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ABSTRACT

Experiments were performed to determine the
forces required to buckle a floating ice §heet
pushing against structures of different widths, The
characteristic length of each ice sheet was deter-
mined to enable a comparison to be made between the
theoretical and experimental results.

Most of the experimental data points are within
the range of the theoretical values of normalized
buckling loads for frictionless and hinged boundary
conditions, which represent the extreme situations
for ice-structure contact. Thus, the agreement
between the theoretical and experimental buckling
loads is considered to be good. Photographs of the
buckled ice sheets show a resemblance to the theo-
retical mode of buckling.

INTRODUCTION ; X . .
e interaction of a floating ice sheet with a

vertical structure may result in either crushing or
buckling failure of the ice. Although considerable
experimental and theoretical research has taken place
to determine the horizontal force which ice exerts on
structures in the crushing mode, comparatively few
theoretical studies have been conducted to determine
the Toad required to buckle an ice sheet., The object-
ive of this study was to conduct systematic buckling
experiments and to compare the results with theoreti-
cal results,

When an ice sheet moves against a wide structure
such as a beach or artificial island, the ice may
fail in bending, crushing, buckling and rubble-
forming (Kry 1980). The possibility of buckling is
great when the contact area is non-continuous, i.e.
over small regions spaced along the edge of the ice
sheet (Kovacs and Sodhi 1981). In small-scale tests
on ice ride-up and pile-up, the occurrence of buck-
ling was predominant. Several observations have been
reported of the buckling of ice sheets against arti-
ficial islands (Gladwell 1977) and in the process of
formation of pressure ridges.

The buckling analysis is conducted by treating
floating ice sheets as beams and plates resting on
elastic foundations. The force offered by the elastic
foundation is assumed to be linearly proportional to
the vertical deflection of the ice sheet, an assump-
tion that is valid as long as the ice does not sub-
merge completely or emerge from the water. This

assumption is adequate for the linear buckling
analysis that determines the load for the incipience
of instability. A review of the buckling analyses of
floating ice sheets is given by Sodhi and Nevel
(1980), in which the buckling Toads are given for
different boundary conditions and geometrical shapes
of the ice sheets, e,g, uniform cross-section and
tapered beam, semi-infinite and wedge-shaped jce
sheets. The buckling analyses of semi-infinite and
wedge-shaped ice sheets relevant to this study have
been conducted by Sodhi and Hamza (1978), Wang (1978)
and Sodhi (1979).

To the knowledge of the authors, no systematic
experimental study has been conducted to verify the
theoretical results. Buckling of ice sheets has been
observed (Nevel and others 1977, Afanas'yev and
others 1971, Hirayama and others 1974) during small-
scale tests designed to measure the crushing load of
the ice, but a comparison of the measured forces from
those studies with theoretical buckling loads is not
possible because the values of characteristic length
or modulus of elasticity of the ice sheets have not
been reported. Wang (1978) attempted a comparison of
his theoretical results with the experimental results
of Mevel and others (1977) by assuming a range of
values for the modulus of elasticity. He concluded
that the theoretical buckling loads are higher than
the experimental results by about 32% on the average.

Sodhi and Nevel (1980) have shown that the buck-
Ting Toad can be normalized by the product of the
structure width, the square of the characteristic
length of the ice sheet, and the specific weight of
water. Thus the characteristic length, which
expresses the relative magnitudes of the flexural
stiffness of the ice sheet and the foundation modulus
in terms of a length parameter, is the only ice
property needed.

Since the theoretical buckling loads change by
orders of magnitude with respect to the width of the
structure, the present experiments were conducted
with different structure widths relative to the
characteristic length.

EXPERIMENTAL PROCEDURE
Qasicaily, the experiments were conducted by
pushing a floating ice sheet against vertical struc-

tures and monitoring the horizontal forces when it
buckled.
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Each ice sheet was grown by seeding and freez-
ing a solution of 1% urea in water at an ambient
temperature of -12°C. The texture of the resulting
ice sheet may be described as columnar. Before each
test, the room was warmed, and the ice temperature
was allowed to stabilize at 0°C.

Before experiments were conducted, the character-
istic length of the floating ice sheet was determined
by placing dead weights in discrete increments and
monitoring its deflection. This procedure gives
consistent results, and it is described in detail by
Sodhi and others (1982).
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Fig.l. Schematic sketch of test set-up for structures
89 and 305 mm wide.

The structures employed had widths of 89 mm,
305 mm and 1.83 m. Figure 1 shows the test set-up for
the narrow structures (89 mm and 305 mm) and Figure 2
for the wide structure (1,83 m), During one experi-
ment, the ice sheet buckled against the pusher, which
was 2.44 m wide, while the Toad was being monitored
at the other end of the ice sheet.
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Fig.2. Schematic sketch of test set-up for structure
1.83 m wide.

The load was measured by an instrumented support
and recorded in digital and analogue forms, The peak
force was taken to be the buckling load.

The edge of the ice sheet was sawn parallel to
the structure to ensure uniform contact. In five
experiments with the wide structure, two slots were
sawn parallel to the direction of ice movement and
1.83 m apart, as shown in Figures 3 and 4, These
slots allowed the simulation of buckling of an ice
sheet against an infinitely wide structure. The ice
sheet between the slots behaves as a beam on an
elastic foundation. The unslotted ice sheet is a
semi-infinite ice sheet as shown in Figure 5.

When experiments were conducted with narrow
structures (89 mm and 305 mm) the speed of the ice
sheet was increased at a constant rate from 0 to
10 cm s-1, The ice sheet failed many times in crushing
and buckling. While tests were being conducted with
the wide structure (1.83 m), the speed of the ice
sheet was held constant (~ 1 to 5 cm s-!), and the
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Fig.3. Photographs showing buckling of a long beam
(a) before, (b) during, and (c) after the experi-
ment. Black and white markings are 10 cm long.

experiment was stopped as soon as the ice sheet failed
once in buckling.

Each experiment was photographed and recorded
on video.

RESULTS AND DISCUSSION
(a) Buckling load

The results of the experiments are given in
Table I. The normalized buckling load (P/BKLZ where
P is the buckling load, B the width of the structure,
K the specific weight of water, and L the character-
istic Tength of the floating ice sheet) is plotted
with respect to the ratio of structure width to
characteristic length in Figure 6. In the case of the
structure of width 89 mm, the mode of failure was
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Fig.4. Photographs showing buckling of a short beam
(a) before, (b) during, and (c) after the experi-
ment. Black and white markings are 10 cm long.

mostly crushing, but there were some buckling fail-
ures at low speed. However, the failure of the ice
sheet against the structure 305 mm wide was mostly
in buckling, although with some crushing. The dataset
in Table I and Figure 6 represents the peaks in a
force record that are known to be caused by buckling
failure,

The theoretical buckling loads (Sodhi 1979) of
a semi-infinite ice sheet are also plotted in Figure
6 for frictionless and hinged boundary conditions at
the ice/structure contact. In our experiments, a
frictionless boundary condition may be considered as
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Fig.5. Photographs showing buckling of a semi-
infinite ice sheet against a structure 1.83 m wide
(a) before, (b) during, and (c) after the experi-
ment, Black and white markings are 10 cm long.

one for which no frictional resistance is developed
between the ice edge and the structure when the ice
sheet moves or deflects in the vertical direction.

A hinged boundary condition requires complete
restraint of the ice sheet against vertical deflec-
tion at the line of contact with the structure. Since
the ice sheet was free to rotate at the edge, there
was no bending moment applied at the boundary. These
two boundary conditions represent the extreme situ-
ations in our experiments, as there was no control
over the boundary condition at the ice/structure
interface, The scatter in the experimental result may
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TABLE 1. DATA OBTAINED DURING BUCKLING EXPERIMENTS
(n: ice thickness, L: characteristic length of
floating ice sheet, B: width of structure,
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TABLE 1. DATA OBTAINED DURING BUCKLING EXPERIMENTS
(continued)

P: buckling Toad) Test h 2 B P B P
(cm) (m) (m) (kN) I BKLZ
(Note: for experiments where multiple buckling loads
are reported (test nos. 119, 125, 129 and 134) the{ 3.65 13.43
are in order of increasing velocity (0 to 10 cm s~1).) 1.60 5.89
1:10 4,05
1.20 4.42
Test h L B P B P 1.00 3.68
no. (em) (m) (m) (kN) L BKLZ 2.85 10.49
3.15 11.59
6.88 12.16 4,20 15.46
8,13 14.37 2.55 9.39
7.01 12.39 5.32 19.58
3.38 5.98 2.45 9.02
3.13 5.53 3510 11.41
3.13 5:53 1,75 6.44
3.00 5.30
3.50 6.19 126 2.7 0.302 0.089 1.:51 0.295 18,97
3.00 5.30 127 2al 0,302 0,089 1.61 0,295 20.22
119 3.8 0.435 0.305 4.88 0.70 8.63 128 2.7 0.302 0.089 1.16 0.295 14.57
5.50 9,72
5.38 9.51 11.26 9.24
6.26 L0y, 129 6.3 0.639 0.305 12.51 0.48 10.26
5.63 9.95 7e5) 6.16
3.88 6.86 10,01 8.21
4,75 8.40
4.88 8.63 12.50 15.58
5.13 9.07 7.50 9,35
3.38 5.98 6.75 8.41
3.88 6.86 134 4,3 0.518 0,305 5.00 0.59 6.23
3,63 6.42 5.00 6.23
5.00 8.84 4,50 5.61
4.38 7.74 10.00 12.46
120 3.8 0.435 0.089 263 0.20 15.92 137 5.0 0.515 0.305 11.28 0.59 14.22
121 3.8 0.435 0.089 225 0.20 13.63 139 4.7 0.637 0.305 10.38 0.46 8.55
122 3.8 0,435 0,089 3537 0.20 20.44 140 4.7 0.637 0.305 10.12 0.46 8.34
2.50 9.20 WS3 4.3 0.457 1.829 5.85 4,00 156
2.95 10.86 WS4 4.3 0.457 1.829 10.87 4.00 2.90
3.20 1178
2.90 10.67 WS6 5.8 0.535 1.829 711 3.42 1.39
5,04 18.50 WS7 5.8 0.535 1.829 9.05 3.42 1.76
1.40 5.15 WS8 ] 0.535 1.829 8.40 3.42 1.64
1.50 5.h2
1.15 4.23 WS11 6.0 0.510 1.829* 9.35 @ 2.00
2.00 7.36 Ws12 6.0 0.510 1.829* 8.91 L 1,91
2.75 10.12 WS13 6.0 0.510 1.829 10.98 3.59 2.35
1.35 4,97
1.65 6.07 WS15 34b 0.250 1.829% 2.57 © 2+29
125 2ol 0.302 0.305 1.05 1.01 3.86 W516 3.5 0.250 1.829* 2,46 w 2.19
1.70 6.26 WS17 3.5 0.250 1.829* 2,04 = 1.82
1.90 7.00 WS18 3.5 0.250 1.829 3.86 5.53 3.44
3.80 14,00
Ws22 3.6 0.445 2.44 8.22 5.48 173

be attributed to the variability of the boundary con-
dition at the ice edge and partly to variations in
the ice speed, As most of the experimental data
points in Figure 6 are between the theoretical
buckling-load curves for the two boundary conditions,
the agreement between the theoretical and experi-
mental results is considered to be good.
" The results of the experiments with parallel
slots (Figs.3 and 4) are plotted on the right-hand
side of Figure 6 as these represent the buckling
load for an infinitely wide structure. The edge of
the ice sheet in contact with the structure was
observed not to move up or down which means that the
boundary condition can be said to be hinged. The
theoretical buckling load (P/BKL2) of long, floating
jice beams with a hinged boundary condition is 2
(Hetenyi 1946: chapter 7, Sodhi and Nevel 1980) and
the five experimental data points are very close to
2

Since the urea ice used in our experiments was
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relatively ductile, no cracks were observed to eman-
ate near the structure before buckling of the ice
sheet. After the buckling failure, circumferential
and some radial cracks were observed within the
damaged area.

(b) Mode of buckling

The buckTed shape of the ice sheets was not
measured, However, a qualitative assessment of the
mode of buckling can be made from the photographs in
Figures 3, 4 and 5.

The beam in Figure 3 was about 6 m long, and four
half-waves of the buckled beam can be seen in Figure
3(b) and (c) (test no. WS12). This corresponds to the
length of a half-wave equal to about 1.5 m. This
compares well with the theoretical value of = times
the characteristic length (= » x 0.51 m = 1.60 m),

The beam in Figure 4 (test no. WS16) is short

f Slots were cut in the ice sheet to simulate infin-
itely wide structures.
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Fig.6. Comparison of
(Sodhi 1979),

(= 2 m) and the buckled shape of the beam is not as
simple as in the case of a long beam,

The buckled portion of a semi-infinite ice sheet,
shown in Figure 5 (test no. WS18), is in the vicinity
of the structure in accordance with the theoretical
mode of buckling (Sodhi and Hamza 1978, Sodhi 1979).
However, the area of buckled ice sheet in Figure 5
is Timited in contrast to the large area of beam
affected by buckling (Figs.3 and 4),

SUMMARY

Floating ice sheets were pushed against vertical
structures of different widths to determine the buck-
ling load of the ice. The characteristic length of
the floating ice sheet was determined to enable a
comparison to be made between theoretical and exper-
imental results.

The boundary condition at the ice/structure
interface was not controlled, and the actual boundary
condition during the experiments represents a situ-
ation between frictionless and hinged boundary
conditions. The normalized experimental buckling
loads have a scatter, but most of the data points are
within the theoretical values of the normalized buck-
ling load for frictionless and hinged boundary condi-
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theoretical and experimental results,
hexagonal rings: present study.

.0
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Heavy Tines: theoretical results

tions. Thus the agreement between the theoretical
and experimental buckling loads is considered to be
good.

There is a qualitative agreement between the
theoretical and experimental buckling modes of ice
beams and semi-infinite ice sheets.
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