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ICE PAD STABILITY ON SAND:
LARGE-SCALE LABORATORY TESTS

P. D. Barrette and G.W. Timco
Canadian Hydraulics Centre (CHC)
National Research Council of Canada

Ottawa, ON, Canada K1A OR6

ABSTRACT

Grounded spray ice pads have proven to be very suitable as drilling platforms in the Arctic’s
shallow marine environment. To better understand the sliding resistance of ice pads, an
experimental set-up was devised to measure ice-sand friction coefficients of a large block of
saline ice. The experimental arrangement provided a “footprint” of 4 m? with normal stresses
up to 15 kPa. This represents realistic stress states for an ice pad in nature. The ice block was
displaced over a distance of 0.12 m, at rates ranging from 0.0025 to 0.3 mm/sec, while
recording the load required to do so. The average static and kinetic friction coefficients were
0.47 and 0.37, respectively, with an average cohesion of 0.5 kPa. These values did not vary
with displacement rate. Sediment freeze-up at the ice-sand interface increased friction
significantly.
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INTRODUCTION

A number of grounded ice islands have been used as drilling platforms in both the Canadian
and American Beaufort Sea (Barker and Timco, 2004). These islands were constructed by
spraying sea water into the air to form ice, gradually building up a large platform area that
eventually grounded on the seabed. One important factor in the feasibility of using ice in such
a manner concerns the sliding resistance of the grounded spray ice. When designing these
structures, it is important to ensure that this resistance is sufficiently high to withstand the
forces exerted by the surrounding ice sheet without undergoing a significant amount of
horizontal motion. The purpose of this study is to better understand the nature of the
interaction between an ice sheet and a sand bed, and to determine friction parameters at
realistic overburden pressures. The experimental program described herein combines the
advantages of acquiring these data in a carefully monitored environment typical of a
laboratory, but at a scale and with displacement rates and vertical stresses meant to reproduce
actual field conditions.



EXPERIMENTAL SET-UP AND Step 1: Ice growth
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Step 3: Pulling of loaded ice sheet
The test basin and the wagon assembly Posifion —_
The test was set up in the CHC ice tank 'hansducefs ]
(Pratte and Timco 1981). The inside length = A 4
and width of this basin was 6 and 2.6 m, =

respectively, with a height of 1.2 m (Fig. 2).
The walls were 203 mm thick and were
made of re-bar reinforced concrete. A
removable steel gate at one end of the basin was used to access the basin’s interior. Two sets
of guide rails were anchored onto the top of the two longitudinal walls. These allowed motion
of a frame assembly used to carry four containment walls, henceforth collectively referred to
as wagon, into which ice growth was to take place and which was used to pull the ice block
onto the sand.

Figure 1: Outline of procedures for testing.

Each wagon wall consisted of a 19 mm-
thick plywood sheet 2 m in length and
0.79 m in width screwed onto the wagon’s
structural members. A single 50 m long 800
watts heating cable was encased in a series
of horizontal grooves in the plywood. The
plywood sheets and the heating cable were
covered with a thin sheet of stainless steel.
The purpose of this set up was to deliver
enough heat to the ice grown in the wagon
to disengage it from the walls and allow it to
slip downward onto the sand bed for testing. e

Figure 2: Test basin with enclosing wagon.

The sediment column

The sediments consisted of sand, which was obtained from a quarry in the Ottawa area. D10,
D30 and D60 were 0.16, 0.30 and 0.61 mm, respectively, and the angle of repose was 32.5
degrees. It was laid on the floor of the basin, and compacted manually to a total thickness of
280 mm, about 75 mm below the wagon’s lowest structural member. This column included
three 2-3 mm thick coloured sand layers at a distance of about 75, 155 and 215 mm from the



floor of the basin. These layers were used as markers, to help find out how much of the
shearing occurred within the sand column as opposed to at the ice sand interface itself.

Instrumentation

Two 45 kN capacity water-proofed load cell assemblies were mounted in parallel onto the
downstream wagon wall (Fig. 1). They were located at the bottom of the wagon (as close as
possible to the ice-sand interface) in order to minimize the amount of torque exerted onto the
rail at the wagon’s suspension points. These cells monitored the load exerted onto the wagon
by a steel bar connected to two stainless steel pull rods, which extended to and went through
one of the basin’s end walls. Sealed guide tubes in the wall ensured water tightness. On the
other side of that wall, the rods were clamped onto a second bar, itself driven by a worm gear
actuator. Two gear ratios were available: 20:1 and 60:1. The actuator’s maximum travel
distance was 124 mm, which was recorded by a position transducer. Position transducers were
also used to monitor the vertical motion of the ice at midpoint along the four edges of the top
concrete slab (Fig. 1). The voltage output from these seven channels (two load cells and five
position transducers) was acquired at a rate of 100 Hz with a 30 Hz low-pass filter.

Procedures

A 20 %o saline solution was prepared in a large pit inside the CHC ice tank by diluting sodium
chloride into tap water. Once the sand was laid out in the basin, enough of that water was
transferred over to reach the wagon’s top rim (Step 1 in Fig. 1). The entire water surface
outside the wagon was then covered with insulation and the cold room temperature was
brought down to -15C. An air deflector was set up to orient the flow of cold air from the
refrigeration vents onto the ice surface. An average thickness of 260 mm was achieved within
several days, with a growth rate up to 6 mm per hour.

The heating cable inside the wagon walls was then activated while enough water was
removed from the test basin so as to allow the ice block inside the wagon to drop onto the
underlying sand bed (Step 2 in Fig. 1). It was found that, during this process, a significant
amount of melting occurred along the four bottom edges of the ice block, such that these were
rounded. This was not objectionable, however, since it reduced ‘edge effects’. In addition,
before every test, the leading edge was probed manually and any sediment accumulation in
front of the ice block was removed. Half way through the test program, the ice became too
thin for testing to proceed so a second growth stage (up to 370 mm) was done. Such thinning
either resulted from partial melting (the floor of the CHC ice tank is not insulated) or
abrasion.

The surface of the ice block was then covered with a 3 mm thick rubber foam and a 40 mm
thick plywood board. These formed a base onto which a 470 kg concrete slab was laid. Once
the four position transducers were installed on top of the slab, horizontal loading could
proceed (Step 3 in Fig. 1). After test completion, the actuator was brought back to its initial
position and another concrete slab was added to the vertical load for the next 124-mm test,
and so on, up to a total mass of six tons. This corresponded to an upper bound stress on the
seabed of about 15 kPa (taking into account all test parameters, as noted below).

TESTING

A total of 48 tests were conducted, divided into four series, each of which with increasing
vertical load and at a given displacement rate. Another series was done with a constant load



but with displacement rates varying from one test to the
next. Displacement rates ranged from 0.0025 to 0.3

< | F,=F fanp+Ac mm/sec, at an ambient air temperature of - 4 + 2°C. The
§ thickness and overall shape of the ice block was

5 monitored before and after each series (through holes

€ B drilled into the ice). Water level (for determining ice,
o .

g board and concrete buoyancies) was also recorded. It

T vAC ranged from 45 to 400 mm above the sand bed.

Constants used throughout the test program for the

) o calculation of the vertical load are water density (1019
Figure 3: Coulomb-type friction. kq/m?) ice density (estimated at 900 kg/m®) and wood
panel volume and density. The net vertical load takes into account all these elements. The
force required to slide the wagon assembly onto the rails with a floating ice block and at test
temperature was about 200 N. It was subtracted from the horizontal loads measured during
testing. On the onset of the test program, it was assumed that the relationship between vertical
and horizontal loads would follow a Mohr-Coulomb type behaviour (Barker and Timco
2004), that is,

Vertical Load (F,)

F,=FK tang+Ac (1)

where Fy and Fy are the horizontal and vertical loads, respectively, A is the area of the
ice/sand interface, c is the cohesion, tang s the friction coefficient and £is the friction angle
(Fig. 3).

; ’ bﬁ’:
Vertical Horizontal
Figure 4: Cross-section of the ice block with vertical and horizontal (bottom
surface) thin sections. Note the continuity in crystal structure resulting from the

new growth, a feature typical of ‘congelation’ ice.
RESULTS

The ice block
Prior to each test, the edges on the underside of the block were probed manually to check for
ice shape and integrity. Doing so, a 'gap’ was noted along the outside margins of the bottom



surface, such that only about
70% of that surface was in actual
contact with the sediments.
(Since both the normal and the
20 | tangential loads are normalized
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vertical affect the results of our study.)
load When the ice was unloaded and

0 ‘ ‘ ‘ ‘ allowed to float during the test
0 100 200 300 400 500 program, visibility was too poor

Time (seconds) (due to the fine sediments in
suspension) to allow a glance at
Figure 5: Horizontal load traces from one test series, the bottom surface with an
for vertical loads ranging from 9 to 63 kN. underwater camera. However, up

to three refrozen ice cracks a few
millimetres in thickness running across the top surface of the block were observed later after
unloading the ice. It is uncertain how this may have affected the ice-sand interaction.

At the end of the program, the water
was removed from the test basin and
30 - & the ice was sectioned with a chain saw
Fi=047F, +16 o, ‘A (Fig. 4). At that time, it had a total

QA/A thickness of 345 mm in the centre,
* thinning down to 260 mm along the
2 & STATIC . . .
o N A KINETIC margins, with a width of 1.96 m along
10 1 Q/XA 77777 Linear (sTATIC)|  all edges. The second (new) ice
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Horizontal load (kN)

—— -Linear (KINETIC)|  growth phase led to a conspicuous
F. = 0.39F, + 0.36 horizontal layering, shown in Fig. 4.
‘ ‘ The upper portion of the ice sheet was
dominated with mm-sized crystals
Vertical load (kN) resembling frazil ice, which extended
. . . downward in a columnar structure. No
Figure 6: Linear behaviour of the sediments were incorporated into the
horizontal/vertical load ratio. The y-intercept (upon jce, with the exception of the
extrapolating) represents cohesion. lowermost 30 to 40 mm, where the ice
was slightly brownish. Interestingly,
the ice salinity was about 5 %o at the beginning of testing, but averaged 2 %o at the end,
reflecting the temperature fluctuations the ice had undergone throughout the test program.
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Friction coefficients

Examples of load traces (the cumulative response of both load cells) are shown in Fig. 5 for a
series of tests with increasing vertical load. These, and those for all other tests, display a
similar pattern of strain softening: a regular increase in horizontal load with time (or
displacement) up to a peak, followed by a sudden drop and levelling off of the load. The peak
load is that required to overcome static friction; the flat portion of the load trace is the result
of the kinetic friction. When the latter segment was not perfectly flat, an average value was
recorded. In some instances, the load trace at that stage comprised random (as shown by some
of the traces in Fig. 5) or systematic cycling, thought to result from, respectively, slip



behaviour at the ice-sand
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Figure 7: Variation in friction coefficient during one

test series.
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amount of bending to an
acceptable level. This steepened
the slope but did not otherwise
affect the data. In all cases, a
linear relationship was observed
between the vertical loads and

both the static and kinetic forces (Fig. 6), consistent with Coulomb-type friction behaviour. A
linear regression allowed an estimate of both the slope and the y-axis intercept, the latter
corresponding to the parameter Ac in Eq. 1. An average value of 1.5 and 1.4 kN for the y-

intercept was derived
respectively for the static and
kinetic response, corresponding
to a cohesive stress of about
0.5 kPa.

When the ice block was
allowed to rest on the sand bed
for a sufficient amount of time
(a few days), the sediments'
surface began to freeze. This is
shown in Fig. 7 for the test
series with various
displacement rates but where
the vertical load remained
constant. A substantial increase
in friction is observed,
presumably related with the
downward progress of the
freezing front, and induced by

Friction coefficient
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Figure 8: Semi-logarithmic plot displaying the relationship
between the friction coefficient (tan ) and displacement

rate (R).

the interaction of frozen sand over unfrozen sand. Note that, in this figure, it is uncertain as to
why the static friction coefficient increases slightly at the beginning of the test sequence.

In Fig. 8, all the data are plotted as a function of displacement rate. A linear regression drawn
for both sets of data does not display a significant trend (which remains within data scatter).
The average value for these parameters, derived from tests in which the sediments were
believed not to have been affected by freeze-up, is 0.47 (static) and 0.37 (Kinetic) with a
standard deviation of 0.03 in both cases.



Vertical motion of the ice block

The readings from the vertical position transducers showed that the ice block always tended to
sink into the sand column while traveling horizontally. This penetration, averaging 10 mm per
test, was generally not uniform. During one test series, for instance, the block shifted about a
horizontal axis oriented perpendicular to the travel direction. As a result, the leading edge of
the ice block sank more than the opposite one. Since the wagon was pushed back to its
starting position in the basin up to three times over the course of this test program, block
sinking resulted in a slight downward slope in the sand bed in the travel direction (up to 2
degrees for the last series). Both the vertical and the horizontal load data were corrected
accordingly.

Sand column

At the end of test program, the basin was drained and vertical pits were dug into the sand, in
the direction of ice motion and perpendicular to it. No clear signs of shear (or tangential)
stresses (such as overlapping sediment layers or a rotation component) were observed,
suggesting that much of the horizontal displacement took place at the ice/sand interface.
However, evidence for normal stresses was ubiquitous, in the form of compaction: the spacing
between the coloured sand layers was locally reduced by up to 80%. This compaction could
not be monitored during the tests but it is most likely linked with the sinking of the slab
during its travel.

DISCUSSION

A number of studies have looked at the friction of ice against itself (Kennedy et al. 2000 and
references therein) or various material (e.g. Barnes et al. 1971, Fiorio et al. 1997, Frederking
and Barker 2002, amongst others). Few addressed the type of interaction relevant to the
stability of an ice pad, that is, involving sea floor material. Shapiro and Metzner (1987)
dragged two large blocks of sea ice up an unfrozen gravel beach with a bulldozer, yielding
static and kinetic friction coefficients of 0.50 and 0.39 respectively. Takeuchi et al. (2003)
investigated the friction between a thin sand layer and 95 mm diameter sea ice specimens, at
displacement rates ranging from 3 to 20 mm/sec and with normal loads up to 450 kPa. They
reported static and Kinetic friction coefficients varying from 0.35 to 0.9 and 0.30 to 0.65,
respectively, with temperature and the grain diameter as the most influential parameters.
Friction resistance decreased slightly with an increase in displacement rates and with the
addition of water to the sand specimen. In both of these studies, the interaction was assumed
to be cohesionless (zero friction with no vertical load). Barker and Timco (2003) report a
small decrease in Kinetic friction with displacement velocities. The static friction obtained by
Utt and Clark (1980) with small laboratory tests ranged from 0.85 to 1.47.

The experimental program described herein was aimed at simulating, in a laboratory
environment, what is actually taking place in the field. There is no scaling involved. This is
why the test basin was designed to accommodate an ice slab with such a large footprint.
Moreover, the vertical stresses achieved are realistic: they corresponded to about 80% of
those estimated from the Nipterk ice pad in the Beaufort Sea (Barker and Timco 2004). Given
the linear behaviour of the force ratios, these results may be extrapolated to significantly
higher stresses.



CONCLUSION

The salient results from this study are as follows: 1) The average static and kinetic friction
coefficients are 0.47 (5= 25° and 0.37 (8= 20°), respectively; 2) A Coulomb-type friction
behaviour was observed, with an average cohesion force of 1.5 and 1.4 kN for the static and
kinetic response, respectively, corresponding to a stress of about 0.5 kPa; 3) Friction
coefficients did not vary with displacement rates used in this test program; 4) Sediment
freeze-up increased friction significantly; 5) Most of the horizontal displacement appears to
have taken place at the ice/sand interface; and 6) The sediments record extensive evidence of
normal shear, which is probably linked to the ice’s propensity to sink into the sand during its
travel.
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