, using a multi-axial loading system
(MALS) housed inside a cold room (Fig 3k). In all tests, a constant displacement rate was
applied in the vertical direction (X, see Figure 4). The control of the horizontal axis (X,
see Figure 4) of the MALS was dependent upon the testing step and is described below.
The actuator displacements were recorded by MTS extensometers that were attached to
the loading platens. In the first step, all faults were introduced into intact ice at -10 °C at
an applied strain rate along the direction of shortening of é1; = 2.1 + 0.6 x 102 s?, a
factor of five higher than for the freshwater faults [Fortt and Schulson, 2007]. It was
necessary to increase the strain rate due to the increased ductility of the sea ice; faults
would not form at lower strain rates. The faults marked terminal failure and generally
formed at an orientation of 6 = 28 £ 2 ° (defined in Figure 4c) with respect to the
direction of shortening, once a strain of €13 = 4.3 + 1.2 x 10 was reached. During the
fault-introduction step, the horizontal stress (c22) was set to a fixed proportion, R = 0.07
+ 0.02, of the vertical stress (c11), where Rg is defined by the stress ratio Rg = 622/011.
Subsequently, the faulted specimen was removed carefully from the MALS to avoid de-
cohesion and sections A and B (sketched in Figure 4b) were removed. Great care was
taken as there was little cohesion across the fresh fault. Prior to re-loading the specimen,
shims of chemically polished brass (20 mm x 75 mm x 152 mm) were attached to the top
and the bottom platens (sketched in Figure 4c). The shims allowed sliding to occur along
the fault zone without crushing the ends of the wedge-shaped halves. To reduce friction
along the ice-platen interfaces, thin (0.15 mm) polyethylene sheets were inserted. The

faulted specimens were then deformed by sliding (in the same direction as during the



introduction of the fault) along the faults at a constant velocity, Vs; the range explored

was 8 x 10" m s < Vs <4 x10° ms™. The largest imposed displacement along the fault
was ds =~ 8 mm. During sliding, the horizontal (X,) actuators were programmed to control

a set stress, 62,, that was held constant during each test, but varied between tests over the

range 0.02 < 62, < 0.5 MPa.
The hold time between introducing the fault and sliding along it was 0.3 £ 0.1 h at
-10 °C and 24 £ 0.5 h at -3 and -40 °C. The greater time at -3 °C and -40 °C allowed the

specimen temperature to equilibrate. As discussed previously [Fortt and Schulson, 2007],
the hold time affects the cohesion across the fault at the onset of sliding, but it does not
affect the resistance to sliding.

We encountered problems at -3 °C. At this temperature, so very close to the

melting point, there was little cohesion across the fault. From a total of 16 tests, only five
did not immediately fall apart upon pre-loading. Because of this, only one velocity was

investigated at this temperature (Vs = 4 x 10° m s™).

During this work, we were also able to refine the technique, described above. By
using rectangular prismatic shaped specimens in the first step (i.e. fault introduction), we
were able to introduce faults that ran from corner to corner, and so there was no need to
remove the ends (Sections A and B in Figure 4b). This improvement enabled us to obtain
a greater yield of specimens from each parent block. As discussed below, we could not
detect any effect of the specimen geometry on strength. A total of 97 tests were
performed on sea ice, 30 using square prismatic specimens and 67 using the rectangular

prismatic shaped specimens.



Data were collected using a National Instruments DAQ board (Model #: AT-

MIO-64E-3) and analyzed using National Instruments Labview V6.1 software.

2.5 Testing Procedure — Freshwater ice

Additional tests were performed on freshwater ice to complement earlier work
[Fortt, 2006; Fortt and Schulson, 2007], in the interests of making a meaningful
comparison with the sea ice. The earlier work was performed using proportional loading
instead of constant side-stress 62,". In order to compare the freshwater ice data to the new
sea ice data, it was necessary to perform additional sliding tests on freshwater ice so that
the data covered a range of normal stress similar to that explored with the sea ice. The
procedure was the same as the constant o, procedure described above, with the
exception that faults were introduced at a slightly lower applied strain rate along the
direction of shortening, 611 = 4.7 + 1.3 x 10° s, The faults generally formed at an
orientation of 6 = 26 *+ 2 ° with respect to the direction of shortening, once a strain of €3

= 3.2 + 1.1 x 10" had been imparted. Sliding tests were performed at -10 °C and -40 °C

over the same velocity range as explored with sea ice; confining stresses ranged from

0.02 < 62, < 1.5 MPa. The advantage of using the constant 6,2 procedure was that we

were able to set the confining stress to exactly the region of interest.

2.6 Surface Profiling — Sea ice

! No significant difference was detected in sliding between proportionally-loaded and
constant side-stress tests.



In the interests of characterizing the sea ice sliding interface, a co-ordinate
measurement machine (CMM) was used to 3-dimensionally map an area of the as-faulted
surface and an area of the surface after sliding. We defined the surface roughness in the
direction of sliding, R,, as the average of the absolute deviation from the mean elevation,
where the mean was obtained from measurements taken every 0.25 mm over a length of
120 mm along the faulted surface. The newly faulted surface roughness was found to be
Ra = 0.60 + 0.34 x 10 m. Interestingly, the roughness of a faulted surface after sliding 8

mm at -10 °C at a sliding velocity of 8 x 10* m s™* was found to be similar; namely 0.59

+0.17 x 10 m. These values are limited specifically to faulted surfaces over a window
size of 120 mm. Owing to the self-affine character of faulted surfaces [Weiss, 2001],
longer/smaller window sizes will probably have greater/lesser roughness when

determined using this method.

3. Results

3.1 Brittle Failure Envelope — Sea ice and freshwater ice

Figure 6 shows the failure envelope of both freshwater ice and first-year arctic sea ice
obtained during the faulting step of each test. Failure was defined as the maximum stress
from the stress-time curves that were collected during each test. The shape of the
envelope and the underlying mechanics have been described/discussed elsewhere
[Schulson et al., 2006a,b; Schulson and Duval, 2009]. In addition to that discussion,
Figure 6 shows two points:

1) In the Coulombic faulting regime there is no detectable effect of specimen shape

(square vs. rectangular) on strength.
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2) To a first approximation, the strength of all three harvests of sea ice is similar, with the

possible exception of the 2009 harvest which may be slightly stronger.

3.2 Sliding General Characteristics — Sea Ice

Three types of sliding stress-time curves were observed, as sketched in Table 2.
At higher velocities and lower temperatures, the curves reached a maximum and then
dropped suddenly, followed by ‘stick-slip” sliding. At intermediate velocities, the stress-
time curves were characterized by an initial rapid increase, followed by a gradual rising
to a rounded peak. There was no sudden-type failure as seen at the highest velocity;
instead, the stress gradually decreased and approached a constant value. At the lowest
velocity and higher temperatures, the stress tended towards a constant value without first
reaching a maximum. These characteristic curves are similar to those observed for sliding
along faults in freshwater ice at -10 °C [Fortt and Schulson, 2007].

A number of velocity-dependent processes accompanied deformation, as noted in
Table 2, and correlate with the shape of the stress-time curves. The noisiest specimens (to
the unaided ear), and the ones most highly fractured along the fault, were the ones
deformed at higher velocities and lower temperatures. The specimens deformed at lower
sliding velocities were quiet: no additional fracture was observed. Only at the lowest

velocity (Vs = 8 x 107 m s™?) at -10 °C was cohesion observed across the fault after
sliding, different from freshwater ice, where cohesion was observed at Vs = 8 x10°m s’
Yand 8 x 107 m s™. The transition from noisy to quiet sliding and the change in shape of

the stress-time curves upon decreasing the sliding velocity are similar to the behavior

exhibited by freshwater ice [Fortt and Schulson, 2007].
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Photographs were taken of the faulted specimens after sliding; examples are
shown in Figure 7. Evidence for sliding is seen in the separation along the fault zone and

in the lips that formed on opposing corners of the fault zone.

3.3 Sliding General Characteristics — Freshwater ice
We did not observe any qualitative difference between the sliding behavior of the

freshwater ice slid using the constant 6,, procedure and the freshwater ice slid using the

proportional loading procedure described earlier [Fortt and Schulson, 2007].

3.4 The coefficient of friction — Sea ice and freshwater ice

Typical stress-time curves for each velocity and temperature are shown in Figure
8 for the sea ice. The noise in the signal is attributed to a combination of machine noise
and stick-slip sliding. The exact contribution of each is not known. The freshwater ice
exhibited similar stress-time curves to those obtained from the proportionally-loaded tests
performed earlier [Fortt and Schulson, 2007].

From such curves the applied principal stresses were obtained at sliding
displacements of 65 = 0.0, 2.4, 4.0 and 8.0 mm from the center of the noise band. The ds
= 0.0 mm point was defined as the maximum initial peak stress from the stress-time plots.

Where a peak stress was not clearly seen (-10 °C at 8 x 10”7 m s™) we did not obtain a

data point at 6s = 0.0 mm. From the applied stresses, the normal stress, o, and the shear

stress, T, acting on the sliding surface were calculated from the relationships:
0, =0,,58IN°0+0, 05’0 (1)

7=(0,, —0, )sin6coso )
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where 0 is the angle between the sliding surface and the direction of shortening (defined
in Figure 4c and 5b). For each temperature, sliding velocity and displacement point plots
were obtained of t versus G,, as shown in Figures 9aa to 9br. In these plots we did not
distinguish between proportional-loading tests and the constant G2, tests, nor between

different batches of sea ice, because we found no significant differences. Most of the data
for freshwater ice in Figure 9 were obtained earlier [Fortt and Schulson, 2007] but are
reprinted here in the interests of completeness and comparison.

The measurements show that for each set of data, G, is linearly proportional to ©

with a reasonably high degree of correlation in most cases (Tables 3 and 4 give
correlation coefficients). This means that sliding deformation obeys Coulomb’s failure
criterion:
T=1,+ U0, (3)
where 1o is the internal cohesion and [ is the coefficient of friction. Tables 3 and 4 list the
parametric values® for sea ice and freshwater ice, respectively, at -10 °C and -40 °C, plus
the maximum values of o, and the number of points in each data set. We were not able to
fit Equation 3 to the sea ice data obtained at -3 °C, owing to too few measurements. We
limit further discussion to data obtained at -10 °C and -40 °C.

Figures 10-13 show plots of p and t against sliding velocity at each temperature;

the error bars correspond to the 90% confidence level. From these Figures four points are

noteworthy:

2 The + on p and T, corresponds to an arbitrarily chosen 90% confidence level; that
enables comparisons to be made between data sets of different regression coefficients and
number of data points. The * value decreases with increasing regression correlation and
number of data points and vice versa.
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1) Barring data for sea ice obtained at the onset of sliding (0s = 0.0 mm) at the higher
velocities, the friction coefficient of both materials at -10 °C and -40 °C reaches a

maximum at an intermediate velocity. The velocity that marks the maximum is higher for
sea ice (Vs = 8 x 10° m s™) than for freshwater ice (Vs = 8 x 10° m s). At lower
velocities, the friction coefficient increases with increasing velocity, termed velocity-
strengthening; there, sliding was quiet and creep-like. At higher velocities, the coefficient
of friction decreases with increasing velocity, termed velocity-weakening. There, sliding
was noisy and brittle-like. This transition in sliding behavior parallels the transition in the
compressive behavior of intact ice which undergoes a brittle-to-ductile transition once the
strain rate falls below a critical level [for review see Schulson and Duval, 2009].

Concerning “outliers” at the higher velocity ds = 0.0 mm measurement, we do not
understand the behavior. However, the regression coefficient of the -10 °C data is low

and examination of the data in Figure 9ae shows little difference between the freshwater
and sea ice data. We caution, therefore in placing too much emphasis on these possible
outliers.

2) The coefficient of friction does not appear to display any systematic dependence upon
sliding displacement. At each velocity and at both temperatures for both the sea and
freshwater ice the data from all displacements are generally closely grouped, at least for

displacements of the magnitude explored here (6 < 8.0 mm).

3) Regarding the cohesion of sea ice (Figure 11), no systematic effect of either velocity or
displacement, within the 90% confidence level was detected. For the freshwater ice our

previous observations [Fortt and Schulson, 2007] hold true.
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4) At all velocities the coefficient of friction for both materials generally (with the
exception of 8 x 10" m s™ for the sea ice) increases with decreasing temperature by a
factor of 1.2 to 3 for sea ice and of 1.1 to 1.5 for freshwater ice.

Concerning sea ice versus freshwater ice, Figures 14-17 compare the coefficient
of friction and internal cohesion (again the error bars correspond to the 90% confidence

level). From these figures we note that once steady-state sliding is reached (by &s = 8.0

mm) the coefficient of friction of the two materials is indistinguishable in the velocity-
weakening branch (brittle-like regime) of the pu-Vs curves. In the velocity-strengthening
branch (ductile-like regime), the friction coefficient of freshwater ice is approximately
50% greater than that of sea ice.

Incidentally, the trends in the behavior of the freshwater ice described previously
[Fortt and Schulson, 2007] have not been changed by incorporating the new data on this

material. In fact, the error bars have generally been tightened.

4. Discussion
4.1 Velocity-strengthening

Earlier [Kennedy et al., 2000; Fortt and Schulson, 2007], low velocity friction was
interpreted in terms of power-law creep. Accordingly the friction coefficient may be
described by the relationship:
proe (Vg /wB)" " e/ (4)
where w is the width of the fault zone (as discussed below), B is an experimental
constant, n is the stress exponent in the power-law creep equation (¢ =Bc") (possibly as

high as n = 5-10 [Barnes et. al, 1971]), Q is the apparent activation energy, R is the

15



universal gas constant and T is absolute temperature. Assuming that the only material-
dependent parameter is B, and given that the creep constant B is about an order of
magnitude greater for sea ice than for freshwater ice [de La Chapelle et al., 1995; Cole et
al., 1998], then this analysis leads to the expectation that the friction coefficient should be
lower in sea ice than freshwater ice by a factor of (0.1)**%- (0.1)*° = 0.8-0.6. This
prediction is in reasonable agreement with observation once steady-state sliding is
reached. In other words, the resistance to frictional sliding at low velocities appears to be

governed by creep deformation within the region of the sliding interface.

4.2 The ductile-to-brittle like transition

As discussed previously [Fortt and Schulson, 2007], the change in character of
sliding and the maximum coefficient of friction at an intermediate velocity are
reminiscent of the ductile-to-brittle transition which occurs in bulk ice and the maximum
compressive strength at the transitional strain rate. As before, if we assume that
deformation takes place preferentially within the fault zone, then sliding can be viewed as

localized, inelastic deformation under an applied shear strain rate, 7, defined by:

._dy _V
where w is the width of the deformation zone. For the grain size of our sea ice (4-6mm)
and assuming a deformation zone of approximately three grain diameters, the transition
velocity of approximately 8 x 10° m s™ corresponds to an applied shear strain rate of 4 x
10%s? < 7 <7 x 1035, or to an applied normal strain rate of 2 x 103s? < ¢ <3 x 107
s™. This rate compares favorably with the observed compressive transition strain rate of

10 to 5 x 107 s for intact saline ice. In other words, once again deformation within the
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surface zone mirrors bulk deformation. The reason the transition occurs at a higher
velocity in the sea ice is therefore attributed to the higher creep rate of this material, in
keeping with current understanding of the ductile-to-brittle transition [see review by

Schulson and Duval, 2009].

4.3 Velocity-weakening

At high velocities, the resistance to sliding along Coulombic shear faults in
freshwater and in saline ice is similar (Figures 14 and 15). In this velocity range, the
fracture of asperities and surface melting are likely the dominant deformation
mechanisms [Fortt and Schulson, 2007]. When fracture is occurring during sliding,
friction is likely to be in part controlled by the fracture toughness of the material. This
parameter is similar for both saline and freshwater ice [Schulson and Duval, 2009].
Therefore, if friction is controlled by the deformation and fracture of these asperities, and
assuming that they are of similar size, then the resistance to sliding should be about the
same for the two materials, as observed.

Profile measurements revealed a difference in surface roughness between the two
materials, suggesting that the asperities may not be the same size. First-year arctic sea ice
faults possessed a surface roughness of R, = 0.60 £ 0.34 mm whereas the average surface
roughness for a newly faulted freshwater fault was R, = 1.31 + 0.27 mm [Fortt and

Schulson, 2007], a factor of two greater. Comparing profiles after sliding 8 mm at 8 x 10°

*m s, the surface roughness for a first-year arctic sea ice fault was R, = 0.59 + 0.17 mm,

and the surface roughness for a freshwater ice surface was R, = 1.17 + 0.28 mm [Fortt

and Schulson, 2007], still a factor of two greater. At high sliding velocities (8 x 10* m s™

17



and 8 x 10° m s™) the coefficient of friction scales with (R,)** over a surface roughness

range: 0.004 + 0.002 mm < R, < 1.17 £ 0.28 mm [Fortt, 2006]. Assuming that this

scaling is similar between the two materials, then the coefficient of friction for freshwater
shear faults is expected to be approximately 7 % greater than for sea ice. It thus appears
that despite the differences in surface roughness (factor of two) of the two materials, the

resistance to sliding is similar at high sliding velocities.

4.4 Implications

How are the new results presented here expected to impact the modeling of ice
mechanics? Two ways: the orientation of LKF’s/Coulombic faults, and the sensitivity of
the failure stress to confinement. Both expectations are based upon the view that fracture
of the winter sea ice cover is a response to an internal state of biaxial compressive stress
that builds up under the action of wind and ocean currents.

On fault orientation, the theory of brittle compressive failure holds that the angle
of intersection between conjugate shear faults 26, or the angle 6 between shear faults

and the maximum principal stress (taken as the most compressive stress, o,), is given by

the relationship [Jaegar and Cook, 1979; Ashby and Hallam, 1986]:

tan20= = (6)
u

where p, is the coefficient of internal friction. The coefficient of internal friction has

essentially the same value as the coefficient of sliding across Coulombic faults [Schulson
et al., 2006b]. Given the present result, that in sliding across shear faults friction depends

upon both temperature and sliding velocity, the implication is that the orientation of the
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sea ice features probably depends upon these factors as well. In general, over the range of
temperature explored here, the friction coefficient increases with decreasing temperature.
As a result, 26 is expected to decrease with decreasing temperature. For instance, for a
relatively low sliding velocity of around 10°® m s, which marks the velocity where the
temperature effect is greatest (Figure 10), the present results indicate that the value of the

friction coefficient increases from around 0.6 at -10 °C to around 1.2 at -40 °C,

implying that over this same range of temperature the angle of intersection is expected to
decrease from 20 =59 ° to 20 =40 °. Whether this actually happens remains to be seen.
On the sensitivity of the failure stress to confinement within the horizontal plane

of the ice cover, theory holds that the slope q of the failure envelope is given by the

relationship:
7
_do, _ (1 +Y) +ui:[ Y T
I t0n (o) (2 +2)%+ @)

where o, and o,,are the major and minor normal stresses, respectively, acting within
the plane of the cover. Thus, under the same conditions noted in the previous paragraph,
the slope of the envelope is expected to increase from around g=3 at -10 °C to around
g=8 at -40 °C. In other words, confinement is expected to have about twice the

strengthening effect in the colder ice. These considerations are limited to the regime of
lower confinement where Coulombic faulting governs terminal failure. More work,

particularly in the laboratory, is needed to test this implication.
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5. Conclusions
From the sliding experiments performed on Coulombic shear faults in both first-

year S2 arctic sea ice and freshwater ice specimens at -10°C and -40 °C over a velocity

range from 8 x 10" m s™to 4 x 10°m s, we conclude that:

(i) For both materials, over the normal stress range we examined, the resistance to
sliding along the fault is linearly proportional to the normal stress across it, and can
be described by the Coulombic failure criterion.

(ii) With the exception of the onset of sliding data points (s = 0.0 mm) for the sea ice

the coefficient of friction reaches a maximum at an intermediate velocity. The
velocity of the maximum is an order of magnitude higher for the sea ice (8 x 10° m
s™) than for the freshwater ice (8 x 10° m s), owing to the greater creep rate of sea
ice.

(iii) The observed sliding behavior is consistent with our previous observations [Fortt and
Schulson, 2007]; namely, that at low velocities creep appears to be the dominant
deformation mechanism whilst at higher velocities surface fracture and melting are
the dominant processes.

(iv) At low velocities the lower coefficient of friction for sea ice than for freshwater ice
can be attributed to the greater ease with which sea ice creeps.

(v) At high velocities, despite the difference in surface roughness, the similarity in
values of the coefficient of friction between sea ice and freshwater ice can be

attributed to the fracture toughness being similar for the two materials.
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Apprqximate Av._ Column salinity ) B Av. C-ax_is dev.
Date collected | co-ordinates of Diameter Density (kg m™) from horizontal
collection site (mm) (pp1) plane
1| 10 April 2003 73 °N 148 °W 39+04 5-7 880 + 20 +12°
2 | 11 April 2007 73 °N 145 °W 51+1.0 4-5 902 + 17 +0°
3 | 12 April 2009 71 °N 156 °W 6.1+23 4-5 918 +4 +0°

Table 1. Sea ice: date and location of harvest and physical characteristics of the ice.
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Vs(ms™)

8x 10" 8 x 10° 8 x 10° 8 x10™ 4x10°
Observation
-3°C n/a n/a n/a n/a I\
General
shape of R
stress-time -10°C
curve 7~
e M
-3°C n/a n/a n/a n/a \/
Audible R
deformation | 10°C X X X v v
40 °C X X X \ \
Fracture -3°C n/a n/a n/a n/a \/
along fault | -10 °C X X X \/ \/
Zone 1 g0 X X X \ \
Fault -3°C n/a n/a n/a n/a X
cohesion -10°C \/ X X X X
after sliding ™, "o~ % % % % %
-3°C n/a n/a n/a n/a \/
Opening o
along fault -10°C v v v v v
-40°°C v v v v v

Table 2: Comparison of sliding behavior.
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(ms? Ts=-10°C Ts=-40°C

65 Cn “‘ + To + rz # On p + To + r2
(mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

4x10° 0.0 7 0.81 1.44 1.10 -0.26 0.76 0.58 8 1.93 169 041 -0.38 0.56 0.91
24 7 0.80 044 040 0.09 0.21 0.50 8 0.88 1.02 0.20 -0.07 0.12 0.94
4.0 7 0.77 048 0.26 0.03 0.12 0.73 8 0.68 091 0.22 -0.06 0.11 0.91
8.0 7 0.66 0.52 0.23 0.00 0.10 0.81 8 0.58 0.69 0.13 -0.03 0.05 0.94

8x10* 0.0 17 2.21 0.91 0.13 0.29 0.13 0.91 9 1.12 159 0.59 -0.02 0.50 0.79
24 17 1.87 0.95 0.10 0.01 0.08 0.95 9 0.60 1.10 0.33 0.02 0.13 0.85
4.0 17 1.72 0.85 0.09 0.05 0.07 0.94 9 0.55 1.01 0.27 0.00 0.09 0.88
8.0 17 1.44 0.82 0.10 0.04 0.07 0.93 9 0.49 0.72 0.17 0.04 0.05 0.91

8x10° 0.0 9 1.15 1.06 0.31 0.08 0.25 0.86 8 1.86 172 015 -0.08 0.21 0.99
24 8 1.01 1.06 0.24 -0.05 0.15 0.93 8 0.61 133 021 -0.08 0.09 0.96
4.0 8 0.96 1.03 021 -0.06 0.13 0.94 8 0.50 116 021 -0.05 0.08 0.95
8.0 9 0.87 0.91 0.15 -0.04 0.08 0.95 8 0.47 1.06 0.17 -0.04 0.06 0.96

8x10° 0.0 11 0.54 0.55 0.38 0.25 0.15 0.44 9 151 152 012 -0.02 0.11 0.99
24 11 0.41 0.84 0.26 0.04 0.07 0.79 9 0.51 111 017 -0.03 0.06 0.95
4.0 11 0.39 0.82 0.25 0.02 0.07 0.80 9 0.50 101 014 -0.02 0.04 0.97
8.0 11 0.38 0.72 0.19 0.03 0.05 0.84 9 0.46 0.90 0.14 -0.02 0.04 0.95

8x 107 0.0 6 0.34 -0.03 0.45 0.36 0.13 0.01 6 0.71 131 025 0.05 0.12 0.97
24 8 0.33 0.53 0.15 0.08 0.04 0.88 6 0.45 1.08 0.11 -0.03 0.03 0.99
4.0 8 0.33 0.56 0.21 0.07 0.05 0.82 6 0.43 1.05 0.19 -0.04 0.05 0.97
8.0 8 0.33 0.63 024 0.04 0.05 0.82 6 0.43 0.88 0.09 -0.01 0.02 0.99

Table 3: Values for sea ice of the parameters 1o (internal cohesion) and p (coefficient of
friction) from Coulomb’s failure criterion given in Equation 3 in the text. # indicates the
number of data points for each set of data and G, is the maximum normal stress for each
set of data. + is the 90% confidence error. r? is the correlation coefficient between t and
o, of Equation 3 in the text.

25



4x10°

8x10*

8x 10°

8x10°

8x 107

0.0
2.4
4.0
8.0

0.0
2.4
4.0
8.0

0.0
2.4
4.0
8.0

0.0
2.4
4.0
8.0

0.0
2.4
4.0
8.0

Ts=-10°C
On
# (MPa)
14 2.09
14 1.55
14 1.15
14 0.68
26 2.03
26 1.72
26 171
24 1.81
20 111
20 1.10
20 1.06
20 0.99
15 0.44
16 0.35
16 0.34
16 0.33
6 0.32
14 0.30
14 0.31
14 0.31

0.51
0.57
0.58
0.47

0.80
0.72
0.70
0.71

0.88
0.90
0.89
0.85

1.44
131
1.29
1.28

0.80
0.83
0.87
0.93

0.20
0.08
0.09
0.10

0.07
0.05
0.07
0.05

0.19
0.09
0.07
0.05

0.20
0.23
0.23
0.24

0.20
0.15
0.15
0.18

To
(MPa)

0.33
0.06
0.00
-0.01

0.16
0.04
0.04
0.02

0.26
0.14
0.10
0.07

0.04
0.05
0.05
0.05

0.11
0.10
0.10
0.09

+
(MPa)

0.24
0.07
0.06
0.05

0.08
0.05
0.06
0.03

0.15
0.06
0.04
0.02

0.06
0.06
0.06
0.05

0.04
0.03
0.03
0.04

0.63
0.93
0.92
0.85

0.94
0.96
0.93
0.97

0.77
0.94
0.96
0.98

0.93
0.88
0.88
0.87

0.95
0.89
0.90
0.88

Ts=-40°C
On
# (MPa)
18 2.66
13 0.87
13 0.97
13 0.76
18 1.61
14 0.56
14 0.54
14 0.67
16 0.71
16 0.41
16 0.39
16 0.37
15 0.66
15 0.47
15 0.31
15 0.32
10 0.53
10 0.34
10 0.30
10 0.24

0.77
0.64
0.67
0.72

0.77
0.72
0.75
0.76

1.36
1.12
1.09
1.05

1.55
1.52
1.46
1.40

1.10
1.30
1.30
1.35

0.10
0.15
0.08
0.14

0.11
0.08
0.09
0.12

0.19
0.10
0.12
0.09

0.12
0.08
0.08
0.07

0.15
0.14
0.11
0.10

To
(MPa)

0.12
0.03
0.00
-0.03

0.22
0.05
0.02
0.01

0.06
0.01
0.01
0.01

0.01
-0.02
-0.01
-0.01

0.13
0.03
0.02
0.00

+

(MPa)

0.13
0.09
0.05
0.06

0.09
0.03
0.03
0.03

0.10
0.02
0.03
0.02

0.06
0.02
0.02
0.01

0.06
0.03
0.02
0.01

Table 4: Values for freshwater ice of the parameters 1o (internal cohesion) and p
(coefficient of friction) from Coulomb’s failure criterion given in Equation 3 in the text. #
indicates the number of data points for each set of data and o, is the maximum normal
stress for each set of data. * is the 90% confidence error. r? is the correlation coefficient
between t and &, of Equation 3 in the text.

26

0.92
0.85
0.95
0.89

0.91
0.96
0.95
0.91

0.92
0.97
0.94
0.97

0.98
0.99
0.99
0.99

0.96
0.98
0.98
0.99
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Figure 1. Horizontal (across-column) and vertical (along-column) thin sections for each
of the three sea ice blocks as viewed through crossed polarizing filters.

27



2003
2007
2009

180

Figure 2. The orientation of the crystallographic c-axes with respect to the horizontal
plane of the parent sea ice sheet, plotted on a Wulff net for the three sea ice blocks. The
center of the net corresponds to the normal to the plane of the parent ice cover.
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Figure 3. Photographs of specimen preparation. (a) Rough cut block. (b) Milling upper
surface. (c) Milling side surface. (d) Milled block. (e) Sawing into plates. (f) Milling
sawn surface.
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Figure 3 cont. (g) Band-sawing into individual specimens. (h) Rough cut specimens. (i)
Milling band saw cut. (j) Final specimen. (k) MTS System. (I) Specimen prior to sliding.
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Figure 4. Initial test procedure. (a) Schematic representation of faulting stage. (b)
Schematic showing Sections (A and B) to be removed from faulted specimen prior to
sliding. (c) Schematic representation of sliding stage.
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Figure 6. Comparisons of the brittle failure envelope of freshwater ice and first-year
arctic sea ice. (a) Complete envelope. (b) Coulombic faulting regime. Solid points are
from present series of tests. The others are from Richter-Menge and Jones [1993], Iliescu
and Schulson [2004] and Schulson et al. [2006a,b].
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8x10" ms?

8 x10%ms?

8 x10°ms?

8 x10%ms?

4x10°ms?

-3 °C

n/a

n/a

n/a

n/a

-10 °C

-40 °C

Figure 7. Photographs of specimens of first-year sea ice after sliding 8 mm. The
dimensions of each specimen are approximately 160 mm x 80 mm.
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Figure 8. Example of stress versus time curve at -3 °C. (a) 4 x 10°m s™.
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Figure 9. Transformed stresses (t vs. 6,) at four sliding displacements from specimens
slidat -3°C and 4 x 10°m s™. (aa) 8s = 0.0 mm. (ab) &s = 2.4 mm. (ac) & = 4.0 mm.
(ad) 0s = 8.0 mm. Line indicates Coulombic failure criterion. Most of the freshwater data
were obtained earlier [Fortt and Schulson, 2007].
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Figure 9 cont. Transformed stresses (t vs. o,) at four sliding displacements from

specimens slid at -10 °C and 4 x 10°m s, (ae) 8s = 0.0 mm. (af) &s = 2.4 mm. (ag) &s =

4.0 mm. (ah) s = 8.0 mm. Line indicates Coulombic failure criterion. Most of the
freshwater data were obtained earlier [Fortt and Schulson, 2007].
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Figure 9 cont. Transformed stresses (t vs. o,) at four sliding displacements from
specimens slid at -10 °C and 8 x 10*m s™. (ai) 8s = 0.0 mm. (aj) 8s = 2.4 mm. (ak) &s =
4.0 mm. (al) &s = 8.0 mm. Line indicates Coulombic failure criterion. Most of the
freshwater data were obtained earlier [Fortt and Schulson, 2007].
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Figure 9 cont. Transformed stresses (t vs. o,) at four sliding displacements from
specimens slid at -10 °C and 8 x 10°m s™. (am) &s = 0.0 mm. (an) &s = 2.4 mm. (ao) & =
4.0 mm. (ap) &s = 8.0 mm. Line indicates Coulombic failure criterion. Most of the
freshwater data were obtained earlier [Fortt and Schulson, 2007].
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freshwater data were obtained earlier [Fortt and Schulson, 2007].
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specimens slid at -10 °C and 8 x 10'm s™. (au) 8s = 0.0 mm. (av) &s = 2.4 mm. (aw) &s =
4.0 mm. (ax) &s = 8.0 mm. Line indicates Coulombic failure criterion. Most of the
freshwater data were obtained earlier [Fortt and Schulson, 2007].
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Figure 9 cont. Transformed stresses (t vs. o,) at four sliding displacements from
specimens slid at -40 °C and 4 x 10°m s™%. (ay) 8s = 0.0 mm. (az) 8s = 2.4 mm. (ba) s =
4.0 mm. (bb) &s = 8.0 mm. Line indicates Coulombic failure criterion. Most of the
freshwater data were obtained earlier [Fortt and Schulson, 2007].
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Figure 9 cont. Transformed stresses (t vs. o,) at four sliding displacements from
specimens slid at -40 °C and 8 x 10* m s™. (bc) 8s = 0.0 mm. (bd) &s = 2.4 mm. (be) &s =
4.0 mm. (bf) 8s = 8.0 mm. Line indicates Coulombic failure criterion. Most of the
freshwater data were obtained earlier [Fortt and Schulson, 2007].
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Figure 9 cont. Transformed stresses (t vs. o,) at four sliding displacements from
specimens slid at -40 °C and 8 x 10° m s™. (bg) s = 0.0 mm. (bh) &8s = 2.4 mm. (bi) & =
4.0 mm. (bj) ds = 8.0 mm. Line indicates Coulombic failure criterion. Most of the

freshwater data were obtained earlier [Fortt and Schulson, 2007].
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= 4.0 mm. (bn) s = 8.0 mm. Line indicates Coulombic failure criterion. Most of the
freshwater data were obtained earlier [Fortt and Schulson, 2007].
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Figure 10. Graphs illustrating the effect of velocity and displacement on the coefficient of
friction of first-year arctic sea ice. (a) -10 °C. (b) -40 °C.
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Figure 11. Graphs illustrating the effect of velocity and displacement on the internal
cohesion of first-year arctic sea ice. (a) -10 °C. (b) -40 °C.

50



g
o

I
1
-10 °C
Freshwater ice

-
©

-
(=]

- - -
o N E
@ t

o
)

Coefficient of Friction, w

o
o
frJ |I

o
»

0.2 ®00mm M24mm €40mm  AS0mm

0.0 : -—
1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02

Sliding Velocity (m s™)

(@)

g
o

I
; |
-40 °C

Freshwater ice

!

-
©

-
(=]

-
H

-
N

-
o

o
)

o
o

Coefficient of Friction, w

o
»

|

0.2 ®00mm MWM24mm #40mm ABDmm

0.0 : -—
1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02

Sliding Velocity (m s™)

(b)

Figure 12. Graphs illustrating the effect of velocity and displacement on the coefficient of
friction of freshwater ice. (a) -10 °C. (b) -40 °C.
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Figure 14. Comparison of the coefficient of friction between freshwater ice and sea ice at
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(d) &s = 8.0 mm.
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Figure 16. Comparison of the internal cohesion between freshwater ice and sea ice at
each sliding displacement at -10 °C. (a) s = 0.0 mm. (b) &s = 2.4 mm. (c) ds = 4.0 mm.
(d) &s = 8.0 mm.
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Figure 17. Comparison of the internal cohesion between freshwater ice and sea ice at
each sliding displacement at -40 °C. (a) 6s = 0.0 mm. (b) &s = 2.4 mm. (c) ds = 4.0 mm.
(d) &s = 8.0 mm.
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