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ABSTRACT  
 
This paper discusses some key problems related to the development of dynamic ice-structure 
interaction models. Emphasis is placed on brittle and transitional ice failure phenomena that 
occur in the near field area of an ice sheet acting on a vertical structure. The paper shows that 
the ice failure process may consist of both symmetric and asymmetric flaking (spalling) at the 
ice edge. It is proposed that asymmetric flaking (spalling) is typical for high rates of indenta-
tion whereas symmetric flaking can be anticipated for low rates of interaction. The influence 
of interfacial friction on changes between these types of flaking is discussed.   
 
1. INTRODUCTION  
 
1.1  A persistent problem in predicting ice loads 
 
This paper considers some features of the dynamic interaction between level ice and a vertical 
faced structure. Figure 1 shows a proposed universal curve for uniaxial crushing and indenta-
tion (Michel 1978, Sanderson 1988). We are interested in the decrease of the 
“uniaxial/indentation strength“ , which occurs at a transitional loading rate.  This decrease in 
ice strength was seen first by Peyton (1966) in laboratory indentation tests, in field tests as 
well as in direct compression tests on large samples of sea ice.  A similar decrease in ice 
strength was reported by Schwarz (1970), Carter and Michel (1971), Hirayama et  al. (1975), 
Michel and Toussaint (1977),  Määttänen (1981), Sodhi and Morris (1984), Tsuchiya et al. 
(1985) and Tuhkuri (1995). The detailed studies of Wu et al. (1976) indicate that the transi-
tional rate with the decreasing indentation pressure depends on the ice temperature.   

Results of laboratory studies on ice indentation with compliant indenters have been 
reported by Sodhi (1991, 1997, 1998a), Muhonen et al. (1992),  Kärnä et al. (1993) and 
Kamesaki et al. (1995). These studies show that the decrease in the apparent ice strength, 
which occurs in the transitional loading rate is associated with a change from almost simulta-
neous ice failure into non-simultaneous ice failure in front of the indenter.  

The universal curve shown in Fig. 1 compiles data from both uniaxial compressive tests and 
indentation tests. Therefore, both kind of data are traditionally described in terms of ice 
crushing strength.  However, it should be appreciated that for indentation tests the strength 
was obtained by dividing the measured global load by a nominal contact area. The inference 
is that the measured decrease in the apparent crushing strength (named here as “negative pres-
sure gradient“ ) is not necessarily a pure ice property. In fact, the laboratory indentation tests 
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mentioned above show that  this feature is relevant for the global ice load and is associated 
with a change in the ice failure mode. 
 

 

Figure 1.  Universal curve for uniaxial crushing and indentation of sea ice(Michel 1978, 
Sandersson 1988).  
 

Sodhi (1998a) explains this change by noting that for low indentation velocities, a large 
zone of microcracks appears in the ice sheet adjacent to the structure. The associated defor-
mations of the ice sheet result in almost simultaneous failure of the ice sheet and into highest 
global loads.  During high-speed indentation, the zone of microcracks remains small. There-
fore, failure of the ice takes place by successive flaking of ice from small zones of micro-
craked ice. Daley et al. (1998) describe further details of the ice failure process by summaris-
ing  various ways that solid ice can fail and become pulverised ice.   
 
1.2 Consequences  
 
The negative gradient discussed above has two significant consequences in predicting the ice 
effects on offshore structures.  First, steady-state vibrations may arise due to this 
phenomenon. Models capable of predicting ice induced vibrations [e.g. Määttänen 1978, 
Kärnä et al. 1994b, 1997, 1999] are based on the assumption that the indentation pressure 
and/or the global load exhibit a negative gradient at a transitional region of indentation rate. 
The mass forces that arise during steady-state vibrations may cause a significant 
magnification in the internal stresses within the structure.  

It has been proposed that ice induced vibration is a resonant phenomenon, which can be 
modelled using a characteristic frequency for ice (Sodhi et al. 1984, 1988). This parameter is 
defined using a damage length  ds (Fig. 4), which is the distance of ice movement between 
two adjacent events of ice failure.  This damage parameter is not a pure ice property but 
depends also on the stiffness of the structure (Kärnä et al. 1993). Therefore, it is not likely that 
ice induced vibration can be modelled as a resonant phenomenon.  

The second consequence of the negative gradient is depicted in Fig. 2. Kamesaki et al. 
(1996) studied data of several series of laboratory indentation tests. They showed that the 
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quasi-static peak loads on compliant structures can be 50% to 150% higher than the load on a 
rigid structure. Therefore, we can see (Fig. 2) that the structure’s compliance and the contact 
area exert approximately equal influences on the global load. The present design practice con-
siders the effect of the nominal contact area (Sandersson 1988) or the contact width (Blanchet 
1996). The omission of the influence due to the compliance is clearly a major reason for the 
prevailing lack of consensus on the magnitude of ice loads on vertical structures.  
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Figure 2. Influence of contact area and structure’  s compliance on the global load.   
 
 
2.  THE NEGATIVE PRESSURE GRADIENT 
 
The physical reasons for the negative pressure gradient are not clear at present.  A plausible 
explanation is that ice failure mode at each cross section, adjacent to the ice edge changes as 
the rate of interaction changes. Timco & Frederking (1995) and Daley et al. (1998) provide 
overviews of the present understanding of the ice failure at a cross-section of the ice edge 
interacting with a structure. The global load on a wide structure is the sum of all cross-sec-
tional local forces. Therefore, cross-sectional studies of the ice failure can not provide a full 
explanation for the negative pressure gradient. We  should study also the correlation between 
the local forces. Experiments show that the abrupt decrease of the global load at a transitional 
indentation rate is related to a change in the correlation between the local forces. In particular, 
it is widely accepted that the negative pressure gradient is caused by a change from almost 
simultaneous ice failure at low indentation rate into non-simultaneous failure at high rate 
[Sodhi 1991, 1997, 1998; Kärnä et al. 1993].   

The basic reasons for a change from simultaneous into non-simultaneous ice failure are 
not fully understood. A further problem is that this phenomena provides only a qualitative 
explanation for the negative pressure gradient.  More fundamental concepts are needed for 
numerical modelling of the ice loads.  

A few scenarios are discussed below to explain the basic physical reasons for the negative 
pressure gradient. Let us consider situations where a structure penetrates into an ice sheet 
(Fig. 3). The changes in the relative velocity between the structure and the ice edge are an 
essential part of our study.  Therefore, we will consider both stiff and compliant structures.   
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During each loading phase the global load increases because the structure and the ice 
edge are in contact and move against each other (Fig. 4). The peak load is obtained at an event 
of ice failure.  Due to the ice failure, the structure rebounds at a high velocity against the ice 
edge. The length (dc in Fig. 4) of this transient motion is short if the structure is stiff. In the 
case of compliant structures the transient displacement can be significantly larger than the 
displacement during the loading phase. 
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Figure 3. Test set-up in a series of indentation tests (Muhonen et al. 1992). 
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Figure 4.  The global force- and the velocity signals in an indentation test with a compliant 
structure (Time window of test No 69, Muhonen et al. 1992).   
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2.1  Symmetr ic and asymmetr ic flaking  
 
In indentation tests with compliant structures, the major peak forces occur at the event of a 
major ice failure as shown in Fig. 4 and Fig. 5(A).  Horizontal cracks depicted in Fig. 5 play 
an important role in the failure process as discussed in Sect. 2.3. A study of the records taken 
by the high speed camera shows (Muhonen et al. 1992; Kärnä et  al. 1993) that during each 
loading phase the crushed ice is stationary between the indenters and the ice edge. No flow of 
the crushed ice is visible through the window that was fixed at the indenter.  After the ice 
failure, the crushed ice is extruded simultaneously upwards and downwards as depicted in 
Fig. 5 (A). The ice failure is simultaneous over the whole contact area. Therefore, the 
structure looses its contact with an intact ice at all points of the ice edge. This kind of ice 
failure is characterised here as symmetric flaking (or spalling). Kamesaki et al. (1997) saw a 
similar symmetric flaking in tests with a compliant indenter.  
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Figure 5. (A) Major event of ice crushing in an asymmetric flaking failure mode;  
(B) Secondary crushing in an asymmetric flaking failure mode.  
 

During ice extrusion the structure moves against the new boundary of intact ice by a dis-
tance  dfo, shown in Fig. 4. This parameter (finite ice failure depth) as well as the total depth 
of crushing and flaking dcr   are convenient parameters in numerical models as measures of 
the ice that is lost from the ice edge during the loading and unloading (Kärnä 1994a).  

Figure 4 shows that minor force peaks may occur while the structure is experiencing its 
high-speed transient motion after the major crushing events.  Detailed studies of the video 
records show that these peaks are associated with secondary crushing and non-simultaneous 
ice failure  (Kärnä et al. 1993).  High speed camera records are not available for these events. 
However, we believe that the ice crushing at these minor force peaks can be characterised as 
asymmetric flaking as depicted in Fig 5(B). Daley (1992)  analysed the test records of 
Joensuu and Riska (1989) and developed a model for sequential and asymmetric flaking. An 
essential feature of this kind of failure is that the structure maintains a contact with intact ice 
at all times. Accordingly, the finite ice failure depth parameter dfo is not relevant for this 
failure mode.  
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Gagnon (1998) studied the records of a test series carried out at the Hobson’s Choice 
Island and found evidence on asymmetric failure modes. Sodhi et al. (1998b) describe the 
results of medium-scale indentation tests that were carried at a constant velocity. The records 
show that the contact was “ line-like”  flaking in tests where the constant velocity was  in the 
range of  3 mm/s to 30 mm/s.  Furthermore, the failure at different zones of the ice edge 
occurred non-simultaneously. There are indications that the ice failure at each zone occurred 
as symmetric flaking at the event of first ice failure (Takeuchi et al. 1997) and as asymmetric 
flaking for the subsequent events of failure.   

The data discussed above indicates that the conditions of almost simultaneous ice failure 
are usually associated with symmetric flaking whereas non-simultaneous failure occurs as 
asymmetric flaking.  There is no consensus on the reasons for a change from symmetric into 
asymmetric flaking.  Further studies are needed on this subject because this change is appar-
ently connected with conditions that lead to maximum global loads on a wide offshore struc-
tures. 
 
2.2 Velocity dependent fr iction 
 
While trying to explain the mechanism that leads to the negative pressure gradient and 
changes between symmetric and asymmetric flaking, we may raise the following question:  
Are there any basic contact forces involved in the  ice-structure interaction process that 
exhibit a similar decrease with the rate as the global load?  An answer to this question is 
shown in Fig. 6.  It can be seen that at a range of low sliding velocities the kinetic friction 
exhibits a similar decrease with the rate as the global load in ice indentation.  This phenome-
non was proposed originally by Bowden and Hughes (1939) and confirmed later by Barnes et 
al. (1971), Evans et al. (1976), Tusima and Tabata (1979),  Oksanen (1983), Saeki et al. 
(1986), Gagnon and Molgaard (1989) as well as Jones et al. (1991). Thomson and Robbins 
(1990) analysed the slip-stick phenomenon in steady-state sliding and provided a plausible 
explanation for the negative rate effect.  
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Figure 6. Kinetic friction as a function of sliding velocity v.  
 

A tentative assumption is made here that the negative gradient seen in the kinetic friction 
(Fig. 6) provides a physical explanation to the negative gradient in the global load. This 
statement is supported by the indentation test data provided by Kato et al. (1986). Using sev-
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eral flat and vertical structures with different coefficient of friction, they showed that the 
global ice force increases with increasing coefficient of friction.  

In the present discussion we emphasise the importance of the compliance of the structure. 
Therefore, let us consider two different scenarios of the loading phase – one for low indenta-
tion rate and another for high rate (Fig. 7). Both laboratory experiments and field studies 
show (e.g. Jordaan & Singh 1994) that the ice extrusion process may involve compaction and 
sintering of the crushed ice into fused material in the central part of the ice edge. The vertical 
extent of this fused ice (S) is shown by  L  in Fig. 7/phase A3.   

Fig. 4 illustrates that in the case of a compliant structure, the relative velocity  vr  (du1/dt) 
between the structure and the ice sheet varies in a wide range. After an ice failure, vr and cor-
respondingly the extrusion velocity ve of the crushed ice are high. In the initial stages of a 
loading phase the velocity vr may cross the zero level and become negative for a short period. 
Therefore, the extrusion velocity ve of the crushed ice will also attain values close to zero.  
Referring to the velocity dependence of the kinetic friction we can see that substantial fric-
tional forces T  act on both sides of the layer of the crushed ice at the period of low velocities. 
By so doing the frictional forces will enhance the compaction of the fused material (S) and 
prevent the extrusion of crushed ice.  This statement is supported by the data discussed in 
Sect. 2.1 (Muhonen et al. 1992; Kärnä et  al. 1993). A layer of compated ice was always 
found at the ice edge after a test.  

The porosity of the compacted and fused ice  (S)  may approach the porosity of the intact 
ice. Therefore, it can transmit significant forces between the structure and the edge of the 
intact ice. The contact pressures between the ice edge and the structure are distributed over 
the height L , which can amount to about 30 % of the ice thickness (Muhonen et al. 1992).  
The frictional force T extends over the same area and exerts a confining effect at the ice edge 
at low indentation rate.   

In the case of high rate of interaction (Fig.7/scenario B), the velocity vr   and correspond-
ingly the extrusion velocity  ve  remain at a high level. Under this condition the frictional  
forces remain low and the extrusion process does not cease. Hence, the extent  L  of the fused 
material  remains small or fused  material does not exist at all.  Joensuu & Riska (1989) as 
well as Fransson et al. (1992) report about such a condition in a series of tests where the 
contact forces were concentrated on a very narrow area (contact line) as depicted in the phases 
B3 to B4 of Fig. 7.  Due to the concentration of the contact pressure and the low level of the 
frictional forces, the crushed ice does not provide any significant confining effect on the ice 
edge at the condition of high indentation rate. 

The vertical expansive displacement  vi  at the ice edge remain smaller in the case of low 
indentation rate due to the confinement provided by frictional force  T  and the compacted ice 
“S”  (compare phases A3 and B3 in Fig. 5).  Therefore, the ice edge is likely to resist a higher 
horizontal force at low rate. This prediction was confirmed in an analysis by Shkhinek et al. 
(1999, Fig. 7) who studied how the cross-sectional failure force depends on the extent L of the 
interfacial pressure.  
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Figure 7.  Scenario for the loading phase in low rate (A1 - A4) and in high rate  
of interaction (B1-B4).  
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Sodhi et al. (1998b) also found that the interfacial pressure is distributed over a large 
contact area if the rate of indentation was low,  whereas a “ line-like”  contact was seen at 
higher rates (≥ 3 mm/s) of indentation. The spreading of the interfacial pressure over a large 
contact area was attributed to creep deformation within the ice. This explanation seems plau-
sible because a servo-controlled hydraulic jack was used to provide a constant indentation 
velocity.  However, a reference to ice creep is less credible in the case of a compliant structure 
where contact pressures are  distributed over a large contact area.  The loading phase of a 
compliant structure occurs at a very low rate but the loading time is probably not sufficiently 
long for any significant creep deformation to develop.      
 
2.3 Rate dependent crack propagation 
 
Figure 8 depicts the cross section of the damaged ice edge after a typical ice indentation test 
(Muhonen et al. 1992; Kärnä et al. 1997).  Horizontal cracks depicted in Fig. 8 have been seen 
in almost all indentation tests.  Hirayama et al. (1975) noted that these cracks are caused by 
vertical tensile stresses. They also postulated that the propagation of the horizontal cracks 
provides a primary driving mechanism for the ice failure.  Numerical studies carried out by 
Shkhinek at al. (1999) suggest that the details of the ice failure mode discussed here depend 
substantially on the ratio between the tensile and compressive strength of the ice.  
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Figure 8.  Near field zone with a wedge-shaped edge and horizontal cracks.  
 

Thin sections taken from the ice edge after different indentation tests show (Kärnä et al. 
1997)  that the length of the horizontal cracks increases with a decrease in the average rate of 
indentation. This phenomenon was confirmed by Kamesaki et al. (1997).  After each major 
event of ice failure, the ice edge gets a wedge shape. Tuhkuri et al. (1997) discribe a theoreti-
cal model that explains the formation of the wedge-shaped ice edge. The wedge angel  ψ  
shown in Fig. 8  defines the overall geometry of the ice edge at a vertical cross section. 
Experimental data indicates that the wedge angel varies with the rate of indentation in the 
same way as the length of the horizontal cracks. In the horizontal plane the ice edge is irregu-
lar after a major failure event. 

Let us now study the influence of the horizontal cracks and the wedge angel by consider-
ing compliant structures. Due to the structural compliance, each major loading phase occurs at 
a low rate.  Accordingly, an increase in the structural compliance causes an increase in the 
wedge angel.  Each major loading phase is followed by a transient rebound motion of the 
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structure against the ice edge. During this motion the structure may have new contacts with 
the intact but irregular ice edge. Due to the high velocity, these local contacts will lead to 
small cracks and secondary  failures at the sharp ice edge.  As discussed by Daley et al. 
(1998), this kind of failure can be characterised as “pulverisation due to a rapid cascade and 
coalescence of macrocracks“. Due to the concurrent rebound motion, the sharp ice edge 
evolves into a blunt ice edge. The irregularity of the ice edge in the horizontal plane is 
reduced. Accordingly, the next major loading at a low rate will occur with a good contact 
between the structure and the ice edge. This mechanism has been used in numerical models to 
predict the difference in the global loads due to changes from non-simultaneous to almost 
simultaneous ice failure (Eranti 1992; Kärnä et al. 1992, 1997, 1999).  

The discussion above pertained to the influence of the rate dependent horizontal cracks in 
one vertical cross section of the ice edge.  It should be appreciated that these cracks are two 
dimensional.  In the horizontal direction they are likely to have a direct influence on the cor-
relation between the local forces. The present numerical models do not consider this phe-
nomenon.    
 
3. SUMMARY 
 
This paper addressed the present knowledge on the contact phenomena in the interaction 
between ice sheets and vertical offshore structures. The main focus was on a phenomenon 
termed here as negative pressure gradient. At a transitional range of ice velocity, the global 
force degreases significantly as the velocity increases. As a consequence, structures may 
suffer from ice induced vibrations. Also, the global load on a compliant structure can be 50 % 
to 150 % higher than on a rigid structure.  

The change from simultaneous into non-simultaneous failure at various cross sections of 
the ice edge provides a qualitative explanation for the negative pressure gradient. However, 
more fundamental concepts are needed in numerical models of the dynamic ice-structure 
interaction. This paper proposes that future models should pay attention to the propagation of 
the horizontal cracks, to the velocity dependent friction and also to the compaction/sintering 
process that influences the vertical pressure distribution at the ice edge.  
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