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Ice action on ships and offshore structures is
commonly determined by calculating the contact
ice pressure. The aim of this paper is to describe
the empirical background for determining the ice
pressure. This review article describes six different
test series where ice edge indentation and contact ice
pressure have been investigated. These test series are
ice pressure measurements onboard IB Sisu in the
Baltic in 1977, pendulum tests carried out at Arctec in
Ottawa, Canada, in 1979, laboratory and full scale ice
crushing tests at WARC in 1988 and onboard IB Sampo
1989, medium scale indentation tests on Hobson’s
Choice Ice Island 1990, ice crushing tests at NRC,
Ottawa 1992 and the JOIA tests in Hokkaido 1996–
1999. These tests were selected as at each series a new
phenomenon was observed. The aim of the paper is to
introduce the main features for ice–structure contact
empirically through the description of tests. The paper
is concluded with a short description of the existing
models for ice pressure, especially to gain an insight
and highlight the main observations in each test series
and how the models for ice pressure have developed
based on the observations.

This article is part of the theme issue ‘Modelling of
sea-ice phenomena’.

1. Introduction
When a ship collides with an ice edge or ice cover drifts
against a stationary structure, the force acting between
the structure and ice is transmitted through the contact
between the structure and ice. As the contact (loosely)
includes an area where the contact exists, instead of the
contact force, the contact is described by contact pressure,
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as this quantity is easier than contact force to relate with ice characteristics (see e.g. [1]). While
the motions and deformations of the ice feature and the structure have a general influence on
the contact, the local ice failure—or rather the local ice strength—has the largest influence on the
contact pressure. Thus ice pressure can be considered as a ‘local’ phenomenon. In the literature
of ice action, the term ‘local’ is used with many meanings, usually in contrast with ‘global’. Here
‘local’ refers to ice deformation and a failure occurring at the contact. One immediate note in this
description is that ice is always considered to break—in most cases ice is forced to fail to let the
ship progress further or the ice cover drift to continue. In some cases, the relative motion stops as
the force required to break the ice is large enough to stop the relative motion either by stopping
the motion altogether or by ice and the structure starting to move together.

The present description of ice edge failure and ice pressure reviews a set of experiments carried
out to observe the contact between an indenter (in full scale structure/ship) and ice edge, and
also to measure the ice pressure. The paper does not present any new results but tries to put
measurements already made in the context of understanding ice pressure. The selection of the
measurements described is naturally very subjective, and a quick apology is offered to those who
feel that their measurements have been neglected. The paper is completed by a short review of
the models suggested for describing or determining the ice pressure.

Many of the figures are reproduced from the original sources as no other figures or references
are available. Thus the quality of these leaves a bit to be desired.

2. Background
Ice pressure is defined as the pressure acting on the interface between the structure and ice edge.
This definition immediately awakens two main questions. Firstly, why ‘ice edge’? When a level
ice sheet drifts against a stationary structure that offers a vertical side against the ice, the meaning
of ice edge and its geometry is clear. When a ship proceeds in level ice, the geometry of the edge
is less clear. The ice edge arises from the repeated ice failure in bending, which leaves the ship to
collide repeatedly on the edge of the newly broken ice.

The second question is related to the ‘interface’. It sounds clear that there is a direct contact
between ice and the outer shell of the structure. The fact that ice often fails by crushing, i.e. being
broken into a granular material containing also very small ice particles, obscures the idea of a
direct contact that is defined to occur between intact ice and the structure. There may be a direct
contact in the interface and also contact through the crushed ice.

Local ice edge cracking can also create a contact that is smaller than what is usually described
as the nominal contact area. The nominal contact area is the area where the contact would be if the
geometries of the structure and the ice feature were extended to the contact without considering
deformation or especially cracking. Practically, all the models for ice pressure use the concept
of the nominal contact area to define the ice pressure; see, for example, the collection of models
in [2]. It should be noted in passing that most formulations use the so-called projected nominal area.
This is the nominal area projected on a tangent plane of the contact that is normal to the relative
velocity.

When a structure indents an ice edge, the ice edge is described to fail in ‘crushing’. Figure 1
shows the crushing of an ice edge when a ship is progressing in ice and the ice failure when
ice cover drifts against a vertical pile or wall. Both cases show extrusion of apparently finely
broken ice. Visual observation of the piles of crushed ice in front of stationary structures shows
that the piece size distribution is wide with quite large pieces (meaning ice pieces the maximum
dimension of which is of the order of the level of ice thickness); see, for example, figure 1. In the
case of a vertical column, the nominal contact area can be easily determined; it is Anom = �/2•D•hi,
where D is pile (column) diameter and hi ice thickness. The projected nominal area is simply
Aproj = D•hi. In the ship case, the contact areas are much more difficult to determine as the edge
geometry is not clear—obscured by the crushed ice even in more clear cases as in figure 1. The
importance of the distinction between the different areas becomes clear when perusing the results
from different ice pressure measurement campaigns.
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(a) (b)
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Figure 1. (a) The crushed ice in front of an ice-breaking ship showing also the set of radial and circumferential cracks. The level
ice thickness is about 20 cm. The ship is proceeding towards the bottom right (photo: Antti Joensuu). (b) Crushed ice in front of
the lighthouse Nordströmsgrund [3]. (c) Crushed ice in front of a vertical flat surface (photo Devinder Sodhi). (Online version in
colour.)

In the modelling of structure–ice interaction, all the deformation and motion components
should be taken into account especially to determine the relative motion between ice and
structure. Figure 2 shows a sketch of the components that are to be taken into account in modelling
the structure–ice or ship–ice interaction. In order to focus the description of measurements that
follows, some observations from this sketch (and the state of assumptions made at present) can
be made (for a discussion on these, see [4]):

(a) ice pressure is assumed to be uniform over the whole nominal contact area and also on
the projected nominal contact area;

(b) the local structural response can be elastic or plastic;
(c) global structural deformation is (linear) elastic;
(d) local ice failure is either described as ‘crushing’ or spalling by cracks created at the

contact;
(e) the hydrodynamic reaction force has a static part (due to buoyancy) and a dynamic part

(due to accelerating water); studies like Keijdener et al. [5] show that, at least in ship cases,
the dynamic part cannot be neglected;

(f) the length of the contact (in a direction normal to the plane of the figure) is taken into
account only in very simple geometries; and

(g) ice bending is modelled as a simple plate on an elastic foundation.

Figure 2 is drawn having a ship–level ice contact as background. A similar figure could be drawn
for vertical structures; ice bending and the hydrodynamic reaction would not be present then.
Here the spalling or flaking as it has also been called [6] is shown in two dimensions. The flakes
formed by cracks are, however, three-dimensional as the crack surface curves up towards the
contact. The size of flakes formed has an influence too.
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Figure 2. A sketch of the deformations and motions of the structure and ice in the structure–ice interaction. (Online version
in colour.)

The measurements carried out have especially focused on the following items:

1. effect of temperature and indentation speed on the magnitude of ice pressure and failure
process;

2. the ratio of the actual contact area, i.e. area where the pressure is not zero, to the nominal
contact area; and

3. ice pressure distribution and magnitude on both the nominal and actual contact area.

3. Contact ice pressure measurement campaigns
Ice pressure has been and is measured by measuring the deformation caused by ice pressure
on a selected area. This may be the deformation of the structural outer shell or a purpose-built
panel within the structural shell. In any case, the pressure is obtained based on the force–
deformation characteristics of the gauge, i.e. pressure is obtained from the measured force, which
is obtained from the measured deformation. Numerical or physical calibration to obtain the
force–deformation relationship is done using a certain gauge area. This area in many cases is
clear especially if the gauge consists of a separate face against ice. The gauge calibration usually
assumes a uniform pressure on the gauge area, an assumption that is more exact the smaller the
gauge area is.

Mechanical gauges cannot be used to get an idea of the pressure distribution as the gauges
cannot cover the whole surfaces without gaps. Two electric gauges have been used that can be
used to improve the situation: polyvinylidene fluoride (PVDF) film, which is piezo-electric [7],
and the so-called tactile sensors; see, for example, Sodhi [8]. These two methods have their
disadvantages, for example, in calibration, but offer a method to cover almost the whole
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16.2 MW icebreaker(a)

(b)

length, max 104.6 m
length, dwl 96.0 m
breadth, max 23.8 m
breadth, dwl 22.5 m
draught, max 8.3 m
draught, dwl 7.3 m
height to main deck

transducers

12.1 m

Figure 3. (a) Icebreaker Sisu and the location of the gauges [9]. (b) A photograph of the pressure gauges (left) and the strain
gauges on the shell plating (right) [9]. The photograph is taken normal to ship plating, the four vertical frames in the photo are
vertical while the one longitudinal frame (slightly tilted in the photo) is actually horizontal.

instrumented surface without gaps and be used to consequently gain an understanding of the
actual contact area and pressure distribution on it.

In the following, six measurement campaigns are described in which ice pressure was
measured and the ice edge failure observed. The presentation follows chronological order. The
ice used in these tests has a large influence on ice pressure value. Thus the ice used is described to
the extent it is possible based on the original sources. The grain size or direction is not described
in most of the tests—only the test series in §3b and §3e report it. It is unfortunately not possible
to describe all similar campaigns and the selection here serves an aim to develop further the
modelling of ice pressure—this is described as the last section of the paper.
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Figure 4. The measured daily maximum ice pressures [9].

(a) Ice pressure measurements onboard icebreaker Sisu
The Finnish icebreaker Sisu was instrumented with pressure gauges for winter 1978; see Vuorio
et al. [9]. The pressure gauges consist of a cylinder (inner diameter 20 cm) that was rigidly attached
to the shell of the icebreaker (thickness 32 mm, �Y = 235 MPa). The deflection of the icebreaker
plating inside the cylinder perimeter was measured relative to the cylinder. The calibration with
a uniform pressure yields the deflection versus pressure. The gauges were calibrated using the
finite element (FE) method and also with an external hydrostatic pressure. Besides the pressure
sensors, gauges to measure the stress on the shell plating in the longitudinal direction (normal
to frames) were installed (figure 3). These ‘stress gauges’ are based on a special arrangement of
strain gauges.

During the measurements, the icebreaker operated the whole winter in the northern Baltic.
The maximum level of ice thickness varied during the measurements from 45 cm at the beginning
of January, to a maximum of about 85 cm in early April and finally decreased to about 75 cm at
the beginning of May. The icebreaker operation consisted of escorting ships to and from northern
ports. The usual escort speeds can be up to about 12 knots.

The ice pressure was not recorded as time histories but rather as a collection of pressure peaks.
The measured daily maxima of ice pressure are shown in figure 4. The pressure readings were
converted into 32 classes (bins). As the figure shows, the maximum measured pressure was
about 8.5 MPa.

The stress in the plating was measured in the adjacent frame spacing to the pressure gauges.
The measured stresses did not tally with the measured pressure if the pressure is assumed to
be uniform. Thus a hypothesis stemming from the theory of stiffened plating resting on an
elastic foundation was made, i.e. that the stiffer part of the shell carries more pressure. This was
simplified to a triangular pressure distribution as shown in figure 5a. Thereafter, FE calculations
were made using different pressure patch dimensions (length and height h), to find the maximum
pressure pmax value (the value of the uniform pressure) that gives the maximum stress measured.
This maximum stress was 70% of the yield, i.e. about 170 MPa. The results of calculations are
shown in figure 5b as the maximum pressure versus load patch height using the load patch length
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Figure 5. (a) A part of the assumed pressure distribution. Load height is h. If the load length is more than one frame spacing,
the triangular shape continues in both directions [9]. (b) The maximum pressure p versus load height h at different load patch
dimensions which give the maximum stress measured in plating, 170 MPa, based on FE calculations [9].

as a parameter. As the measured maximum pressure is about 8.5 MPa, acting as an assumption on
a stiff area, it can be seen that a relatively small load height (about 20 cm) and a triangular shape fit
the data best. It should be noted here that the minimum pressure pm was kept at 2.4 MPa, which
was assumed to be the uniaxial horizontal compressive strength of Baltic ice.

Conclusions from the pressure measurements onboard IB Sisu:

— the measured ice pressure is clearly higher than the uniaxial compressive strength of ice
(which is about 4 MPa), up to 8.5 MPa;

— the ice pressure distribution is not uniform; and
— high pressures are measured in spring (beginning of May) when ice is melting; this is

intriguing as the strength of melting ice is very low (see, for example, [10]).

All these conclusions were surprising at the time of these measurements but were put into some
physical context later, using more detailed measurements (as described below).

(b) Pendulum tests at Arctec Inc. in Ottawa
The high ice pressures measured with the Sisu instrumentation stimulated a laboratory test series
with high indentation speeds. This resulted in a test series where the high speeds, up to about
5.6 m s�1, were achieved using a pendulum by Glen & Comfort [11] (figure 6). The tests were
carried out in the cold room of Arctec Inc., in Ottawa, Canada, in 1981. Ice used in the tests was
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Figure 6. The set-up in the pendulum tests and the ice sample after a test (inset) (modified from [11]).
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Figure 7. The maximum ratio of the measured maximum and mean ice pressure versus impact speed (modified from [11]).

sea ice with relatively low salinity, between 1 and 6 ppt. Ice temperature was also varied, being
between �2 and �25°C. The ice samples were wedge shaped and the top corner of the wedge
was impacted upon. Total force and local ice pressures were measured. The pressure sensors had
a circular active area with a diameter of about 1 inch (2.5 cm). The pressure sensor array was
relatively sparse, with distances between sensors of about 5 cm.

The measured maximum local pressure was about 38 MPa. The impact speed was noticed to
influence the ice pressure so that the maximum pressure peaks became in relative terms larger;
the ice temperature, on the other hand, did not have a large influence, as figure 7 shows.

The very high pressures—much higher than in the Sisu measurements—given by the local
pressure measurements were surprising, as the measured pressure was an order of magnitude
larger than the uniaxial compressive strength. The researchers tried to match the measured
pressures and an assumed pressure distribution to the measured total force. This was done by
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Figure 8. Possible ice pressure distributions on the nominal contact area according to Glen & Comfort [11]. These overestimate
the measured normal force by a factor of 3, 2 or 1.5, respectively, from the top.

assuming some pressure distribution that matches the pressure measured by pressure gauges.
The area on which this is done is the nominal contact area. The first figure is a uniform pressure
on an area allocated for each pressure gauge, the second is a smoothed distribution and the third
one is a peak distribution. Even a peaked pressure distribution overestimated the force by a factor
of 1.5 (figure 8).

This measurement series was the first one that observed very high local ice pressures. In
the context of the Korzhavin [1] formulation, the high pressures were attributed to a three-
dimensional stress field having a confining effect, but the ratios of uniaxial to multiaxial strength
stated this way were only up to about three. The high very local pressures measured are
explained by an open-ended macroscopic ice failure surface along the hydrostatic pressure
axis, with the limiting mechanism provided by a phase change under pressure as explained
by Gagnon [12]. Pressure melting occurs at a pressure of about 100 MPa at �10°C; see, for
example, Hobbs [13]. About macroscopic failure surfaces for ice, see, for example, Riska &
Frederking [14].

(c) Laboratory indentation tests at WARC, Helsinki
A large set of ice crushing experiments was carried out in 1988 at the Wärtsilä Arctic Research
Centre (WARC) with the cooperation of the Helsinki University of Technology (at present Aalto
University). The intent was to measure the ice pressure with PVDF film (see [7]) and at the
same time observe the ice–indenter contact through a transparent, Lexan, plate. PVDF is a piezo-
electric material sensitive to the pressure applied to it. The tests have been reported in laboratory
reports [15,16] and one general paper [17]. The description that follows is based mainly on the
second report.

The test specimen cross section was always 25 × 25 cm (height 65 cm) while the edge that was
crushed was either the edge of a rectangle with an inclined indenting plate or a wedge (figure 9).
The tests were carried out with brackish ice from the northern Baltic. The temperature was kept
during the tests at about �6°C. The indentation speeds were 5, 10 and 15 cm s�1. The indenter
plate was either covered by the PVDF pressure sensors or was transparent, enabling filming
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Figure 9. A view from the test room, the two different crushing test types and a view of prepared test specimens [15].

through the plate. Apart from the ice pressure, the normal and tangential force were measured
and naturally the indentation.

A typical normal force–time history is shown in figure 10. It consists of triangular peaks
that grow in size when the indentation increases. At some point, a larger failure in the sample
occurs and the process starts again. The local ice pressure did not follow the triangular pattern
as figure 10 shows. The largest pressure measured in the laboratory tests was about 36 MPa. The
force measurements suggested a form of the edge indentation force. A collection of force–time
histories from edge indentation tests is collected in figure 10c. If the focus is on the beginning
of the test, before the first major crack (thus up to an area of about 50 cm2), it is clear that the
trend is not linear with the increasing area but rather somewhat below the linear. If a power fit
is done to the first part, i.e. a fit as Fn(t) = CA(t)m, then the area exponent is between �0.28 and
�0.43. This is referred to as a process pressure–area relationship—mainly to distinguish it from a
pressure–area relationship where pressure peaks from different tests are plotted (see, for example,
the figure at the end of this subsection).

The measured pressures were not, however, the main new feature in these indentation tests.
This came from the visual observations of the contact area. The contact seems to be transmitted
through a small narrow band that is shown black in photographs—black, as the external light
disappears in ice at the direct contact. Figure 11 illustrates this finding. The PVDF elements,
even if they were somewhat large for this observation, endorse this observation that a linear
high-pressure area is formed. The correlation between pressure sensors was almost zero in any
direction from any chosen element except with the adjacent elements where the correlation was
slightly below 0.5.

The observation of the narrow high-pressure band induced the question whether this is an
artefact from laboratory tests. A test in full scale was decided to be done onboard icebreaker
Sampo. IB Sampo is an old Finnish line icebreaker that now acts as a tourist cruise icebreaker
at the port of the northern city Kemi. The PVDF plate was attached to the hull and beside the
PVDF plate a window was made at the waterline of the icebreaker (figure 12). The tests were
carried out outside Kemi port in February 1989. The pressure measurements gave similar results
as in the laboratory, including the narrow high-pressure band feature. An example of the visual
observations is shown in figure 13.
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