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Ice-induced vibrations can occur when flexible, vertically-sided offshore structures are subject to level ice such
that the failure mode of ice is predominantly crushing. When the ice is relatively thin, or when the width of
the structure is much larger than the ice thickness, the ice tends to buckle and subsequently fail as soon as the
stress caused by the buckling exceeds the bending strength of the ice sheet. This type of failure is referred to in
this paper as buckling failure. The buckling failure can limit the global load on the structure but not necessarily
prevents the development of ice-induced vibrations. Study of the latter in cases when ice fails bymixed crushing
and buckling is of interest for the design of offshore structures as well as for the interpretation of model-scale
tests which often show buckling as a consequence of the use of relatively thin ice. In this study a phenomenolog-
ical approach for ice crushing and amodel of awedge beamon elastic foundation are combined, thereby compos-
ing a simplifiedmodel which incorporates both crushing and flexuralmotion of the ice sheet. Typical load signals
and a failuremodemap generatedwith themodel correspondwellwithmodel-scale observations in a qualitative
sense. Themodel predicts that ice-induced vibrations of limited duration can develop as long as the buckling fail-
ure does not occur within at least one period of intermittent crushing or frequency lock-in. A specific case is
discussed for which buckling failurewould be expected to occur, but sustained intermittent crushing is observed
instead, illustrating that buckling does not necessarily limit the development and duration of ice-induced vibra-
tions, but even the opposite could happen. The possibility for ice-induced vibrations to develop in the regime of
mixed crushing and buckling failure is further discussed focusing on the effects of the boundary conditions, struc-
tural shape and structural and ice properties.
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1. Introduction

Flexible, vertically-sided offshore structures may experience ice-in-
duced vibrations in level ice conditions for which the ice fails in
crushing. Three regimes of ice-induced vibrations are distinguished, de-
fined as intermittent crushing, frequency lock-in, and continuous brittle
crushing (ISO19906, 2010). Often, in model-scale as well as full-scale
conditions, ice-induced vibrations are limited in duration due to failure
of ice in out-of-plane bending (Bjerkås et al., 2013; Ziemer and Evers,
2014). For vertically-sided structures the latter is often a result of buck-
ling of the ice sheet that leads to large out-of-plane deformations. We
refer to this type of failure as buckling failure, not to confuse it with
bending failure observed when level ice acts on sloping structures or
ship hulls.

Combined buckling and crushing of ice against vertically-sided
structures occurs when the ice is relatively thin or the aspect ratio, de-
fined as the ratio between structure width and ice thickness, is high

(Kärnä and Jochmann, 2003; Timco, 1991). Such conditions may be
present during significant part of the lifetime of offshore structures
placed in locations where level ice is present. It is therefore of interest
tomodel the scenario inwhich ice fails bymixed crushing and buckling,
and study the possibility for ice-induced vibrations to develop within
this scenario.

Existing phenomenological models and approaches for the study of
ice-induced vibrations generally consider only crushing to occur
(Kärnä et al., 1999; Määttänen, 1999; Sodhi, 1994). As such these
models are applicable only to relatively thick ice and small aspect ratios.

In this paper we expand one of the most recent phenomenological
models for ice crushing (Hendrikse and Metrikine, 2015) by combining
it with a model of a wedge beam on elastic foundation. The resulting
model incorporates, in a simplified manner, creep, crushing, and flexural
ice behaviour and captures typical trends observed for ice-induced vibra-
tions. The wedge beam approach has been introduced by Kerr (1978) to
be a reasonable approximation for the ice buckling problem taking into
consideration the radial crackswhich form in the ice during its interaction
with a structure. Limitations of the wedge beam approach are discussed
by Sodhi (1979) in comparison with plate theory. Although the limita-
tions are quite severe, accuracy of the wedge beam model predictions is
deemed sufficient for the developed phenomenological model. The
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model introduced in this paper is subsequently applied to study the de-
velopment of ice-induced vibrations in the regime of mixed crushing
and buckling. To the knowledge of the authors, studies on ice-induced vi-
brations in this regime are not available in the literature.

The paper is structured as follows. Section 2 briefly summarizes ob-
servations of and literature on failure modes which can occur when
level ice acts on vertically-sided structures; some definitions are also in-
troduced therein. Section 3 presents a description of the developed phe-
nomenologicalmodel and themethod of definition of input parameters.
In Section 4 the model is applied to study action of a sheet of model-ice
on a rigid, vertically-sided structure. The obtained results are discussed
with reference tomodel-scale experimental observations. Section 5 pre-
sents a study of the development of ice-induced vibrations for a flexible
structure in the regime of mixed crushing and buckling. Discussion of
the obtained results and main conclusions are collected in Sections 6
and 7.

2. Failure of level ice acting on vertically-sided structures

In this section we present a brief overview of ice failure as observed
in model-scale and full-scale and specify some definitions used in this
paper. Level ice acting on a vertically-sided structure may fail in multi-
ple ways depending on indentation velocity, aspect ratio, and ice prop-
erties (Blanchet et al., 1988; Timco, 1991). In this paper we use the
terms creep, crushing failure, and buckling failure as generalized
terms each of which combines several deformation and crack formation
processes in the ice. In Fig. 1 the different crack formation processes are
sketched, indicating which are encompassed by creep, crushing failure,
and buckling failure. A failure map indicating the dependence of failure
on indentation velocity and aspect ratio based onmodel-scale data from
Timco (1991) is also shown to illustrate the transition between different
types of failure. Typical time dependencies of the ice load for the

different types of failure can be found in Timco (1987). We now briefly
describe creep, crushing failure, buckling failure, and the transition be-
tween those.

Creep defines the deformation of ice at low indentation velocities
and low aspect ratios, sometimes also referred to as ductile failure.
Creep is characterized by full contact between the ice and structure
and a uniform pressure at the ice-structure interface. Large creep defor-
mations can develop over long periods of time. In creep the ice load in-
creases gradually over time towards a peak value, after which the load
reduces to a steady-state value (Sodhi, 1991). Creep of ice is treated in
detail in Ponter et al. (1983) and Schulson and Duval (2009).

Crushing defines the ice deformation and failure at high indentation
velocities and low aspect ratios which is characterized by local contacts
and quasi-random ice load signals (Jordaan, 2001; Sodhi, 2001).We use
the term crushing to define the combined pulverization of ice, forma-
tion of spalls and flakes, and formation of radial cracks. Spalls and flakes
generally occur for aspect ratios above one, the range of interest for ice-
induced vibrations, resulting in a wedge shaped front of the ice when
looking from the side. Radial crack formation results in a wedge shaped
geometry of the ice in front of the structure when looking from above,
but does not necessarily have a measurable effect on the load on the
structure (Palmer et al., 1983). Deformation of ice during crushing is
mainly elastic at high indentation velocities. At indentation velocities
around the transition from creep to crushing ‘ductile’ deformation, i.e.
viscoelastic and/or plastic deformation, contributes to the total defor-
mation, but the ice still fails by fracturing locally.

Buckling is defined as the out-of-plane deformation of the ice sheet
resulting in failure as soon as the bending stress caused by the buckling
exceeds the bending strength of the ice plate. This mechanism leads to
the formation of circumferential cracks in the ice (Michel and
Blanchet, 1983) and is referred to in this paper as buckling failure. Buck-
ling failure occurs for high aspect ratios and can develop at both high
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Fig. 1. Failure mode map for model-scale conditions based on the data reported by Timco (1991). Dashed lines indicate transitions between different failure modes. Sketches of distinct
types of failure and fracture are shown. Legend: cr– creep, c – crushing failure (crushing, crushingwith spalling, and crushingwith radial cracking), b – buckling failure,m –mixed crushing
and buckling failure.
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