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ABSTRACT 
Experiments were performed to determine the 

forces required to buckle a floating ice sheet 
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 
The 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 load 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 loads 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 ice 
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) 
slnd 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 fro~ 
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 Nevel and others (1977) by assumi ng a range of 
va 1 ues for the modul us of el asti city. He concluded 
that the t~eoretical buckling loads are higher than 
the experililental results by about 32% on the average. 

Sodhi and Nevel (1980) have shown that the buck­
ling load can be norm?,lized by the product of the 
s.tructure 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 
Basically, 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 O°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). 

Support 
Frome 

Elevation View 

Fig.1. 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 load was being monitored 
at the other end of the ice sheet. 

1.829m Wide 
Structure 

Floating 
Ice Sheet 

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-l. 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-l), and the 

Sodhi and other's .' BuckLing of fLoating ice sheets 

(a) 

(c) 

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/BKL 2 where 
P is the buckling load, B the width of the structure, 
K the specific weight of water, and L the character­
istic length of the floating ice sheet) is plotted 
with respect to the ratio of structure width to 
characteristic len gth in Figure 6. In the case of the 
structure of width 89 mm, the mode of failure was 
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Sodhi and othe1"S: Buckling of fLoating ice sheets 

(a) 

(b) 

(c) 

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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(a) 

(b) 

(c) 

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 I. DATA OBTAINED DURING BUCKLING EXPERIMENTS 
(h: ice thickness, L: characteristic length of 
floating ice sheet, B: width of structure, 
P: buckling load) 

(Note: for experiments where multiple buckling loads 
are reported (test nos. 119, 125, 129 and 134) the{ 
are in order of increasing velocity (0 to 10 cm s- ).) 

Test 
no. 

119 

120 
121 
122 

125 

h L B 
(cm) (m) (m) 

3.8 0.435 0.305 

3.8 
3.8 
3.8 

2.7 

0.435 
0.435 
0.435 

0.302 

0.089 
0.089 
0.089 

0.305 

P 
(kN) 

6.88 
8.13 
7.01 
3.38 
3.13 
3.13 
3.00 
3.50 
3.00 
4.88 
5.50 
5.38 
6.26 
5.63 
3. 88 
4.75 
4.88 
5.13 
3.38 
3.88 
3.63 
5.00 
4.38 

2.63 
2.25 
3.37 

2.50 
2.95 
3.20 
2.90 
5.04 
1.40 
1.50 
1.15 
2.00 
2.75 
1. 35 
1.65 
1.05 
1. 70 
1. 90 
3.80 

B P 
L BKL2 

12.16 
14.37 
12.39 
5.98 
5.53 
5.53 
5.30 
6.19 
5. 30 

0.70 8.63 

0.20 
0.20 
0.20 

1.01 

9.72 
9.51 

11.07 
9.95 
6.86 
8.40 
8.63 
9.07 
5.98 
6. 86 
6.42 
8.84 
7.74 

15.92 
13.63 
20.44 

9.20 
10.86 
11. 78 
10.67 
18.50 
5.15 
5.52 
4.23 
7.36 

10.12 
4.97 
6.07 
3. 86 
6.26 
7.00 

14.00 

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 
ice 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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TABLE I. DATA OBTAINED DURING BUCKLING EXPERIMENTS 
(continued) 

Test 

126 
127 
128 

129 

134 

137 
139 
140 

WS3 
WS4 

VlS6 
VlS7 
VlS8 

WSll 
WS12 
WS13 

WS15 
VlS16 
VlS17 
WS18 

WS22 

h 
(cm) 

2.7 
2.7 
2.7 

6.3 

4.3 

5.0 
4.7 
4.7 

4.3 
4.3 

5.8 
5.8 
5.8 

6.0 
6.0 
6.0 

3.5 
3.5 
3.5 
3.5 

3.6 

L 
(m) 

0.302 
0.302 
0.302 

0.639 

0.518 

0.515 
0.637 
0.637 

0.457 
0.457 

0.535 
0.535 
0.535 

0.510 
0.510 
0.510 

0.250 
0.250 
0.250 
0.250 

B 
(m) 

0.089 
0.089 
0.089 

0.305 

0.305 

0.305 
0.305 
0.305 

1.829 
1.829 

1.829 
1. 829 
1.829 

1.829* 
1.829* 
1.829 

1.829* 
1.829* 
1.829* 
1.829 

0.445 2.44 

P 
(kN) 

3.65 
1.60 
1.10 
1. 20 
1.00 
2.85 
3.15 
4.20 
2.55 

.5.32 
2.45 
3.10 
1. 75 

1.51 
1.61 
1.16 

11. 26 
12 . 51 
7.51 

10.01 

12.50 
7.50 
6.75 
5.00 
5.00 
4.50 

10.00 

11.28 
10.38 
10.12 

5.85 
10 . 87 

7.11 
9.05 
8.40 

9.35 
8.91 

10.98 

2.57 
2.46 
2.04 
3.86 

8.22 

B 
L 

13.43 
5.89 
4. 05 
4.42 
3. 68 

10.49 
11.59 
15.46 
9. 39 

19.58 
9. 02 

11.41 
6.44 

0.295 18.97 
0.295 20.22 
0.295 14.57 

9.24 
0.48 10.26 

6.16 
8.21 

15.58 
9.35 
8.41 

0.59 6.23 

0.59 
0. 46 
0. 46 

4. 00 
4.00 

3.42 
3.42 
3.42 

3.59 

5.53 

5.48 

6.23 
5.61 

12.46 

14.22 
8.55 
8.34 

1.56 
2.90 

1.39 
1. 76 
1.64 

2.00 
1.91 
2.35 

2.29 
2.19 
1.82 
3.44 

1. 73 

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 buckled 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 Figu re 
3(b) and (c) (test no. VlS12). This corresponds to the 
length of a half-wave equal to about 1.5 m. This 
compares well with the theoretical value of n times 
the characteristic length (~ n X 0.51 m ~ 1.60 m) . 

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

* Slots were cut in the ice sheet to simulate infin­
itely wide structures. 
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P=Buckling Load 
K=Specific Weight of Water 
B=Width of Structure 
L= Characteristic Lengt h of 

Floating Ice Sheet 

IOOr----T--~----r------~---~ 

p 

IOr-----~-~~~~----+-------~ 

I 

0.01 0.1 1.0 
B/L 

10 100 

Fig.6. Comparison of theoretical and experimental results. Heavy lines: theoretical results 
(Sodhi 1979), hexagonal rings: present study. 

(~ 2 m) and the buckled shape of the beam is not as 
simple ~s 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 limited 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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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. 

REFERENCES 
Afanas'yev V P, Dolgopolov Yu V, Shvayshteyn Z I 

1971 Davleniye 1 'da na morskiye otdel 'no stoya­
shchiye opory. Tpudy Apkticheskogo i Antapkti­
cheskogo Nauchno-Issledovatel'skogo Instituta 
300: 61-80 [English translation: Ice pressure on 
separate supporting structures in the sea. CRRSL 
Dpaft TpansLation 346, 1979] 

Gladwell R W 1977 Ice conditions around artificial 
islands 1975-76. A[pctic] P[etpoLeum] O[pePators'] 
A[ssociation] Repopt 105-3 

Hetenyi M 1946 Beams on elastic foundations. Ann 
Arbor, MI, University of Michigan Press 

Hirayama K, Schwarz J, Wu H-C 1974 Model technique 
for the investigation of ice forces on structures. 
In POAC 73: the second InternationaL ConfePence on 
Popt and Ocean EngineePing undep Amtic Conditions, 
Reykjav~K, IceLand, 1973. Ppoceedings: 332-344 

https://doi.org/10.3189/S0260305500005577 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500005577


Kovacs A, Sodhi D S 1981 Sea ice piling at Fairway 
Rock, Bering Strait, Alaska: observations and theo­
retical analyses. In POAC 81: the sixth Inte~­
national. ConfeNnce on Po~ and Ocean Engineering 
unde~ Aretic Conditions, Quebec, Canada, 1981. 
P~oceedings Vol. 2: 985-1000 

Kry P R 1980 Ice forces on wide structures. 
Canadian GeoteehnicaZ JouPnaZ 17(1): 97-113 

Nevel D E, Perham R E, Hague G B 1977 Ice forces 
on vertical piles. CR~L Repo~ 77-10 

Sodhi 0 S 1979 Buckling analysis of wedge-shaped 
floating ice sheets. In POAC 79: the fifth Intep­
national. ConfeNnce on Po~ and Ocean Engineering 
unde~ Aretic Conditions, T~ondheim, No~ay, 1979. 
ppoeeedings VoZ 1: 797-810 

Sodhi D S, Hamza H E 1978 Buckling analysis of a 
semi-infinite ice sheet. In POAC 77: the foupth 
Inte~ionaZ ConfeNnce on Po~ and Ocean Engin­
eering unde~ Aretic Conditions, st. John's, 
Newfoundl.and, Canada 1977. P~oceedings Vol. 1: 
593-604 

Sodhi D S, Nevel D E 1980 A review of buckling an­
alysis of ice sheets. In CR~L SpeciaZ Repopt 80-26: 
131-146 

Sodhi D S, Kato K, Haynes D F, Hirayama K 1982 
Determining the characteristic length of a floating 
ice sheet. Col.d Regions Science and Technol.ogy 
6(2): 99-104 

Wang Y-S 1978 Buckling analysis of a semi-infinite 
ice sheet moving against cylindrical structures. 
In IAHR. Inte~ionaZ Association fop HydmuZic 
Researeh. Symposium on ice ppobZems, LuZea, 
sweden, 1978. ppoceedings Papt 1: 117-133 

Sodhi and othero: Buckl.ing of floating ice sheets 

265 

https://doi.org/10.3189/S0260305500005577 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500005577

	Vol 4 Year 1983 page 260-265 - Experimental determination of the buckling loads of floating ice sheets - D.S. Sodhi, F.D. Haynes, K. Kato and K. Hirayama

