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ABSTRACT

Tri-axial compression tests were conducted on freeze-bonds in saline and fresh ice, with
the objective to study the internal freeze-bond stresses in relation to increased radial con-
finement, as well as how to best conduct these experiments. Cylindrical samples with a
freeze-bond at 45° were applied radial static confinement and vertical compression at a
constant velocity. The chosen variables consisted of confinement, submersion time, initial
temperature and salinity. A larger part of the configurations gave increasing freeze-bond
stresses for increasing confinement, both when studying the peak and residual stress plots.
Mohr-Coulombs failure criterion was applied and the peak stress plots gave estimated co-
hesion values in the range 0.003 — 0.099 MPa and 16 — 45° (0.28 - 0.78rad) for internal
friction. For the residual stresses the cohesion values were approaching zero and internal
friction angles were in the range 11 — 37° (0.19 - 0.65rad). In relation to initial temper-
ature the lowest initial temperature of -8.5°C gave the highest cohesion values. And the
configurations with fresh samples had a mean cohesion value 30 % higher than for saline.

INTRODUCTION

Developing a material model for an ice ridge is a long term process. The calculation of
forces from ice ridges involves both the consolidated layer and the ice rubble. The ice rub-
ble strength derives from the freeze-bonding and interlocking of ice blocks. Experimental
investigations on freeze-bonds have been conducted both in the field and the larger part
in the laboratory. Most investigations are done on the topic of freeze-bond strength and
the parameters influencing it. Helggy et al. (2013) recently published articles concerning
freeze-bond strength and Repetto-Llamazares and Hgyland (2011) compared previous ar-
ticles results on freeze-bond strengths. Figure 1 shows a principle sketch of test set-ups
applied in previous tests.
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Figure 1. Illustration of experimental set-up from Repetto-Llamazares et al. (2011). S&H-
Shafrova and Hgyland (2008), M&C- Marchenco and Chenot (2009), E&S- Ettema and
Shaefer (1986), RL- Repetto-Llamazares et al. (2011a)

Tri-axial compression tests were conducted on freeze-bonds in saline and fresh ice,
with the objective to study the internal freeze-bond stresses in relation to increased radial
confinement. Previously this dependency has been investigated by applying loads parallel
to the freeze-bond, on top of ice blocks frozen together, as shown in Figure 1 (E&S - RL).
A linear increase with increasing confinement has been observed for these experiments
and a Mohr-Coulomb failure criterion has been suggested to describe the material. The
experiments presented in this paper were conducted in order to investigate this further and
to give estimated values of cohesion and internal friction to describe the material strength.
The sample dimensions were determined by the devices used. The height of the sample of
150 mm was forced by the dimensions of the pressure clock and the diameter of 70 mm
was given by the core sampler kovacs.

EXPERIMENTAL SET-UP

Tri-axial testing was conducted on cylindrical samples with a freeze-bond at 45°, by apply-
ing radial static confinement o, and vertical compression at a constant velocity. A principal
sketch is presented in Figure 2.
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Figure 2. a) Illustration of experimental set-up b) sample after testing



To prepare for the compression test, pre-cut samples were placed in the Cold-Lab until the
ice was in thermal equilibrium with the air temperature, which was set to the desired initial
temperature (7;). The basin used to submerge the samples was also placed in the lab and
continuously stirred until the desired temperature (7°,) was reached. The submersion water
was set according to the freezing point of the water, -0.5°C for 8ppt and 0.0°C for the fresh
water samples.

Firstly the dimensions of the sample was measured and logged before a 45° section was cut
with a circular saw. Secondly the sample was assembled in a device called FIXIS, which
holds the two cylindrical ice blocks together in a fixed position. This was then immediately
submerged for a given time (At). The samples were submerged without any confinement.
The salinity (S,,) and the temperature (7},) of the submersion water were measured be-
tween each sample. After submersion the sample was removed from the FIXIS and placed
in the pressure clock, which was then placed in the compression device. The pressure in
the clock was set to the desired confinement value (o) before the piston force was applied
with a constant velocity (V).

The deformation limit was constrained by the height of the pressure clock, this sets the
limit to 17-20 mm. Deformation (6h) and piston force was logged. After the tests the
temperature of the sample (Zic. tes:) Was measured, the failure mode was recorded by ob-
servation together with relevant comments and pictures were taken. The sample was placed
in a container to melt and later the salinity was measured.

Both fresh and saline ice was used in these tests. The fresh ice was collected from Is-
dammen in Longyearbyen over a period of time. By thin-sections it was defined as an S1
type with average grain size of 9 mm. The density varied between 920kg/m? and 941kg/m?
depending on the air content. This is high, the maximum pure ice density is 917 kg/m?3. The
saline samples were produced in the ice production basin FRYSIS at UNIS. A method of
seeding as described by Helggy et al. (2013) was used. The ice was defined as in-between
S1 and S3 type and had a salinity of 2.2 - 2.8 ppt.

Test configurations

Four test series were conducted, two with fresh water samples submerged in fresh water
and two with saline samples submerged in saline water (figure ??). Each test series were
divided into six configurations, where all were tested with three confinement values o,
(equation 1). One exemption was made for the fresh water samples with initial temperature
of -2.5°C, they were only tested for the two shortest submersion times because of weak
freeze-bonds beyond this point.

o, = [0.0070 — 0.0094, 0.0200 — 0.0212,0.0987 — 0.1026| M Pa (1)
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Ilustration of test configurations. Ice temperature (7;), submersion time (At) and number
of samples (n) tested for each configuration

Force, stresses and velocity

The strength measurements were conducted in the compression machine KNEKKIS apply-
ing a vertical force at a constant velocity of 0.8 mm/s corresponding to a sliding velocity
of 1.13 mm/s. The radial pressure was obtained by using a pressure clock. With a 45°
compression angle relative to the freeze-bond a shear fracture resulting from displacement
along this plane was obtained. The output data was an approximately static radial pressure
and a time dependent force logged with a time step of 0.1 seconds. The piston force o, was
defined as the logged force F divided by the circular area of the sample as shown in equa-
tion 2. The residual force was defined as the measured force after the peak was reached,
divided by the circular area of the sample.

Measuredpiston force
0. = ; )
r
The peak and residual freeze-bond shear stress was calculated as shown in the appendix.

The resulting freeze-bond stresses are shown in equation (3).
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These results were used to determine the peak stress dependency for the different parame-
ters, and further to estimate cohesion values and internal friction angles.
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PEAK SHEAR STRESS

Results

In Figure 3 the freeze-bond stress 75 was plotted according to submersion time At, the
saline experiments in Figure 3 a) and the fresh in 3 b). We found a bell-curve develop-
ment of the stress vs submersion time, as suggested by Shafrova and Hgyland (2008) and
found experimentally Repetto-Llamazares et al. (2011). The fresh water samples generally
peaked at shorter submersion times than the saline. For the initial temperature of -8.5°C
the curve peaked at submersion times of 5 min or less, while for the initial temperature of
-2.5°C the curve peaked at submersion times of 1 min or less. For both saline and fresh
water samples the peak shear stress increased with decreasing initial temperature.
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Figure 3. Submersion time At vs freeze-bond shear stress 7xp. a) saline water experiments
b) fresh water experiments

In Figure 4 all salinities are displayed depending on submersion time. The salinity at 0.5
and 1 min was found to be stable at the level before submersion. For 5 - 60 min submersion
times the salinity had a large variation between each sample. Samples submerged longer
than 60 min had a clearly reduced salinity. The samples with initial temperature of -2.5°C
generally had the lowest salinities.



Salinity after testing vs submersion time
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Figure 4. Salinity for all saline samples after testing sorted by submersion time. The
red stars indicate initial temperature of -2.5°C and the blue circles -8.5°C. Span of initial
salinity indicated by dotted lines.

Discussion

A bell-curve development of the stress described the stress dependency on submersion
time. The fresh water samples generally peaked at shorter submersion times. A lower
porosity in these samples increases the thermal conductivity. Air filled pockets also have a
higher mass diffusion than brine filled pockets. This suggests that the potential energy will
be transferred at a higher rate for fresh ice, causing the strength to peak at an earlier time.
This trend agrees with the predictions of Shafrova and Hgyland (2008), and the suggested
driving forces, temperature and salinity, can be distinguished by that the fresh samples had
a quicker first phase and a similar second and third phase development. The phases were
described by Repetto-Llamazares et al. (2011).

The fresh water samples at -2.5°C were only strong enough to be tested for the short-
est submersion times. The reduction in strength occurs quickly after reaching the peak
strength. Why the strength did not stabilize as for saline samples and for the lower initial
temperature remains unanswered.

The shear stress was higher for the lowest initial temperature, for both fresh and saline
water. Shafrova and Hgyland (2008) (initial temperatures from -1.8°C to -7.2°C) found
the same trend for submerged fresh water samples, while Repetto-Llamazares et al. (2011)
observed the opposite, increasing stress with increasing initial temperature as a clear trend,
but only for the lowest confinement. Hgyland and Mgllegaard (2014) found that the stress
was highest for the initial temperature of -8.5°C and lower for both -15°C and -2.5°C.
The initial temperature has two effects on the freeze-bond stress. Firstly a lower initial
temperature implicates that it takes longer before the sample reaches equilibrium with the
submersion water, meaning it may be colder than the water during testing. This also affects
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the brine content, faster ice growth locks in more brine. Secondly the speed of which the
freeze-bonds form is higher. The strongest ice may be found at intermediate temperatures
as suggested by Hgyland and Mgllegaard (2014).

The temperature development in the ice varied for the two initial temperatures. The sam-
ples at -2.5°C had a stable temperature for the submersion times of 0.5 and 1 min, before
it started to increase. The samples at -8.5°C had increasing temperature from the shortest
submersion time. The higher temperature gradient may explain the faster change. For both
the temperatures the samples reached equilibrium with the water between 60 and 1200 min.

The saline samples increased in size during submersion while the fresh samples decreased.
A redistribution of energy in the saline sample during warming, melting of ice in the sam-
ple releases energy which causes ice to form on the outside of the sample, explains this
observation (Shestov and Marchenko, 2013). The salinity was measured both before and
after testing. The salinity of the fresh water samples increased to that of the submersion
water, which was still very low. For the saline samples the salinity decreased during sub-
mersion. This was assumed to result from brine drainage over time. This agrees with what
was found by Mgllegaard (2012), he measured the salinity of the freeze-bond specifically
and found that it varied in the plane, more drainage towards the edges. In our experiments
the freeze-bond section amounted to a relatively small area, making the drainage of brine a
visible effect. For the intermediate submersion times of 5 - 20 min there were large varia-
tions in the salinity, this could indicate that drainage was on-going at this stage and reached
equilibrium after 60 min.

The lowest salinities were measured for the highest initial temperature of -2.5°C for most
samples. Likely this was due to the establish fact that faster ice growth locks in more brine.
A lower salinity gives higher freeze-bond strength, but at the same time the lower tempera-
ture gives a higher strength. In general the samples with the lowest initial temperature had
the highest freeze-bond strength. The initial temperature has a stronger influence on the
peak stress than the salinity in these experiments.

Mgllegaard (2012) found the peak stresses to be in a higher range than we found in this
study. He used a similar test set-up, but the sample was longer (by 25 mm). We compared
uni-axial samples at the two different heights it was found that the shorter sample gave
lower freeze-bond stress. Shafrova and Hgyland (2008) found peak stresses in the upper
range for the uni-axial laboratory test. Ettema and Schaefer (1986), Repetto-Llamazares
et al. (2011) Ettema and Shafer (1986) and Helggy et al. (2013) studied the peak stress
using direct shear tests. Their results were in the range 0.006 - 0.030 MPa, much lower
than the tests with 45° set-up angle. This may be explained by an analysis in the 7-o-plane,
comparisons of the estimated cohesion and internal friction angle are presented in the next
section.



THE 7-c PLANE AND THE DERIVATION OF COHESION AND INTERNAL FRIC-
TION VALUES

Results

The shear stress — confinement developments were studied. To describe the different de-
velopments 5 types were defined as listed below. The small sample basis limits the failure
slope to be linear. With more samples the failure slope could show that a non-linear devel-
opment would be appropriate. A least squares approach was used to estimate the failure
slope.

1. Increasing shear stress with increasing confinement
2. Increasing shear stress with increasing confinement up to 0.020 MPa

3. Intermediate stress for the lowest confinement, lowest stress for the intermediate con-
finement and highest stress for the highest confinement

4. Highest stress for the lowest confinement, lowest stress for the intermediate confine-
ment and intermediate stress for the highest confinement

5. Decreasing stress with increasing confinement

Most configurations were defined as type 1), these are the configurations used for calculat-
ing cohesions and internal friction angles. 6 out of 20 peak shear stress configurations and
14 out of 20 residual shear stress configurations had this development. The residual shear
stress — confinement developments were more often defined as type 1), independent of the
appertaining development type found for the peak stress.

The configurations in the 4 other categories may arise from premature failure. Three pos-
sible interpretations were considered. The first, a weakness in the sample, due to handling
during testing or production. The second, a softening of the material. And the last that
the radial confinement exceeded the strength of the freeze-bond, and it had already failed
when the vertical compression was applied, this was observed only for the highest radial
confinement. During testing when the radial force was applied we could hear the sample
failing.

The interpretation of softening was looked into by estimating failure slopes from two sam-
ples and extrapolating it too the third sample. A line was fitted through the failure points
of the samples with the two highest or the two lowest confinements. Assuming the first
line to give an approximately correct tensile stress, this was used as a starting point for the
second failure slope. If this assumption was suitable is unknown. The maximum difference
in cohesion for the fitted and extrapolated line was 0.0054 MPa, which was in the order of
26.6 % lower. The internal friction angle was also in the same order less.

The third interpretation was tested by considering the “failed” sample as a uni-axial test
with the peak compression force equal to the set radial compression. It was then possible
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to see if it crossed the estimated failure slope of the two other samples and if it failed be-
fore the test was started. This seemed appropriate for all configurations of this type. When
plotted in this way it could be defined as a type 1) development and these failure slopes
were also used for the estimation of cohesion values and friction angles, in total 13 of 20
peak stress configurations were defined as type 1).

Cohesion and internal friction angles have been calculated from estimated failure slopes
of the peak shear stress — confinement developments and the residual shear stress — con-
finement developments. The results are presented in Tables 1 and 2 for the peak stresses and
residual stresses accordingly. The configurations laying well above or below two times the
standard deviation and the configurations giving negative cohesion values were excluded.

Table 1. Cohesion and friction angles for peak stress

n Mean cohesion (¢) SD cgp Mean friction angle (¢) SD (¢sp)

Fresh configurations (all) 5 0.036 40,017 30.93° +5.69°
-2.5°C 1 0.028 +0 27.53° +0°

-8.5°C 4 0.038 +0.019 31.74° +5.85°

Saline configurations 8 0.028 +0.031 35.85° +15.32°

-2.5°C 3 0.026 +0.021 33.90° +15.31°

-8.5°C 5 0.028 +0.036 37.25° +14.69°

Table 2. Cohesion and friction angles for residual stress

n Mean cohesion (¢) SD cgp Mean friction angle (¢) SD (¢sp)

Fresh configurations (all) 5 0.007 40,003 23.47° +10.54°

-2.5°C 1 0.006 +0.002 23.18° +8.10°

-8.5°C 4 0.008 +0.006 23.62° +3.05°

Saline configurations 7 0.009 £0.006 25.03° +10.00°

-2.5°C 3 0.006 +0.003 25.86° +11.81°

-8.5°C 4 0.011 +0.006 24.40° +7.85°
Discussion

Comparing the fresh and saline configurations, the mean cohesion values were found to
be 30 % higher for the fresh than the saline samples for the peak shear stresses. For the
residual stresses, the cohesion values were all close to zero as expected, but the saline gave
somewhat higher values. The mean internal friction angles were higher for the saline con-
figurations for both peak and residual stresses. This indicates that the stresses of the fresh
samples were less influenced by increasing confinement.

Comparing the peak and residual stresses, the mean cohesion values were lower for the
residual stress and the internal friction value lies in the lower part of the range of the peak
stresses. The standard deviations were also found to be smaller for the residual stresses.



This would be expected from the assumption that the residual stress represents friction,
which is less dependent on the small deviations between tests and between each sample.

A temperature dependency was also visible from the results. All mean cohesion values
were higher for the lower initial temperature. Freeze-bonds have been found to have in-
creasing strength for decreasing temperatures (Shafrova and Hgyland, 2008), (Repetto-
Llamazares et al., 2011), which would account for this finding. No obvious correlation was
found between the cohesion/friction angle and the submersion time. A clear connection
between the peak shear stress and the submersion time would be expected to be reflected
in the cohesion and internal friction angle, a larger sample basis may give an answer to this.

The cohesion values were in the range 0.003 — 0.099 MPa and the internal friction 0.28
— (.78 for the peak stresses. For the residual 0.001 — 0.018 MPa and 0.20 — 0.64. Repetto-
Llamazares et al. (2011) found cohesion values in the range of 0.0014 — 0.0044 MPa and
internal friction values in the range 0.19 - 0.59. Shafrova and Hgyland (2008) extrapolated
these results and compared them with their own, they fitted well. The results were in the
same range as ours even though two different test set-ups were used, but a few configu-
rations gave very high cohesion values in comparison. Schulson and Fortt (2012) found
friction values in the range from 0.15 to 0.19 and cohesions from 0.0032 to 0.0056 MPa
for sliding velocity of 1 mm/s and 7; = -10°C. The friction coefficients fits with the lower
range of our residual friction angles, and their cohesions are somewhat less than what we
found, but still close to zero.

CONCLUSIONS

The freeze-bond stresses were found to be in the same range for the uni-axial samples as
found for previous experiments. The freeze-bond stress dependency of submersion time,
initial temperature and salinity was all found to reinforce the existing theory. This gave a
good basis for studying the effect of radial confinement.

Both our results and results from earlier similar set-ups (sample loaded 45° to the freeze-
bond orientation) gave higher peak shear stresses than direct shear experiments. This can be
explained by the introduction of Mohr-Coulombs failure criterion. We found values in the
range 0.003 — 0.099 MPa for cohesion and 16 —45° (0.28 - 0.78rad) for internal friction for
the peak stresses. For the residual stresses the cohesion values were approaching zero and
internal friction angles were in the range 11 —37° (0.19 - 0.65rad). The estimated cohesion
and friction values were in the same range and in agreement with earlier measurements, no
clear difference was found between the direct shear tests and the tests with a set-up angle.

Comparing the fresh with the saline configurations the mean cohesion values were found to
be 30 % higher. The mean internal friction angles were higher for the saline configurations.
A dependency on initial temperature was also seen by the cohesion values, higher cohesion
for the lower initial temperature of -8.5°C.
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The fresh ice had only strong enough freeze-bonds for short submersion times at the initial
temperature of -2.5°C. How the freeze-bonds disintegrates we do not know.
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Appendix

Freeze-bond shear strength calculation
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Equation 9 in equation 10
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