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THE VERTICAL PRESSURE DISTRIBUTION ON STRUCTURES
SUBJECTED TO RUBBLE-FORMING ICE

ABSTRACT - A laboratory test program has been performed on ice loading
through pressured broken ice. The results have applications to both
structures and ships in Arctic regions. The work was performed by
measuring the loads on a segmented planar structure for various loading
conditions. The variables included ice strength, ice thickness, ice density,
ice/structure friction and angle of inclination of the structure. Vertical
distributions of loads, point of resultant load application and overturning
moments have been examined. A comparison of extrapolated peak pressures
show excellent agreement with full-scale measurements on the Gulf Canada’s
arctic structure Molikpagq.

INTRODUCTION

In the Arctic, broken ice plays an important role in several situations. For example,
it is known that broken ice can accumulate as floating or grounded rubble beside
offshore drilling structures. Also, broken ice can be generated along the side of a
ship. If this ice is pressured by an advancing ice sheet driven by environmental
forces, the broken ice will transmit this load to the structure or ship. For a
structure, this has important implications in terms of the load distribution on its
face. For a ship, this could lead to a high overturning moment, large ice pressure
and ice overtopping. To date, very little is known about this problem.

The National Research Council of Canada and the Canadian Coast Guard have
collaborated to conduct research in this area. There are several research tasks in
this area, and the work reported here forms only one part of the full research
program. The present paper centres on a description of a model test series to
investigate the behaviour of broken ice pressured against a rigid structure. To
perform these tests, an idealized two-dimensional model was designed and
constructed. The model was designed to represent a plane-surface that could be
rotated through an angular range of + 30° from the vertical. In addition, since the
loads and load distribution were of interest, the plane was segmented in six sections
so that a vertical pressure distribution on the model could be obtained.

EXPERIMENTAL

The tests were performed in the ice tank at the Institute of Mechanical Engineering
in Ottawa. This tank, which is 21 m long, 7 m wide and 1 m deep, is spanned by a
carriage. The model structure was mounted to this carriage, and the ice loads were

measured as the carrjage was driven along the tank.
t
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The general concept is depicted in Figure 1, which shows a side view of the carriage
in the ice tank and the various .components of the design. A large bracket
containing a circular track was mounted to the front face of the carriage. This track
supported the basic frame for the model and allowed it to be rotated to angles of
+ 30° from the vertical. The chosen sign convention is a positive value for the case
when the model is inclined back from the advancing ice sheet (see Figure 1). A
feature of the apparatus was that the centre of rotation was at the waterline and
thus changes in inclination angle did not change the nominal level of ice action. The
front face of the structure was divided into 6 horizontal segments, 2 above the
waterline and 4 below. Each segment, of dimension 15 cm high by 95 cm wide, was
supported by a 5-component dynamometer which allowed the normal and tangential
load on each segment to be measured. With this design and appropriate
instrumentation, the total loads and moments on the plane could be measured, as
well as the vertical distribution of normal and tangential loads. In addition, by re-
coating the segments, the ice/structure friction coefficient could be set at any desired
value. Two different friction coatings were used on the model, with measured static
and dynamic friction coefficients of 0.06 and 0.04 for the low friction coating, and
0.83 and 0.40 for the high friction coating.

The tests were arranged such that ice behaviour was essentially two-dimensional; i.e.,
in the direction of motion of the carriage and vertically perpendicular to that
direction (x and z directions - see Figure 1). This was accomplished by positioning
vertical side walls adjacent to either side of the structure in order to restrict
horizontal transverse motions of the ice. Since it was desirable to observe the ice
during the test, two plexiglass sides were used for this purpose (see Figure 2),
forming a "chute" arrangement. Note that the two plexiglass walls were mounted
independent of the test structure. Slots were cut in the ice in front of each plexiglass
side, leaving a tongue of ice slightly narrower than the "chute" to come in contact
with the structure. With this arrangement and a video camera photographing the
tests, it was possible to identify the various processes occurring throwghout the
interaction events, and measure the size of the rubble accumulation. For a few tests,
an underwater video camera was used to show the detailed behaviour of the keel of
the ice rubble.

For the test, the model was mounted on the front of the carriage, and it was slowly
driven along the full length of the tank at a rate of 2 cm-s!. At this rate, it took
approximately 510 s (8.5 minutes) to travel a length of 10.2 m. As the test
progressed, a large pile of broken ice would accumulate in front of the structure.
Thus, for the latter part of the time series, the structure was loaded through
pressured broken ice. During the test, the output from all of the instrumentation was
measured at a rate of 20 Hz with a 10 Hz anti-aliasing filter. The data were stored
on disk and magnetic tape for subsequent data analysis.

For the tests, EG/AD model ice was used (Timco, 1986). For a number of tests,
use was made of a new technique to produce correct density (CD) ice (Spencer and
Timco, 1990). This technique involves the use of a submarine carriage which travels
under the growing ice sheet, releaging small air bubbles. These air bubbles are
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Figure 2: Photograph of the test assembly.



trapped in the growmg ice sheet and result in a lower density ice, giving ice densmes
of 0.87-0.89 gm-cm™. For one test, the density was lowered to 0.79 gm-cm

RESULTS

At the start of each test, no ice was touching the model. As the carriage was driven
along the length of the tank, the ice would contact the structure, and fail, usually by
buckling. With further advance of the structure, more ice would contact it and a
natural rubble pile would start to form in front. By the end of the test, a pile of
broken ice would be in front of the structure. The size of the pile was a function of
the angle of inclination of the structure. For tests where the structure was inclined
towards the advancing ice sheet with a negative inclination angle greater than 15;
as much as one-third of the ice would slide down the face of the model and exit
from underneath it. However, for other loading configurations, all of the broken ice
would stay in front of the structure, and much larger rubble piles would form.

In total, 22 ice sheets were used, giving 22 test files named TN_x where x ranges
from 1 to 22 (Timco, 1991). The parameters that were varied include the angle of
the model from the vertical position («), friction (i) of the structure, and ice flexural
strength (o), thickness (h) and density (p). The values for each of the 22 tests are
listed in Table 1. The tests produced a considerable amount of experimental data
(see Timco (1991) for a full compilation). In summary, for each of the 22 tests, the
following information is available:

1. Time series of the normal, tangential and resultant loads for each of the six
segments, as well as the total loads on the model.

2. The point of load application relative to the water line (i.e., the moment arm) and
the overturning moment on the structure relative to the water line.

3. A schematic illustration of the geometric evolution of the ice rubble in front of
the structure as a function of time. Also, an estimate of the residual volume of
broken ice is presented as a function of time during the whole loading event.

4. A depth histogram for each test based on the measured maximum, mean and
minimum value for each test.

5. Probability density and cumulative distribution of the loads on each segment.
These are also presented for normal, tangential and resultant loads.

In addition, 13 individual loading events were isolated and the behaviour of the loads
during the course of the loading event were examined.

GENERAL DISCUSSION

In observing the tests, it was evident the ice could fail in many different ways. On
several occasions, the ica would fail in a bending or flexural-type failure. The



advancing ice sheet would usually ride up over the ice rubble and fail as it pushed
against the sail of the rubble close-to the structure. Depending on the angle of the
model, the bending failures could be either up or down. Large-scale buckling was
a frequent mode, especially in the early part of the test when there was little rubble
in front of the structure. Ice crushing was also observed to occur, especially in small
local crushing events. Large-scale ice splitting occurred on a few occasions. The
details of the ice/structure interaction were a function of the angle of the structure.
Figure 3 shows the measured values of the average and extreme normal and
tangential loads on each segment of the structure for three different angles of
inclination; (@ = -23 for Figure 3a, @ = 24° for Figure 3b, and a = 0° for Figure 3c).

TABLE 1. Details of the set-up for each test.

FILE | FLEXURAL ICE " ICE ANGLE OF | FRICTION |BUBBLED
NAME |STRENGTH| DENSITY |THICKNESS| PLANE ICE
a) (glem” (cm) degrees)
TN_001 106 0.93 3.1 -23 LOW NO
TN_002 44 0.93 3.6 =23 LOW NO
TN_003 83 0.93 2.8 -23 LOW NO
TN_004 70 0.93 35 -15 LOW NO
TN_005 86 0.93 3.3 =5 LOW NO
TN_006 64 0.93 3.2 0 LOW NO
TN_007 101 0.93 3.5 8 LOW NO
TN_008 85 0.93 3.5 15 LOW NO
TN_009 62 0.93 3.6 24 LOW NO
TN_010 60 0.87 3.1 24 LOW YES
TN_011 94 0.89 3.3 13 LOW YES
TN_012 58 0.88 3.2 0 LOW YES
TN_013 53 0.85 3.2 -10 LOW | YES
TN_014 39 0.89 3.4 -30 HIGH | YES
TN_015 35 0.89 3.4 -12 HIGH | YES
TN_016 64 0.88 3.3 0 HIGH YES
TN_017 50 0.90 3.4 24 HIGH | YES
TN_018 61 0.85 3.0 7 HIGH | YES
TN_019 24 0.93 2.3 7 HIGH | YES
TN_020 15 0.93 3.6 7 HIGH | YES
TN_021 24 0.93 2.6 7 HIGH | YES
TN_022 21 0.79 3.8 7 HIGH | YES
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In Figure 3a, where the structure was inclined towards the advancing ice sheet with
a negative slope of -23° (Test TN_002), the ice tended to load the structure directly
at the waterline. Thus, there were high normal loads on the structure in the
waterline region (segments #2 and #3). Although there could be some local
crushing, the ice usually failed in a bending or buckling mode. The newly beoken ice
pieces would rotate and slide down the face of the model. There was very Estle pile-
up of ice in front of the structure. Also, as shown in Figure 3a, the ice never touched
the upper segment (#1) of the model.

In the opposite inclination, where the model was inclined away from the advancing
ice sheet (positive slope), different behaviour occurred. Figure 3b shows the loads
on the segments for test TN_017 with a positive angle of inclination of 247 The
highest ice loads occurred in the waterline region of the structure. In this case,
however, the broken ice tended to ride up the model creating both tangential and
normal loads on the upper segments of the structure (Figure 3b). Broken ice pieces
would form a small sail in the region in front of the structure. Then, sabsequent
loading events occurred by loading the structure through a layer of ice rubble. Thus,
the advancing ice sheet loaded the structure through only a few pieces of ice rubble,
and the ice sheet was buoyantly supported from below by a large mass of broken ice.
In this case, there was much more ice crushing, and, occasionally, large scale ice
splitting. In the cases where a relatively large sail developed through ice ride-up, the
ice would accumulate on top of the rubble until a critical level was reached. At that
time, a large-scale bending failure of the ice would occur, and the sail of the rubble
would slide down the face of the structure. This would lead to negative tangential
loads on a number of segments simultaneously.

When the model was vertical, or near vertical, the ice behaviour was quite similar
to the case with a positive angle of inclination. Figure 3c shows the average and
extreme loads on each segment for a test with a vertical structure face (test
TN_012). Contrary to the other cases, however, almost all of the ice loads are always
at the waterline region, with very little loading elsewhere. Ride-up and pile-up does
occur, but not to the extent seen for tests with high positive angles of inclination.

It was possible to isolate individual loading events and monitor the details of the
loads and load application points throughout the whole event. This was done for a
number of individual events. The analysis clearly showed the complexity of the whole
process. One example is shown in Figures 4 to Figure 6. Figure 4 shows the total
loads on the structure for one loading event in test TN_018 with the model at an
angle of 70 high friction coefficient surface, ice thickness of 3.0 cm, ie flexural
strength of 61 kPa, and an ice density of 0.85 g-cm3 The sign convention chrosen for
the tests is positive in the directions shown on Figure 1. This loading event lasted
25 s, and occurred at a time of 340 s from the start of the test. Individual plots of
the loads on each segment are shown in Figure 5. Note here the high normal forces
on segments 2 and 3. Also, note that the tangential load is large and positive on
segment 2 and is large and negative on segment 3. (Recall that the watesline is at
the junction between segments 2 and 3). These plots were analyzed, such that every

5 seconds, the measured value on the segments were noted. These values were then
. plotted in a histogram form to give a time-sequence of the ice loading event. Figure



6 shows the loading behaviour on the structure for both the normal and tangential
loads. Note that the load is primarily centred at the waterline, and that there is
considerable variation of load in the vertical direction of the structure. The sequence
described above was unique to that one particular loading event. Each such event
showed differences in the details of the behaviour.

The underwater camera provided useful information on the behaviour of the rubble
below the water line. In many tests, the ice rubble would exhibit behaviour whereby
the whole rubble pile would "roll" in a circular fashion in the direction of the
advancing ice sheet. Because of this, a considerable amount of the broken ice would
be turned upside down from its original orientation. If there were a wide range of
ice piece sizes in the rubble, the rolling events would reorganize the rubble and give
the rubble a more random orientation of ice pieces.
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COMPARISON TO THE MOLIKPAQ 1984/85 DATA

As part of the entire investigation into this problem, an analysis was made of the
loading events on the Gulf Arctic structure "Molikpaq” and, in particular, of the -
vertical and horizontal load distribution on it during loading events. For the year
1984/8S5, the results of the rubble-building events are in the public domain (Neth,
1989, 1991). In this year, Neth identified three rubble-building events. The details of
the events are too voluminous to present here. A qualitative description of the ice
loading events in the full-scale situation were in very good agreement with the test
results reported here. Several of the failure modes observed in the field situation
were observed in the model tests including bending failures, ice ride up, ice crushing
and large-scale bending due to ice accumulation in the sail of the rubble ice.

Although there are uncertainties, it is possible to make a quantitative comparison
between the pressure data from the Molikpaq and the present test results. From
Neth’s analysis, the three events had the characteristics given in Table 2. The values
represent the peak value of the ice pressure on one of the long faces of the
structure. For these three events, the ice thickness was 0.6 to 0.7 m. The first event
took place in mid-winter when the ice was cold and strong; the latter two events
took place in spring when the ice was warmer and weaker. To compare this to the
present tests, it is necessary to make a few statements about the type of comparison
that can be made. In the present test program, there was no intention to try to scale
identically the results presented by Neth on the Molikpaq. The present tests were
concerned with a two-dimensional situation. For this, the individual sensing panels
are quite long relative to the thickness of the ice, giving a high aspect ratio. For the
field condition, the panels are small relative to the width and height of the structure,
and they are comparable in size to the thickness of the ice. More importantly, they
only cover approximately one-tenth of the face of the structure. Thus, in the model
test, the full global load was measured, whereas in the full-scale situation, the load
was measured over a small part of the structure, and the load was extrapolated to
represent the load on the full face of the structure.

TABLE 2. Characteristic of full-scale results.

EVENT ICE PEAK | TIME OF
NUMBER | THICKNESS | PRESSURE | _EVENT
G m 3
33R 0.7 1.2,0.9 Feb 15/16
44R 0.6 0.5 April 10
45R 0.6 0.8 April 11

To compare to the first Molikpaq event, which had a strong ice sheet, four tests
have similar conditions (TN_006, TN_012, TN_016, TN_018). For the loading events
in April, the ice would be relatively weak. Three of the tests from the present series



can be used in this comparison (TN 020, TN_021, TN_022). Note that these tests
all have angles of inclination ranging from 0° to 7° from the vertical, close to that of
the Molikpaq (7° ).

To scale these results, it is necessary to choose a scale factor. A simple approach
would be to choose a scale factor based on the ice thickness (h). Thus, the scale
factor (1) would be

X = h,(full scale) / h,(model scale). 1)

For example, for test TN_018 (shown in Figures 4 to 6), the model ice had a
thickness of 3.0 cm. Since the full-scale ice thickness was 0.7 m (70 cm), this would
give a scale factor of (70 cm/ 3.0 cm) 23.3. Scaling of the model ice strength by this
scale factor would give a full-scale flexural strength of (61 * 23.3) = 1.4 MPa and a
full-scale compressive strength of 3.0 MPa. These strength values are representative
of a strong sheet of ice, so the strength comparison is reasonable. For this test in
the ice tank, the peak load on the whole structure was 1.1 kN. From this value, the
peak global pressure can be determined from

P = Fy (ot /(w*h;) (2)

where Fy , is the peak force on the structure, and w is the width of the structure
(= 0.95 m). This is the definition used by Neth in calculating the global pressure on
the face of the Mohkpaq For test TN_018, the peak pressure was 38.6 kPa. If this
measured pressure is scaled according to the Froude scaling laws, directly with ), the
predicted peak pressures in the full-scale situation would be 0.9 MPa. This is in
excellent agreement with the full-scale peak pressures of 0.9 and 1.2 MPa. Similarly,
as given in Table 3, the other six tests with inclination angles of 0° and 7° were used
to predict the full-scale pressure values.

TABLE 3. Comparison of model and full-scale results.

MODEL TESTS FULL SCALE
PREDICTED MEASURED
TEST PEAK PEAK SCALE PEAK EVENT PEAK
hi | o oF

NUMBER

FORCE PRESSURE FACTOR PRESSURE # PRESSURE

e

TN_006 42.8 21.9 1.4 0.94 33R 09,1.2
TN_012 69.1 21.9 1.3 1.51 33R 09,12
TN_016 51.0 21.2 1.4 1.08 33R 0.9,1.2
TN_018 38.6 23.3 1.4 0.80 33R 09,1.2
TN_020{ 3.6 | 15| 0.83 24.3 16.7 | 0.25 0.40 44R,45R| 05,0.8
TN_021}| 26| 24| 057 231 23.1 ] 0.55 0.53 44R,45R| 0.5,0.8

TN_022| 38| 21 1.3 36.0 158 | 0.33 0.57 44R,45R| 0.5,0.8




The measured and predicted values in Table 3 shows quite remarkable agreement.
The excellent agreement in the present tests, both in terms of the qualitative
description of the rubble-building events and the predicted global pressures on the
structure, gives confidence in the measured results.

SUMMARY

A test program has been performed to measure the vertical distribution of loads on
a structure. Several parameters were varied during the course of the tests. The
results of the tests are quite voluminous, and they are reported in full in Timco
(1991). In general, the vertical distribution of loads on a structure is complex.
However, even with a floating rubble pile in front of the structure, the majority of
load is transmitted to the structure at the waterline.
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