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ABSTRACT  
 
Ice force measurements have been conducted at the lighthouse Norströmsgrund in the 
northern part of the Baltic Sea. Detailed observations of the ice failure modes were made 
concurrently with the force measurements in four winters 2000 - 2003. This paper discusses 
some of the failure modes observed while different ice formations were acting on the light-
house. Details of the bending failure mode and ice crushing are described. A dodging 
behaviour of first-year ice ridges was frequently observed. This previously unknown 
behaviour is also described.   
 
INTRODUCTION 
 
Full-scale measurements of ice forces have been carried out at the lighthouse Norströmsgrund 
in winters 1999 - 2003. The test arrangements and first results were described by Fransson et 
al. (1999) and Schwarz and Jochmann (2001). The lighthouse is a concrete structure founded 
at a water depth of about 14 m. The waterline diameter is 7.2 m. The lighthouse is located in 
the northern part of the Gulf of Bothnia, in an area of drifting pack ice. The lighthouse was 
occupied during the measurements in the four winters from 2000 to 2003. The staff working 
in the lighthouse made systematic observations on the ice structure interactions and ice failure 
modes. In the case of actions caused by level ice and rafted ice, ice failure modes that were 
observed and documented include splitting, bending, crushing, mixed modal failure (crushing 
and bending), creep, creep buckling, dynamic buckling and bending failure against ice rubble. 
This paper provides details of the ice bending failure, crushing, dynamic buckling and failure 
against ice rubble. 
 
While interacting with first-year ice ridges, the ridge behaviour scenarios that were seen 
include failing behind, shearing (plug failure), crushing, spine failure and splitting. These 



failure modes have been described in detail by Timco et al. (2000) and will not be discussed 
in this paper. However, new ridge behaviour was observer several times in winters 2001 an 
2002. This ridge behaviour is entitled here as "dodging" and will be discussed subsequently.  
 
BENDING FAILURE 
 
Depending on various parameters (ice quality, ice thickness, lateral confinement), the ice 
failure may occur by splitting, bending, and buckling or by crushing. According to the 
observations, a small and uniform ice sheet drifting against the structure failed usually by 
splitting. Larger ice floes that were laterally confined failed mostly by bending, by crushing or 
in a mixed failure mode where both crushing and bending failure modes were involved.  
 
One-hinge bending failure 
 
Two kinds of bending failure modes were identified. Fig. 1 illustrates a one-hinge bending 
failure. A photo of this condition is shown in Fig. 3(b). A  circumferential crack (C1) initiates 
and dominates this failure phenomenon. The width B of this crack was observed to be 
variable.  The position of the failed area was also variable relative to the main direction of the 
interaction. The ratio B/D  varied typically from 0.2 to 1.2 (D is the waterline diameter of the 
structure). The events with a small failure width were associated with events with small 
global force and vice versa. The small events were often caused by the irregularities that were 
present in the ice edge produced by a previous major circumferential crack. Hence the small 
and narrow C1-cracks occurred often as intermediate events between two major bending 
failures.  
 
Two further kinds of secondary cracks were observed. Radial cracks "R"  (Fig. 1(a)) were 
seen in practically all events whereas the circumferential crack "Cs" shown in Fig. 1(b) was 
not always present. The crack Cs was observed to be a secondary crack that develops while an 
already fragmented ice block proceeds upwards. In most of the events of an one-hinge 
bending failure, the ice edge climbes up as depicted in Fig. 1(b). Occasionally the ice edge 
can go also downwards.  
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Figure 1. Bending failure by a one-hinge mechanism. 
 



The one-hinge bending failure observed on the veritcal faced lighthouse appears to resemble a 
typical bending failure against a conical structure.  Li Feng et al. (2003) have identified two 
kinds of bending failure modes on conical structures, plate bending and wedge beam bending. 
According to our observations, the circumferential C1 crack always occurred before the radial 
cracks R.  Therefore, the one-hinge bending failure described in this paper is a plate bending 
analysed by Li Feng.  
 
Two-hinge bending failure 
 
Fig. 2 illustrates the two-hinge bending failure, which was seen occasionally. Several 
circumferential cracks (C1, C2, C3 etc.) may occur while the ice sheet in front of the structure 
is bending during the interaction. In the present discussion, we use the term "one-hinge 
bending mechanism" to describe conditions where the ice sheet looses its integrity along the 
crack C1, which then forms the new ice edge. Further cracks (C2, C3) can be present in that 
kind of event. In the case of a one-hinge mechanism these cracks do not participate in the 
ultimate loss of ice sheets' integrity. However, the cracks C2 and C3 are week areas in the next 
failure event. In many cases (but not always) the crack C2 of a one-hinge failure event is the 
crack C1 of the next failure event. In the case of a two-hinge bending failure, the crack C1 
develops first and starts to move downwards (or upwards). The crack C2 develops a little later 
due to the bending action. The ice area between the structure and the crack C2 fails. The line 
of the crack C2 then forms the new ice edge.  
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Figure 2. Bending failure by a two-hinge mechanism. 
 
Based on the observations that were made continuously for several hours on one day, we 
concluded that the one hinge mechanism dominated when the ice velocity was about 0.15 m/s. 
The proportion of the two hinge events increased as the ice velocity decreased to about 
0.05 m/s. 
 
Fig. 3(a) illustrates a relationship between the bending and crushing failure modes. The new 
ice edge that forms in each event of bending failure along the circumferential crack C1 or C2 is 
irregular and not compatible with the circular form of the structure (Fig. 3(b)). Therefore, the 
new phase of interaction starts at the points where the protrusions at the ice edge come first to 



a contact with the structure. In most cases local crushing occurs at these isolated contact 
points. Due to the local crushing, the overall contact area increases in the initial phase of a 
bending failure event. A clear bending failure starts after a while when the global force attains 
a higher level. In a typical case of mixed modal failure (Fig. 3(b)), crushing may prevail on 
one side of the ice sheet while bending failure occurs on the other side. 
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Figure 3. Initial phase of a bending failure (a) and overview (b) of the one-hinge bending 
failure.  
 
Failure length in bending failure 
 
The width parameters L1 and L2 of the circumferential crack in combination with the ice 
drifting velocity determine the dominant frequency of the ice force in the bending failure 
mode. In the observations of winter 2001 we estimated that the width L1 was about 1 - 2 m if 
the ice thickness was 20 - 30 cm. The width L2 was then seen to vary from 2 m to 10 m in 
various conditions.  Further efforts were made in winter 2002 to characterise the geometrical 
dimensions of the ice area that fails by bending. Main attention was paid to the one-hinge 
mechanism, which occurred more frequently than the two-hinge mechanism.  
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Figure 4. The failure length in one-hinge bending failure. 
 
The failure parameters B and L1  defined in Fig. 1 were estimated in visual observations that 
were made on the concrete level of the lighthouse, 1 to 2 m above the ice sheet. Direct 
measurement of these parameters was not feasible due to the continuous motion of the ice 



field. Therefore, estimations were made by comparing the observed geometrical parameters 
with the width of the concrete level (0.96 m). Fig. 4 shows the estimated failure length L1  of 
the one hinge failure mechanism as a function of the ice thickness.  
 
 
Delamination and hor izontal cracking in bending failure 
 
An interesting sequence of secondary cracking was occasionally observed adjacent to the 
circumferential crack C1 of a one-hinge failure mechanism (Fig. 5). First observations on this 
phenomenon revealed a delamination that emanated from a C1 crack (fig. 5(b)) away from the 
structure. More close studies showed additionally that the ice sheet between the circumferen-
tial crack and the ice edge was often divided in two or several thinner layers due to horizontal 
cracks. Some of these layers were 1 m to 1.5 m long in the direction of the ice motion.  
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Figure 5. Bending failure under a high normal force creating delamination and horizontal 
cracking. 
 
The phenomena discussed here appear to be relevant in conditions where a rubble pile is 
accumulated in the vicinity of the structure due to intermittent crushing. This rubble pile acts 
against the upward motion of the ice edge and, apparently, a substantial normal force is acting 
in the ice sheet during a bending failure. At a moment of the loading phase, a circumferential 
crack develops due to the bending forces. After this, the normal force N is transmitted 
eccentrically across the C-crack. The eccentricity of the force transmission (Fig. 5(b)) helps 
the ice sheet to keep its integrity and the ice forces can continue to grow. Due to the stress 
conditions at the area of the C-crack, horizontal cracks develop in the ice sheet as illustrated 
in Fig. 3(b).  One of these cracks can be seen as delamination on the upper surface of the ice 
sheet. Other horizontal cracks emanate within the ice sheet and divide it in thinner layers as 
observed.  
 
During the observations we saw strong evidence on the horizontal cracks only on that part of 
the ice sheet that was between the C-crack and the ice edge. This is plausible because the arise 
of these horizontal cracks is preceded by development of radial cracks. Accordingly, the ice 
area between the C-crack and the ice has less lateral confinement than the uniform ice sheet 



on the other side of the C-crack.  The horizontal cracks develop more easily in the weaker 
zone of the ice sheet.   
 
 
BUCKLING FAILURE 
 
Fig. 6 illustrates a typical event of dynamic buckling that was seen during this observation 
period. The buckling failure of the ice sheet occurred under the action of normal- and bending 
forces. The failure had similarities to the bending failure. However, the ice edge remained 
close to the water level due to the vertical confinement. This confinement was provided by the 
ice rubble that existed both above and under the ice sheet. In most cases, a large portion of the 
ice sheet separated from the water and arouse about one meter above the water level. The 
distance L shown in Fig. 6 was estimated to be about three times the diameter of the 
lighthouse. A state of elastic buckling prevailed for a while. Finally, the curved ice sheet 
failed dynamically along a circumferential crack that developed or was pre-existing in the 
area of highest curvature. In most cases buckling was a major failure event and the ratio B/D 
was of the order of 0.7 to 1.2.  However, events of local dynamic buckling were also 
observed.  
 
Creep buckling was observed occasionally at low ice velocities when a thick ice stopped in 
front of the structure after a period of ice crushing. 
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Figure 6. Dynamic buckling.  
 
 
CRUSHING FAILURE 
 
Visual observations 
 
Fig. 7 shows some basic features of ice crushing.  In all events that were observed in detail, 
the ice edge, at the contact surface, was moving either upwards or downwards during the 
loading phase. At the same time, the adjacent ice sheet experienced slight bending motions. It 
is deemed that the continual vertical motion of the ice edge is caused by an unbalance in the 
counteracting forces that arise from the rubble pile above the ice sheet and from the buoyancy 
force due to the ice blocks under the ice sheet. An eccentric force transmission between the 
ice edge and the structure is also possible. The amplitude of the vertical motion was typically 
3 to 5 cm when the ice thickness was around 30 cm.  
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Figure 7. An overview (a) of ice crushing in a condition of heavy vibration on 17 March 2002 
at 16:38 and an illustration of a contact phenomenon (b).  
 
The rubble pile (Fig. 7(a)) produced by ice crushing consists of pulverised ice and ice blocks 
with characteristic diameters ranging from about 2 mm to two times the ice thickness. In 
events of very intensive crushing, the pulverised ice extrudes up very close to ice-structure 
interface and moves then further away from the structure while the rubble pile is evolving. In 
a large area of the rubble pile, the larger blocks are covered by the ice powder. Visual 
observation of the larger ice blocks extruding from the failure area show that horizontal 
cracks develop in the ice sheet as a part of the failure process. Such cracks were observed 
both at very slow ice velocities (creep) and at brittle failure conditions.  
 
Continuous structural vibrations occur while the ice fails by crushing. An observer feels that 
the fundamental frequency dominates these vibrations but the vibration amplitude is mostly 
variable. Therefore, typical vibrations have a narrow-band character. On a few occasions, the 
ice crushing process was observed on the concrete level while the narrow-band vibration 
turned into steady-state vibration. In those cases the crushing process intensified.  The amount 
of pulverised ice increased and the crushing process syncronized from nonsimul-taneous to a 
simultaneous crushing over the ice-structure contact area. This was judged by the sound 
coming from the crushing process and was seen also in the force measurements. The observed 
steady state vibrations occurred at a low ice velocity (5 to 10 cm/s) and lasted usually only for 
a short time, from 5 to 20 seconds.  The ice velocity was clearly decreasing during these 
events.  
 
TRANSITION BETWEEN BENDING AND CRUSHING FAILURE MODES 
 
Systematic observations made in winter 2002 allow an estimation of the conditions where the 
bending failure is likely to change to crushing.  Fig. 8 shows how the probability of these 
failure modes depends on the ice thickness. It is possible that several other factors including 
ice velocity and temperature influence the transition between the failure modes. The amount 
and quality of the observations are not sufficient to draw any conclusions on these additional 
factors.  
 
However, we observed that the snow cover appears to influence the failure modes. In the 
absence of the snow cover, the failed ice blocks slide easily away from the ice-structure 



contact area while the ice edge climbs up along the structure's surface. In the presence of a 
snow cover the snow prevents the sliding of the failed ice blocks. Hence, the snow promotes 
the arise of a rubble pile in the immediate vicinity of the ice-strcture contact area. The rubble 
pile then acts against the vertical deflections of the ice edge and contributes to the arise of the 
ice crushing failure mode.  
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Figure 8. Transition between the bending failure and crushing failure modes.  
 
 
DODGING BEHAVIOUR OF ICE RIDGES 
 
As discussed in the introduction, several different kinds of interactions between the structure 
and first-year ice ridges were observed.  The most interesting was a "dodging behaviour", 
which has obviously not been widely reported before. Fig. 9 illustrates a typical sequence of 
dodging.  
 
In April 1, 2002 an old ridge field was approaching the structure at 6:30.  A long  ridge 
(Ridge 1) drifted towards the structure in a head-on direction. The ridge sail was estimated as 
1 m high. An area of rafted ice existed between the ridge sail and the structure (Fig. 9).  The 
rafted ice failed by crushing.  When the distance between the ridge and the structure was 
about 20 m the drift direction changed slightly, obviously due to the interactive forces. The 
ice velocity decreased significantly and a short stopping condition occurred.  
 
After a while the interaction continued.  Instead of a ridge penetration, the drift direction 
changed for a while. Then the structure found the boundary between the level ice and the 
rafted ice.  The penetration continued along this boundary, parallel to the ridge sail, at a 
slowly decreasing distance of 10 to 5 m. The ice in front of the structure failed first by 
crushing. Then a stationary wedge of large ice blocks piled up in the front of the structure and 
the ice failed by bending against this rubble pile.  
 
A separate and detailed observation of this kind of indirect interaction showed that the ice 
failure against rubble pile occurs by a bending failure (Fig. 10), which apparently produces 
lower forces than a corresponding bending failure directly against the vertical structure.  



 
A new stop occurred at 7:20 in front of a short but massive "Ridge 2". The sail of this ridge 
was estimated as 2 m high. The motion of the ridge field resumed at 8:50. The wedge of ice 
rubble prevailed while the structure penetrated the Ridge 2 and a subsequent smaller ridge.  
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Figure 9.  Observed dodging behaviour of an ice ridge, 1 April 2002 
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Figure 10.  Observed bending failure against a wedge of rubble pile. 

 

Dodging behaviour described above was observed several times and was reported by Kärnä et 
al. (2003). This phenomenon has several different variants. A common feature for them is that 
the structure does not penetrate a strong ice feature at its strongest area.  Instead, several 
alternative interaction scenarios may occur.  These include stopping and a subsequent failure 
by creep buckling as well as rotation of the ice field so that the penetration can continue along 



a weak zone of the ridge field. The ridge sail is a potential weak zone.  On two occasions, the 
penetration through a ridge field occurred along the ridge sail over a distance of 100 to 200 m.  

An obvious explanation of the observed dodging behaviour is based on the large-scale 
behaviour of the drifting ice fields. The first-year ice cover met in the Baltic Sea has always 
weak zones.  Therefore, large-scale deformations and rotation of the ice field can occur owing 
to the interaction forces caused by the bottom-founded structure.  
 
CONCLUSIONS 
 
Several kinds of interaction between ice features and the lighthouse Norstömsgrund have been 
observed and documented by the EU funded research project STRICE. The primary objective 
of these observations was to complement the logbook of the ice force measurements and to 
support future evaluations of the digital data. However, some of the observations were made 
in great detail and can be used also independently while developing models for ice force 
prediction.   
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