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Résumé

On a mené une série d’essais modeles afin d’étudier la répartition des charges dans un
champ de fragments ancrés au sol nouvellement formé. Lors des essais, une section de
structure arctique a paroi verticale a été€ construite sur une terrasse submergée. La structure
et la terrasse ont été équipées en appareils de mesure indépendants de fagon a ce que puisse
étre déterminée la répartition des charges entre la terrasse et la structure, dans le champ de
fragments. Les résultats de ces essais sont importants pour la définition des charges de
calcul des structures arctiques construites sur les terrasses submergées.
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ABSTRACT

A model test series has been performed to
look at the load distribution through newly-formed
grounded ice rubble. In the tests, a section of a
vertical-sided Arctic structure was built above a
submerged berm. Both the structure and berm were
instrumented independently of one another so that the
load apportioning through the rubble to the berm and
structure could be determined. The results have
important implications in the design loads of Arctic
structures built on submerged berms.

1.0 INTRODUCTION

When an ice sheet pushes against an Arctic
structure, the ice usually breaks into small pieces
locally in the region in front of the structure. This
broken ice can accumulate, and in sufficient
concentration can "ground" around the structure. This
is particularly important for Arctic structures which
are built on submerged berm foundations. This broken
ice, or rubble, will act as a buffer between the intact
ice sheet and the structure. Any further loading of the
structure by the ice must be transmitted through the
rubble. If the rubble is grounded on the berm, part of
the load will be transmitted to the structure, and part
to the berm. Because of many obvious difficulties in
measuring this apportioning in the field, very little
is known in this area (Sayed 1988). This, in spite of
its importance in determining design loads on both the
structure and the berm. In laboratory testing, many of
the difficulties inherent in field work can be overcome,
and some useful information can be obtained. In this
paper, the test results of a study to measure load
apportioning is presented. For this test program, the
ice rubble is newly-formed, i.e. there is no re-
consolidation of the rubble through refreezing. The
results are compared to the rigid body/friction model
of grounded ice rubble.
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A detailed review of load transmission
through grounded rubble was recently given by Sayed
(1988). It suffices to mention here the field
observations of Kry (1977), Frederking and Wright
(1982), Croasdale (1985), and Sayed et al. (1986). An
experimental study was also reported by Wards (1984),
but because of differences in geometries, test set-up,
etc., a direct comparison of results is not possible.

2.0 EXPERIMENTAL

The tests were conducted in the ice tank in
the Hydraulics Laboratory of the National Research
Council of Canada (NRC) in Ottawa. The tank is 21 m
long by 7 m wide by 1.2 m deep. An 8-tonne carriage
spans the width of the tank and provides a means of
moving a structure relative to the ice at a uniform
rate. The tank is housed in a large cold chamber and
refrigerated model ice is used. In this test series,
EG/AD/S model ice (Timco, 1986) was used. This model
ice is grown from an aqueous solution containing three
chemicals - ethylene glycol (EG), aliphatic detergent
(AD) and sugar (S) and it well represents the mechanical
properties of sea ice on a reduced scale.

The test arrangement to instrument fully the
berm and structure independently of one another was
challenging. This was even more so because the
instrumentation was not waterproof nor submersible, so
all of it had to be mounted above the water. Since it
was necessary to measure relatively small changes in the
load (sometimes with a large offset load), it was clear
that the whole test frame must be very rigid, but light,
so as to maintain a high natural frequency. Various
schemes for this were contemplated. The test
arrangement shown in Figures 1 and 2 was used. For
measurement three separate six-component dynamometers
and two tension/compression load cells were used.
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Figure 1

Side view of the experimental arrangement
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Figure 2 Plan view of the experimental arrangement
Dynamometer #1 and #2 were of 2 kN capacity.
They were each mounted on the bottom of separate
brackets which were in turn mounted to the front face
of the main carriage. From each of these dynamometers,
a plywood-covered steel load-frame was mounted in the
vertical plane. Each of these "backboards" formed one-
half of the structure.

Between the brackets supporting dynamometers
#1 and #2, another bracket was mounted to support a
larger 8 kN capacity dynamometer (#3). From this
dynamometer, a strong steel-tube "arm" ran behind the
structure and supported the underwater berm. The latter
was a steel frame to which plywood was bolted. A steel
grid could be added to the berm to increase its
roughness. Thus, using this arrangement, the total
loads on both the structure and berm could be determined
independently of one another. A photograph of the
experimental arrangement is shown in Figure 3.

In order to gain more insight into the
rubble building process, it was decided to conduct the
majority of the tests wusing a two dimensional
arrangement. For this, plexiglass sides were mounted
on both sides of the structure/berm as shown in Figure
2. This allowed the use of a video camera to record the
whole rubble-building process. Although the plexiglass
was mounted to the carriage independent of both the
structure and the berm, there was concern that there
would be side-wall friction on the plexiglass which may

influence the test results. To measure this, it was
necessary to know the total applied horizontal load.
Thus, a wooden "boom" was frozen into the ice sheet at
the end of the tank. It was connected to two separate
load cells (#4 and #5, Figure 2) and the ice was
completely cleared behind it and along the side walls
of the tank. By doing this, the sum of these two load

cells gave the "far field" horizontal load at any time.

Figure 3 Photograph showing the experimental

arrangement

Once this whole arrangement was in place,
the carriage was driven along the whole length of the
tank at a constant speed (v) of 2 cm/s. The output from
all of the instrumentation was sampled at a rate of 10
Hz, digitized and stored on magnetic disc for later
analysis.

The sign convention shown in Figure 4 was
adopted for the test. The positive direction for the
horizontal load was in the direction of motion of the
ice. The positive direction for the vertical load was
in the upward directiom.
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Figure 4 Schematic showing the sign convention used

in the tests.




3.0 MEASUREMENTS

Tests were conducted using ice sheets of
several thicknesses and strengths. Water depth and berm
surface friction were varied as well. Thus, load
apportioning was measured for a range of rubble
geometries, berm friction, sail height, keel depth, and
magnitude of ice force. The full test results are too
lengthy to present here, but they may be found in Timco
et al (1988). A summary of the test parameters
discussed here is given in Table 1. A typical output
of a test run which is presented in Figure 5, shows the
time records of the horizontal force on the berm Hy, the
horizontal force on the structure Hy; and the vertical
force on the berm Vz. Note that since the carriage
speed was constant, the abscissa of Figure 5 also
represents the horizontally moved distance of the ice
sheet with respect to the structure. Other force
components and moments on the berm, the structure and
the sidewalls were also measured but are not presented
here since they do not directly influence the subsequent
analysis. It suffices to mention here that the sidewall
friction was always negligible.

TABLE 1

TEST SET-UP
TEST ICE ICE WATER BERM
# STRENGTH THICKNESS DEPTH SURFACE
(kPa) (cm) (cm)
1 13 3.3 21 wire mesh
2 37 3.3 22 wood
4 10 3.3 21 wood
7 33 3.2 10 wood
10 41 3.1 22 wire mesh
11 37 3.2 22 wire mesh

As illustrated in Figure 5, each test run
consisted of several loading events. Loading starts
when the floating ice sheet contacts the grounded rubble
pileup. The ice sheet would then break in bending
(upwards or downwards), buckling or it would slide over
the pileup until it eventually broke through crushing
or flexure. When the ice sheet failed, the load applied
to the pileup was usually released abruptly. A typical

development of a pileup profile is presented in Figure
6.

Although the applied force drops to zero,
residual forces were often measured at the end of each
loading event. Those forces were apparently exerted on
the berm and the structure as the bulk rubble reacted
to release of the pressure. Therefore, offsets for
force measurements were chosen for each event according
to the zero-load values recorded prior to floating ice
contact.
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Figure 5: Load time series for one full test run showing

the horizontal force on the berm Hy and
structure Hg, and the vertical force on the
berm Vy. Loading event D is used in subsequent
analysis in this paper
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Figure 6

: Schematic showing the geometry of the rubble
formation as a function of time for test #l
(time indicated in seconds)




4.0 LOAD APPORTIONING

Measured forces are used to calculate load
apportioning (%) values given by

n =Hy / Hy (1)
where Hy is the total horizontal force
Hy = Hy + Hg (2)

The deformation of a grounded bulk rubble
under fleating ice forces appears to be very complex.
There are no theories currently available that
adequately describes the processes of force transfer to
the berm and structure. It may be intui tively expected,
however, that load apportioning depends on a number of
variables as follows:

'l b f [L1 d» B, VBy HT] (3)
where L is the rubble pileup length, d is the keel
depth, and u is the rubble/berm friction coefficient.
A simple method for estimating an upper limit for
grounding resistance assumes that the rubble behaves as
a rigid block on a flat surface. The horizontal force
on the berm would be equal to the vertical force
multiplied by a friction coefficient.

Hp* = pu Vg (4)
The friction coefficient p is usually

assumed to be equal to tan ¢, where ¢ is the angle of
internal friction of bulk rubble.

The wvalues of force apportioning n were
calculated for each loading event. A typical plot of
n versus time is shown in Figure 7. For this same
loading event, the ratio of horizontal to vertical loads
on the berm is shown as a function of time in Figure 8.
The wvalues of n always decreased with time, as the
total force Hy; increased. It is expected that very
small forces Hy would be entirely resisted by the berm,
and therefore n would be initially equal to 1.
Galculations were not performed for very small forces
because of the inaccuracies of dividing by small
numbers. The wvalue of n reached a minimum as the
loading event progressed. The values of n represent
berm resistance for a given pileup geometry, horizontal
forece, and vertical force. It should be noted that the
vertical force on the berm Vg usually underwent some
fluctuations during each loading event (as can be seen
from Figure 5c).

The ratio of horizontal to vertical forces
on the berm, which may be taken as a friction
coefficient, increased with time (Figure 8). This shows
that the frictional resistance of the berm becomes
gradually "mobilized" as the applied horizontal force
inereases. This result contradicts the simple assumtion
of constant frictional resistance (equation 4) which is
frequently used in the rigid body analysis of this
problem, The maximum values of the frictiom ratiao I
(Hg/Vy) were of the order of 0.1 te 0.2. These values
are considerably less than the often used values of
friction of 0.47 (tan 25°) to 1.4 (tan 55°).

5.0 ANALYSTS AND DISCUSSION

Results from numerous loading events can be
combined by considering that berm resistance (or n)
should increase with increasing vertical load on the
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Figure 7 Time record of the force apportioning n =

Hy/Hy for loading event D in test #l1 (Figure
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Figure 8 : Time record for the ratio of the vertical to
horizontal forces on the berm (Vg/Hy) for
loading event D in test #l (Figure 5).
berm Vz. Therefore, as an aid in analysis the values
of Vg were normalized with respect to the total

horizontal force H;. The values of load apportioning
are plotted versus Vy/H; in Figure 9, for one loading
event (event D, Figure 5). For small values of Hy , the
values of 5 were high (close to 1) and Vy/H; approached

infinity. As Hp increased, however, both 5 and Vy/H;
decreased. The scatter in Figure 9, which is typical
of most cases, is caused by fluctuations of measured
forces.

Smooth curves, fitting results similar to
those presented in Figure 9, are used to facilitate
comparison of different loading cases. Results from
tests conducted using a rough berm with L/d = 4.5 are
shown in Figure 10a. The curves marked A, B, C,...
indicate successive loading events during the same test
run. The value of 5 clearly increases with successive
loading events in each test, probably because the rubble
pileup becomes more compact and increases in sail length
(Figure 6). It is difficult, however, to accurately




measure the pileup length or to estimate rubble
porosities during a test. The results presented in
Figure 10a correspond to tests with ice sheets with
three different flexural strengths varying from 13 kPa
to 41 kPa (Table 1). The results show the range of
possible values of n but there is no strong trend of the
influence of the ice strength in these tests.
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Figure 9 : Force apportioning n versus the vertical to
horizontal force ratio (Vz/H;) for

loading event D in test #1 (Figure 5).

Apportioning values from tests conducted using
a smooth wooden berm, and for L/d = 4.5 and 9, are
presented in Figure 10b. Comparison of Figures 10a and
10b shows that the rough berm gave higher values of g
than the smooth berm (for L/d = 4.5). Although the
results in Figure 10b show that n is somewhat larger
with higher values of L/d, the data is insufficient to
determine a relationship between 5 and L/d.

The simple method of the rigid body analogy
can be used to give an estimate of grounding resistance
(equation 4) to compare with the present results. For
Hy < Hg*, all of the horizontal force is resisted by the
berm, such that:

Hr<Hg* , p =1 (5a)
For larger forces (Hy>Hg*), the load apportioning would
be given by
Hy > Hg*, 5 = p (Vg / Hp) (5b)
The line representing equation (5) clearly gives much
higher values for n than the test results shown in
Figures 10a and 10b.
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The presentation of the data in the form
shown in Figures 9 and 10 provides a new and useful
perspective into the load apportioning problem.
Complete information in this area could be used to
calibrate analytical models, to provide insight into the
load apportioning in field situations, and to aid in
optimizing the design of a protective rubble field. The
present tests provide some insight into this problem.
Consider, for example, a typical situation of an actual
rubble field in order to predict the range of values of
(Vg / Hy). At the start of a loading event at the edge
of the rubble, Hy is small so (Vg/Hy) is high and the
load is transferred to the berm (5 = 1). Since Vg
remains essentially constant, the ratio (Vg5 / Hp)
decreases as the force Hy increases and a larger portion
of the load is transfered to the structure. It should
be noted, however, that the value of (Vg / Hy) is
limited to a minimum value which corresponds to the
maximum possible ice driving force H;. For an average
sail height of 7 m, keel depth of 15 m and rubble length
of 100 m, Vp would be approximately 3 MN/m. The minimum
value of (Vz / Hp) is limited by the floating force Hy.
Assuming a maximum ice driving force Hy = 1 MN/m
(Croasdale 1986) the minimum (Vg / Hp) would be
approximately 3. Therefore, the present range of values
of (V3 / Hy) appears to be in agreement with expected
full scale values. Based on the present test results,
a value of (V5 / Hy) of 3, corresponds to load
apportioning ratios ranging from 0.3 to 0.5 (Figure
10a). This means that between 50% to 70% of the ice
force is transmitted to the structure. Note that the
rigid body/friction approach (equation (5)) greatly
overestimates berm resistance and gives = 1 (i.e. all
of the ice force is resisted by the berm). The reader
is cautioned, however, that in actual field situations,
a large rubble field would be more complex than that
presented here. Many factors such as rubble
consolidation (refreezing), berm slope, irregular rubble
geometries and discontinuities in the rubble may
influence the load transfer.

6.0 CONCLUSIONS

The experiments conducted in a model ice
basin measured grounded rubble resistance to applied
loads. Apportioning of floating ice forces between the
berm and the structure was determined. The results show
that very small horizontal forces exerted by floating
ice are resisted primarily by the berm. As the applied
force increases, it progressively exceeds the resistance
of the berm and the load increases on the structure.
The observed behaviour is at variance with that
predicted by the rigid body/friction model. The process
of load transfer to the berm is much more complex.

The ratio of the horizontal force acting on
the berm to the total horizontal force (n) was found to
decrease with decreasing ratio of the vertical force on
the berm to the total horizontal force. Berm resistance
(or the ratio ) also increased with increasing ratio
of pileup length to keel depth, and for larger berm
surface friction. Estimates of the upper limit obtained
using the rigid body analogy (equation 4) were always
higher than the measurements.

The behaviour of rubble fields in nature can
be more complex than the problems examined in the
present tests. Consolidation (or freezing) of bulk
rubble which occurs in the field may influence force
apportioning. This aspect is currently being studied
at NRC. The uncertainty regarding rubble properties in
the field at various stages of consolidation makes
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extrapolation of the results difficult. The present
conclusions are suitable for predicting the general
trends that may arise in the field and to corroborate
calculation methods.
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8.0 LIST OF SYMBOLS

Hy horizontal force on the berm

Hg* limiting horizontal force on the berm (from
equation 4)

Hg horizontal force on the structure

Hy total horizontal force (= Hy + Hg)

Vg vertical force on the berm

n force apportioning (= Hy / Hp)

M rubble/berm coefficient of friction

¢ angle of internal friction of bulk rubble
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