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ICE/STRUCTURE INTERACTION TESTS WITH ICE
CONTAINING FLAWS

By G.W. TimMco
(Hydraulics Laboratory, National Research Council of Canada, Ottawa, Ontario K1A OR6, Canada)

ABSTRACT. A test series has been performed to
investigate the influence of flaws or cracks in ice during an
ice/structure interaction event. The tests were carried out by
measuring the horizontal load on a 6 cm diamter vertical in-
dentor which was being pushed through sheets of fresh-
water ice containing flaws of various shapes, lengths, and
densities. The results are analyzed and correlated in terms
of an elementary damage theory. The tests show that flaws
can have a significant influence on the load which an ice
sheet can exert on a structure.

INTRODUCTION

In the recent ice-mechanics literature, there has been
considerable discussion on the so-called "scale-effect",; that
is, the peak ice pressures measured on relatively small
structure areas in laboratory tests are considerably higher
than those measured in the field on full-scale structures.
Although this scale effect has been postulated for years
(Kry, 1980; Iyer, 1983), most recently there has been
increasing evidence to support it through the release of
some previously proprietary information on ice-force
measurements on Arctic structures (Sanderson, 1984). The
importance of understanding the causes of this are quite
clear. If understood, it would be possible to design full-
scale structures with more confidence, and it would allow
more accurate extrapolation of laboratory-derived data. This
phenomenon has recently been reviewed in a paper by
Sanderson (1986) to which the reader is referred for details.
Suffice to say, the cause for the scale effect is not known.

Several explanations have been proposed to explain it
and these can be subdivided into two competing approaches.

First, it has been postulated that as the structure gets
larger, non-simultaneous failure of the ice occurs locally by
successive fracturing of independent zones (Kry, 1980;
Slomski and Vivatrat, 1983), resulting in a "smearing out" of
the peak stresses and lower overall loads. A more recent
explanation based on non-simultaneous failure has been put
forward by Ashby and others (1986). It is based on a
mechanical argument and supported by experiments with
brittle foam.

The second approach to explain the size effect is
related to the existence of microscopic "flaws" (or pre-
existing cracks) in the ice. The explanation is based on the
hypothesis that, as the sample size of the ice gets larger,
there is an increasing probability of it containing a larger
flaw; hence, the ice would be weaker. This approach
contains many explicit and implicit assumptions and in its
present form cannot fully explain the size-effect
phenomenon (Sanderson, 1986).

In considering this problem, it seems that the phenom-
enon incorporates aspects of both non-simultaneous failure
(of some type) as well as strength reduction caused by the
flaws in the ice. Although the models provided by Kry
(1980), Slomski and Vivatrat (1983), and Ashby and others
(1986) appear encouraging to explain this effect, anyone
who has travelled in the Arctic will attest to the existence
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of a multitude of flaws in the ice, ranging from the very
small (on the order of I m in length) to the very large flaw
leads which can stretch for several kilometers. The question
is: do these flaws affect the load which an ice sheet can
exert on a structure, and if so, to what extent? Questions
of this type cannot be answered easily through field ob-
servations due to the complex nature of the environmental
and experimental conditions. In a laboratory, however, a test
to investigate this can be performed in a systematic way in
an experimentally tractable situation. The results of such a
test series are presented here.

GENERAL CONSIDERATIONS

In designing the test, there are many parameters which
must be considered. The overall scheme of the test is to
measure the forces which an ice sheet exerts on a structure,
with varying numbers and types of flaws in the ice. The
influence of the flaws will undoubtedly vary depending
upon the failure mode of the ice. In this test series it was
decided to arrange the experimental parameters such that
the unflawed ice would fail by crushing when interacting
with a structure.

A test series of this type may be performed by using
physical modelling techniques in which the ice/structure
interaction event is scaled according to modelling laws (see
Timco, 1984). For the present test series, however, it was
felt that this approach would be somewhat restrictive since
the "model" ice which is used in these types of tests is
optically opaque, and uncertainties might exist as to its
failure mode and cracking pattern. Therefore, it was
decided to perform small-scale tests using fresh-water ice.
This overcomes the optical problems of the model ice and
has the added advantage of providing a much better-defined
experimental arrangement (since the mechanical and rheo-
logical properties of fresh-water ice are well known).
Because of this, the test results can be analyzed reliably
using finite-element techniques. Recently, it has been shown
that these FE techniques provide valuable insight into the
fracturing behaviour of ice (Jordaan, 1986; Tomin and
others, 1986; Cormeau and others, in press). The present
tests are amenable to such an analysis.

EXPERIMENTAL

The tests were performed in the ice tank in the
Hydraulics Laboratory at the National Research Council in
Ottawa (Pratte and Timco, 1981). The tank is 21 m long,
7m wide, and 1.2m deep, and is spanned by a carriage
which is capable of generating horizontal loading to 45 kN.
For this test series a cylindrical-shaped structure was
employed. Because of the high forces which can be
generated in tests of this type using fresh-water ice, a
relatively small pile diameter (B) of 6cm was used. The
pile had a rusted surface which provided a relatively
constant friction factor for the whole test series. The ice
was grown using a wet-seeding nucleation technique which
results in a fine-grained (1—2 mm diameter) columnar ice
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(Timco and Frederking, 1982). A nominal ice thickness of
1.0 £ 0.2cm was used, giving an aspect ratio of 6 + 1 for
the test series. The structure (i.e. pile) was mounted to a
14 kN capacity load cell, which in turn was bolted to the
front face of the carriage. In order to have continuous
crushing of the ice against the pile, the carriage was driven
at a constant speed of 20cms™! for all the tests. The
ambient 2ir temperature in the room was held constant at
-10°C. In performing the tests, the leading edge of the ice
sheet was cut to have a clean interface, and flaws with the
appropriate length and density (ie. number per square
meter) were put in the ice. Then the carriage was ramped
up to the test speed and the data-acquisition system started
just before the pile made contact with the ice edge. The
forces were sampled at a rate of 100 Hz over a total time
of 12s for each test. With these conditions, the pile pene-
trated 2 m through the ice, a distance representing over
30 times the pile diameter. Then, the carriage was stopped,
a new interface cut, and the process repeated. In total, 60
test runs were performed with a variety of flaws in the ice.

In Nature, flaws or cracks in ice are generated due to
a variety of natural causes, including thermal expansion and
contraction, collisions between ice floes, dynamic movement
during ice growth, etc. Clearly, these conditions cannot all
be duplicated in a laboratory basin. Instead, flaws must be
generated mechanically by appropriate cutting of the ice. In
choosing the type of flaws to be put in the ice, it was
decided that there were several parameters which would be
of interest to study. First of all, the shape of the flaw is
important. In Nature, flaws are generally long and straight,
although cracks and leads can have many forms. It was
decided, therefore, to use two different crack shapes: (1)
long narrow (flat) flaws or silts, and (2) round flaws or
holes. Although round flaws are obviously not abundant in
Nature, they provide a somewhat more tractable set-up for
FE analysis, since the stress-intensity factor for round flaws
is known and is not sensitive to "tip blunting”. To introduce
the flaws into the ice, a small pruning saw or a pneumatic-
ally driven hole saw were used for the flat and round
flaws, respectively. In addition to the shape of the flaw, the
flaw length is important. For this test series, flat flaws
were cut in the ice with three different lengths (L) = 3,
30, and 60cm all with a constant width of #0.3cm.
However, only one flaw length was used in any given test
run. For the round flaws, only one size was used — that
with a diameter (d) of 4.4cm. In all cases, the "flaws" were
cut through the full thickness of the ice and placed in a
random orientation in the ice sheet. Finally, since the flaw
density would seem to be important, the tests were
performed to measure the loads from ice having different
flaw densities. Thus, before each test run, flaws with the
appropriate shape (round or flat), length (3, 30, or 60cm),
and density were cut in the ice. In addition, a number of
tests were performed in virgin ice to obtain a reference
pressure value for unflawed ice.

Timco: Ice/structure interaction tests

RESULTS AND DISCUSSION

Tests in unflawed ice

Twelve test runs were performed in unflawed ice. In
each of these tests, the ice failed by continuous crushing
with radial cracks. The continuous crushing produced a
cyclic load—time series which was analyzed to give the
mean, standard deviation, and maximum load (presented in
Table I). Averaged over all these tests, the peak pressure of
the time series was 8.6 + 0.8 MPa, and the average pressure
was 4.1 + 0.4 MPa. These values are in excellent agreement
with previous indentation tests of this type at similar aspect
ratios and rates of loading (Hirayama and others, 1974;
Michel and Blanchet, 1983; Timco, 1986). The occurrence of
the radial cracks in the ice in indentation tests has been
shown by Palmer and others (1983) to form at relatively
low loads, so their appearance is not surprising. Palmer and
others showed that the load F required to extend a radial
crack of length ¢ is

c hK
ra Ly ,
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where h is the ice thickness, K. is the fracture toughness,
and « is a constant taken to be 0.5. In indentation tests of
this type it is known (and was also observed here) that the
ice in front of the indentor internally fractures into a series
of small micro-cracks which are the size of the grains in
the ice (see Timco, 1986, or Tomin and others, 1986).
Using a crack of this length (1.5 mm) and the measured
fracture toughness of the ice (Kye = 90 kPam'/?; Timco and
Frederking, 1986), the stress necessary to propagate it to a
larger radial crack would be (re-arranging Equation (1) and
using o = F/Bh)

& K
= J——-=1C & 0.1 MPa,
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This is much lower than the loading on the structure and
therefore propagation of the radial cracks will occur. In
general, the length of these radial cracks was somewhat
variable but they were typically of the order of 0.5-1m
during the tests. A schematic diagram of this failure mode
is shown in Figure la.

Round flaws

For the round flaws of diameter 4.4 cm, 12 tests were
run for flaw densities up to 40 m™2. In these tests, regard-
less of the flaw density, the ice failed in the same manner
— crushing with radial cracking. This crushing behaviour
was evident as a cyclic pattern in the time series of the
interaction event. There were, however, distinct differences
in the time series for differences in the flaw density.

TABLE I. TEST RESULTS IN UNFLAWED ICE

(pile diameter =

Ice Average Standard deviation
thickness h load of time series

cm N N

0.97 2250 950
0.91 2260 930
1.05 2760 1200
0.95 2430 1020
117 2700 1140
1.23 2010 1220
1.21 3250 1360
1.10 2920 1220

1.0 2010 790
0.95 2280 910
0.92 2340 860
1.13 3120 1130

Average of all tests:
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6 cm; speed = 20 cm s71)

Measured maximum Peak Average
load pressure pressure
N MPa MPa
4970 8.5 38
4430 8.1 4.1
5840 9.2 4.4
5130 9.0 4.2
5520 7.8 38
6430 8.7 3.9
7130 9.8 4.5
6060 9.1 4.4
4300 7.1 3.3
4670 8.2 4.0
4440 8.0 42
6260 9.2 4.6

86 £+ 08 4.1 £ 04

187


https://doi.org/10.3189/S0022143000008686

Journal of Glaciology

|  FaiLure MoDES J

RADIAL
CRACKS

.._ CRUSHED
{% ICE
(a) NO FLAWS

N ) ®
[ ]
% @
= [ ]
® -
®
. LOAD REDUCED AS
FLAW PASSES BY
INDENTOR
(b) . ROUND FLAWS

TRIANGULAR ICE PIECE

LI ~
-~ ' h '.‘ \ % \ 7 5
\ A % - \ [
¥ % .1 =
\ 1 X X \ 1 - 3
wh W oy i
LR Bl
E l = _ .~ RADIAL CRACKS
\ s CURVE TO FOLLOW
/ b 4 T FLAWS :
jooE ok g N TO BUCKLING OR e INTIAL
X LOW LEVEL CRUSHING RADIAL
[ CRACK
(c) SHORT FLAWS (d) LONG FLAWS

R

SECONDARY RADIAL
CRACK TO FORM —__ "

-LOAD REDUCED DUE

Fig. 1. Schematic representation of the failure modes observed in the tests.

Figure 2 shows the load—time records for the test in three
different ice sheets with different round flaw densities. For
virgin ice (n = 0), the load—time series is cyclic and
relatively uniform throughoul the whole test. With a small
flaw density (n = 7m™#), "dips" occur in the load—time
series, resulting in less uniform behaviour. These "dips" in
the load occur when the indentor interacts directly with one
of the round flaws (see Fig. 1b). For high flaw densities

I T g-4.4cm rOUND | | I

LOAD (kN)

n=7m-2

TIME (s}

Fig. 2. Time series of the load on the structure for2 ice
containing round flaws of density n =0, 7, and 25 m™*.

188

https://doi.org/10.3189/50022143000008686 Published online by Cambridge University Press

(n = 25m™?), these dips are, as expected, much more
numerous. From the load—time series, the average and peak
loads were determined for each case and the results are
listed in Table II. (Note: in determining these loads, the
time series from 2 to 12s was used; i.e. the initial zero
load before contact with the ice was omitted.) The results
are presented in Figure 3 in terms of average and peak
pressures on the structure as a function of flaw density.
These are compared to the values measured in the unflawed
ice. With regard to the peak pressure on the indentor in the
flawed ice, it appears that the flaws have no effect,
regardless of their density. For the average pressure, on the
other hand, it is evident that it decreases with increasing
flaw density, This results from the drop in the load as the
indentor interacts with a flaw.

It is possible to calculate the "expected" reduction in
load, on average, if this load reduction was simply due to a
decrease in the amount of ice that the indentor had to
crush during the test time. The reduction in the area of ice

I | I | I | I I
10 [~ @ ROUND d = 4.4cm —|
L ]
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L]
8 gn" = . =
P . L] .
o
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E o4 F e —
- + s B " . = a =
L]
L]
g = =
8 e b 1 e ] 1
0 10 20 30 40

FLAW DENSITY (m™2)

Fig. 3. Peak (®) and average (m) pressure on the structure
as a function of flaw density for round flaws of diameter
4.4 cm.
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TABLE II. TEST RESULTS WITH ROUND FLAWS
(pile diameter = 6 cm; flaw diameter = 4.4 cm; speed = 20 cm s 1)

Flaw Ice Average load Measured maximum Peak Average

density thickness load pressure pressure

m™2 cm N N MPa MPa
3 0.87 2010 5290 10.1 38
i 0.94 2090 4590 8.1 3.7
8 1.09 2300 5410 8.2 3.5
9 0.93 1450 4690 8.4 2.6
10 12 2890 6530 9.0 4.0
11 1.22 2730 6040 8.2 <
16 25 2670 7060 9.4 35
20 1.04 2070 4640 7.4 2.3
25 L2 2400 5470 7.6 33
30 1.06 2060 5190 8.1 3.2
35 13 2210 6040 9.1 33
40 1.06 1760 4910 Tt 2.8

TABLE III. TEST RESULTS WITH FLAT FLAWS
(pile diameter = 6 cm; speed = 20cms 1)

Flaw Ice thickness  Average load Measured maximum Peak Average
density load pressure pressure
m-2 cm N N MPza MPa

Flaw length (L) = 3cm

3 0.97 2380 5020 8.6 4.1

4 0.92 2220 4880 8.8 4.0

7 0.94 2160 4940 8.7 3.8

8 L13 2640 6450 9.5 3.9

9 0.92 2330 4790 8.6 4.2
10 1.23 3210 6630 8.9 4.3
11 1.10 2390 5080 Tal 3.6
16 1.23 3050 6770 91 4.1
20 0.95 2270 4890 8.5 4.0
25 0.98 2330 5000 8.5 39
30 123 2730 5630 7.6 3.1
40 1.03 2550 5360 8.6 4.1
40 0.84 1970 4390 8.7 3.9
50 0.85 1840 4750 93 3.6
60 0.54 2150 5290 9.3 3.8
80 0.91 1820 4150 7.6 3.3
100 0.94 1920 4620 8.2 34
120 1.0 2090 5750 9.5 3.5
140 1.1 2380 5540 8.4 3.6

Flaw length (L) = 30 cm

02 1.06 2250 5250 83 3.5
4 1.04 2140 4880 7.8 3.4
3 0.93 1760 4240 7.6 3.
6 1.03 2170 5100 8.2 3.5
8 0.99 1370 4410 7.4 2.3
10 1.02 1550 5380 8.7 2
12 0.96 1320 4110 Tl 2.3
14 121 1440 4630 6.3 2.0
15 0.85 80 2030 4.0 0.2

Flaw length (L) = 60 cm

1 0.87 1640 3740 7.1 31
1 1.11 2510 5360 8.0 3.8
2 0.95 910 3930 6.9 1.6
3 112 1140 5330 78 1.7
4 1.16 620 5180 7.4 0.9
3 1.23 870 4410 59 1.2
6 0.92 490 3210 5.8 0.9
0/ 1-1 240 2630 4.0 0.4
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(M) with a density of n circular flaws of diameter d is
given by

Ag = rm[%]z. (3)

Thus, for a flaw density of 40 m"2, this would be 0.06 or
6%. However, from Figure 3, it would seem that the aver-
age pressure at that flaw density has been reduced by *25%
from that of the unflawed ice, Clearly, these round flaws
play a much more important role than a simple reduction in
volume of ice crushed.

Flat flaws

For the long flat flaws or slits, three different flaw
lengths (L) of various densities (n) were studied.

L = 3cm. For relatively short flaws of 3cm length, 19
tests were performed for flaw densities up to 140 m? (see
Table III). In these tests, the ice failed by crushing with
radial cracking similar to that of the unflawed ice. For high
flaw densities, however, it was noted that the radial cracks
would sometimes deviate slightly from their apparent path
to follow one of the flaws (see Fig. lc). This occurred only
if the flaws were more or less parallel to the direction of
the crack propagation. In terms of the load—time series,
their behaviour with increasing flaw density (shown in
Figure 4) was very similar to that observed for the round
flaws. Similarly, as shown in Figure 5, the peak pressures
remain independent of flaw density, whereas average
pressures decreased with increasing flaw density.

L = 30cm. For this longer flaw length, nine tests were
performed for flaw densities up to 15m2 (see Table III).
In this case, for low flaw densities, the ice failed by
crushing with radial cracking. However, as the flaw density
increased, a significant change occurred in the failure mode
of the ice. With the higher densities (n > 6 m™2), two radial
cracks would sometimes propagate to the same flaw creating
a triangular-shaped ice piece (see Fig. 1d). Then, the ice
would fail either in a buckling-like mode (where the ice
piece would slide up the face of the indentor), or by
crushing. This change is reflected in the load—time series of

| 1 e T T

LOAD (kN)

n=20m-2

I n=140m-2

0 2 4 6 8 10 12
TIME (s}

Fig. 4. Time series of the load on the structure for ice
containing {Iaz flaws of length 3 em and densities 0, 20,
and 140 m™*,

150
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Fig. 6. Time series of the load on the structure for ice
containing flat flaws of length 30 cm and densities 0, 10,
and 15m™.

the tests as shown in Figure 6. For intermediate flaw
densities (7 = 10 m™2), the overall level of the crushing
force is significantly reduced, and there are times when
very low loading occurs. For the higher flaw densities of
15m™2, the overall loading is very significantly reduced,
having long stretches with no load at all on the indentor.
Figure 7 shows the peak and average pressure as a function
of flaw density for L = 30cm. For flaw densities up to
=10 m", the peak pressure is similar to but slightly less
than that for unflawed ice but, for densities higher than
that, the peak pressures decrease significantly. With regard
to the average pressure, it is lower than that for unflawed
ice for all flaw densities.

L = 60cm. For this flaw length, eight tests were performed
for flaw densities up to 7m™? (see Table III). Even at the
lowest flaw density (1 m™2), there was a marked change in
the failure mode of the ice compared to unflawed ice. With
the radial cracks connecting to the flaws, an ice-splitting
event would occur such that triangular pieces of ice would
form and fail by buckling or crushing (see Fig. 1d). Similar
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Fig. 7. Peak (®) and average (m) pressure on the structure
as a function of flaw density for flat flaws of 30 cm
length.

to that for the 30 cm flaws, this crushing would occur at a
lower load than that for the unflawed ice. This was appar-
ent when viewing the tests, since the sound of the ice
crushing in the tests with the long flaws was much quieter
and subdued compared to the crushing in the unflawed ice.
The reason for this apparent reduction in the crushing loads
is not completely clear. In observing the tests, it was
evident that the high crushing loads occurred when the ice
sheet in front of the indentor was totally confined by the
parent ice sheet. However, when the radial cracks connected
to the long flaws to create triangular pieces, the ice being
crushed was no longer in a fully confined state. The crush-
ing and clearing of the ice pieces in front of the indentor
was less restricted in this case. The lack of confinement
produced crushing at lower load levels.

Figure 8 shows the changes in the time series with
increasing flaw density. For #n = 7m2, the crushing occurs
at very low loads, with significant times when there is no
load at all on the structure. During this time of zero load,
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Fig. 8. Time series of the load on the structure for ice
containing flat flaws of length 60 cm and densities 0, 2,
and 7 m™*.
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Fig. 9. Peak (®) and average (w) pressure on the structure
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the large broken pieces of ice would slide past the indentor,
producing a relatively low loading event. In Figure 9, a
comparison of both the peak and time-average loads with
that for unflawed ice shows that the long flaws significantly
reduce these loads on the structure. As shown in the load—
time series, there can be extensive time periods when the
load on the structure is small or zero (if the flaw density
in the ice is high and the flaw lengths are long). This can
significantly change the nature of the loading on the
structure.

COMPARISON OF RESULTS

A comparison can be made of the relative frequency
of the load on the structure for any flaw length. This is
done in Figure 10 for comparable total flaw lengths
(360 cm m™%) for all flat flaws. Also included on this figure
is the load—frequency histogram for the case of no flaws,
Comparing the loading behaviour on the structure is very
informative when viewed in this manner. If there are no

flaws in the ice, the loading events follow a more or less
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Fig. 10. Frequency histograms of the load on the structure
(a) no flaws, (b) L = 3em, n = 120 m™2, (c) L = 30 cm,
n=1I2m?2 (d) L =60em, n=6m?2 Note the shift
towards lower loads and long times with zero load on the
structure for the longer flaws.
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normal distribution. For high-flaw densities of the smaller
flaws, the distribution retains its nermal shape, but there is
an added "spike" in the spectrum representing zero load on
the structure. For increasing flaw length, this "spike" at zero
load increases dramatically, such that for L = 60cm the
load on the structure is non-existent 43% of the time. Also,
the whole spectrum shifts towards lower loads with increas-
ing flaw length.

It is of interest to compare the relative effectiveness of
each flaw length in reducing the loads on the structure.
This can be accomplished by normalizing the flaw length in
terms of the total flaw length per square meter (given by
n x L). This is shown for all flat flaws in Figure 11 (for
the peak pressure) and Figure 12 (for the average pressure).
In examining these figures, it can be seen that long flaws
can have a great impact on the loads on the structure, even
for very low flaw densities. The reduction in the load can
be substantial.

It should not be surprising that the long flaws are
more effective in reducing loads than the short ones. For
many years, researchers in several disciplines such as
metallurgy and geophysics have been interested in the
influence of flaws on the strength of materials. This is the
study of material damage. Numerous theories have been
proposed to look at the influence and mutual interaction of
cracks in materials (Dey and Wang, 1981; Nemat-Nasser and
Horii, 1982; Cooksley, 1984). Their application is, however,
not straightforward. In the present tests the generation of
flaws in the ice is essentially damaging it. Clearly, as the
flaw density increases, the damage in the material increases.
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Fig. 11. Peak pressure on the structure versus total flaw
length (cm m2) in the ice for flaws of length 3 cm, 30 cm,
and 60 cm.
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Recently, Cooksley (1984) examined the behaviour of
damaged ice in uni-axial and multi-axial tests. She observed
that, in a damaged material, there are two different types
of damage which may be distinguished. The first is damage
caused by the existence of initial cracks or flaws in the ice.
This is measured using the dimensionless quantity D where

D = n(L/2)%. (4)

The second type of damage is caused by the extension of
these cracks parallel to the axis of greatest compression.
This is measured by the dimensionless quantity R where

R = 2/2L (5)

where 2 is the length of a "wing" crack which extends
from the end of the main crack. In the present tests, there
is clearly damage due to the former cause but relatively
little (or none) due to the latter. In none of the tests was
there any evidence of the extension of the pre-existing
flaws.

The test data can be examined in terms of the damage
coefficient D; this gives more meaningful comparison of the
different tests than simply looking at the total flaw length
(i.e. Figs 11 and 12). Figure 13 shows the peak pressure
versus the damage in the ice (defined using Equation (4))
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Fig. 13. Peak pressure on the structure versus the damage

(D) in the ice for flaws of length 3cm, 30cm, and
60 cm.

for all three flaw lengths. In general, there is a good corre-
lation amongst the three. The figure indicates that the peak
pressure which the ice sheet can exert on the structure is
relatively insensitive to damage up to a level of 0.2. Above
this value, the peak pressure decreases rapidly. In a similar
manner, Figure 14 shows the average pressure versus
damage for all three flaw lengths. Again there is good
correlation. In this case, however, it appears that the
average pressure is insensitive to damage for D up to 1072,
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Fig. 14. Average pressure on the structure versus the damage
(D) in the ice for flaws of length 3cm, 30cm, and
60 cm.
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Above this value, the average pressure decreases slightly up
to D = 0.1, whereupon it drops rapidly with increasing
damage. This simple analysis yields consistent results and
may be a very useful way of looking at ice behaviour.

APPLICATION

The interaction of an ice cover with a structure is a
complex phenomenon in which many factors come into play.
The present tests illustrate the potential role of the flaws in
ice for reducing loads on structures. It should be kept in
mind, however, that as the aspect ratio increases there is an
increasing chance of the non-simultaneous failure of the ice
occurring across the front of the structure. As previously
discussed, it has been postulated that this can aid in
reducing the total load. For an Arctic structure, which may
have an aspect ratio of 50-100, it is almost certain that
both the flaws in ice and the non-simultaneity of the
failure play an important role in determining the ice loads.
The complexity of the interaction should always be kept in
mind.

In applying the test results to the case of an Arctic
structure in sea ice, there are several things to consider. As
previously discussed, these tests do not represent a model of
the prototype situation; they are small-scale tests which are
meant to supply insight into the influence of flaws on the
ice loads on structures. To apply these results fully to the
Arctic situation, a realistic mathematical model (probably
using FEM) should be used. The development of such a
model is beyond the intended scope of this paper. However,
by employing some simple models, it is possible to use the
tests to get an idea of the typical sizes and flaw densities
which would be required for load reduction.

In the present tests, load reduction occurred when
radial cracks emanating from the structure extended and
interacted with the pre-existing flaws in the ice. The
existence of both the radial cracks and flaws were necessary
conditions for strength reduction. It is therefore necessary to
investigate their existence in Nature.

In terms of the radial cracks, Palmer and others (1983)
and Hallam (1986) have shown that radial cracks can form
at relatively low loads when ice interacts with Arctic
structures. Using Equation (2), for an Arctic structure of
100 m diameter, the stress necessary to propagate a pre-
existing crack of say 10 m length is #0.004 MPa. This stress
level is low when compared with average stresses measured
on Arctic structures on the order of 0.05-0.8 MPa
(Sanderson, 1986). This would indicate that radial cracks can
form readily in Nature. Moreover, field experiments such as
those conducted at Hans Island (Danielewicz and Metge,
1981) have shown that radial cracks and splitting do occur
frequently in Nature.

In terms of the pre-existing flaws in the ice, to the
author’s knowledge there have been no detailed studies in
this area, other than a few limited investigations of ice
cracks which occur in small areas (Kingery and Coble,
1963). Overflights in the Arctic, however, show clearly the
existence of very long flaws or leads in the ice (extending
several kilometers), and treks across the ice usually reveal
numerous "dry" cracks of various lengths. These cracks are
observable only by ground truthing, since a snow cover
often hides them. In Nature, there are many mechanisms
which can cause the ice to crack and flaws to form,
including changes in the thermal conditions of the ice,
changes in the elevation of the ice due to tidal action, ice-
floe collisions, ice interaction with the shoreline or
Man-made structures, etc. It would seem that the occurrence
of flaws in sea ice can be high.

There are two ways in which the present test results
can be used readily to estimate the flaw densities and sizes
in ice required for significant load reduction on Arctic
structures. Both methods give similar results.

The first approach is to use geometric scaling. In com-
paring sizes, the longest flaw length in the test series was
60 cm which is ten times longer than the width of the
structure under test. Keeping this ratio constant in scaling,
this would suggest that for an Arctic structure of 100 m
diameter, flaw lengths of the order of 1km would be
significant for reducing loads. Flights across Arctic sea ice
clearly show that flaws of this length (and even much
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longer) are abundant in the Arctic. In terms of flaw
density, significant reductions were obtained for flaw
densities greater than 3 m 2 for flaws of this length. Taken
to full scale, this would convert to three long flaws on
average per 2.8 km? The validity of this flaw density of
approximately 1 km™? for sea ice is not known. Certainly, if
one considers a flaw in Nature as synonymous with an open
lead, this flaw density is greater than observed. However, if
the long "dry" cracks come into play in the interaction
process, there may be a sufficient number to cause a load
reduction on Arctic structures. Statistics on these types of
cracks unfortunately are sadly lacking.

A second and more general approach to applying the
results to predict full-scale behaviour is based on the simple
model of ice damage caused by flaws. Certainly, from
Figures 13 and 14, there appears to be good correlation of
all test results suggesting that D, which is a dimensionless
parameter, may be a useful index for damage in a much
broader sense. By using the same definition for damage (i.e.
Equation (4)) and assuming that the amount of damage in
the ice for load reduction is the same as that found in
these experiments, it is possible to predict the size and
density of flaws required for load reduction in Nature. In
terms of the peak load on the structure, it would seem that
the damage has little effect for D less than 0.1 (from Fig.
13). For D > 1.0, it is quite evident that there is a very
substantial reduction in the peak loads on the structure.
Using these limits and Equation (4), it is possible to "map"
the areas of flaw size and density which correspond to
these values in Nature. The calculated ranges, which are
shown in Figure 15, indicate that relatively few long cracks
are required for a substantial reduction in load.

FLAW DENSITY (number per square kllometer)

FLAW LENGTH (kilometers)

Fig. 15. The calculated ranges of flaw length (L) and
density (n) which affect the ice loads on Arctic structures
based on the damage index D = n(L/2)%.

Unfortunately, the lack of information on ice flaws in
Nature plagues the verification of the damage analysis to
full-scale conditions,

SUMMARY

The present test series has shown some very interesting
results. The tests indicate that, in an ice/structure
interaction scenario, relatively short flaws in the ice play
only a very small part in reducing the peak and average
loads on the structure, even if there are a substantial
number of flaws in the ice. On the other hand, it was seen
that even a few long flaws in the ice significantly reduce
the peak and average loads on the structure. Moreover,
these flaws can affect the time behaviour of the loading
such that there can be no load on the structure for sub-
stantial periods of time. An analysis, in terms of damage
theory, illustrates the potential usefulness of this approach.
Moreover, it also emphasizes the need to gather pertinent
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information on flaws in sea ice through ground-truthing
techniques. Only with this type of information will it be
possible to make an informed estimate of the actual
influence of flaws in ice loading on Arctic structures.
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