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ABSTRACT  
 
It is very important in an analysis of the dynamic ice forces on conical offshore structures to 
understand the mechanism of the ice bending failure and the variations in the breaking length. 
A qualitative analysis is made in this paper to clarify the reason of a discrepancy in the 
interpretation of the field and laboratory data. The main goal of the paper is to establish 
dependence between the breaking length and the main influencing parameters. Based on full-
scale observations, a general regularity of the bending failure process is described. It is found 
that the transition of the failure mode from a wedged beam failure to a plate-type failure mode 
is the dominant mechanism that controls the variations of the breaking length. Based on this 
observation and theoretical solutions, a breaking length of about 7 times the ice thickness is 
confirmed for a typical dynamic interaction process on the platform JZ20-2.  
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INTRODUCTION 
 
Several field studies have been made on vertical structures to determine the response induced 
by crushing failure of ice. Yue, et al. (1998) investigated a similar dynamic interaction 
process and a dynamic amplifying phenomenon on conical structures. Full-scale tests were 
performed on the offshore platform JZ20-2 in the Bohai Bay. This platform is a 4-leg jacket. 
To reduce vibrations on the structure, upward and downward cones have been installed on 
each leg. The upward cones have an angle of inclination of about 60 degrees, and the 
downward cones have an inclination of 45 degrees. The connecting cross-section of these 
cones has a diameter of 4.6m. The diameter of the legs is about 1.6 m. Tidal fluctuations of 



the water level amount to about 4 m in this sea area. Therefore, the cones are working in all 
possible situations during tide and ebb.  
 
An analysis of the data on structural response shows that a dynamic amplification of the 
response occur when the dominant breaking frequency of ice fail ing by bending is near the 
natural frequency of the structure. A simplified ice load function has been developed (Yue 
1998) on the base of analysis of ice failure process and test results. Two main parameters of 
the ice load function, the amplitude and the period, were determined by an analytical model 
(Li et al., 2002). This model can be used to predict an alternative ice force with a constant 
period, and the response of structure afterwards. In this study, the breaking length of the sheet 
ice is a key parameter. It has been observed in field that the breaking length may vary in a 
wide range. This means that the interaction process and the failure behaviour can also vary 
significantly. This possibility should be examined carefully. Furthermore, the breaking length 
of ice may be also be an important parameter for quantitative or qualitative analysis of the 
rubble movement during an interaction involving processes of clean off, ride up and pile up.   
 
The breaking length of ice has been investigated in model tests by Abdelnour and Sayed 
(1982), Tatinclaux (1986), Izumiyama et.al. (1994) and Lau et al. (1999). Theoretical analysis 
has been made by Frederking (1980), George (1986) and Nevel (1992). A majority of 
researchers has adopted the ratio between the breaking length and the characteristic length of 
ice as a non-dimensional parameter to characterise the bending failure.  This ratio, predicted 
by a simple beam theory on elastic foundation, is 0.785  (Hetenyi, 1946). Other models show 
some scatter in predicting the value of this parameter. Using a plate theory, George (1986) 
obtained a value of about 0.6. Frederking (1980) used a wedged beam model and obtained a 
value of about 0.8. However, the test results may be quite different from the theoretical values. 
Abdelnour and Sayed (1982) obtained a value of about 0.5 for the nondimensional breaking 
length in a model of a shallow man made island. The value of this parameter is reduced from 
0.7 to 0.1 while the ice thickness is increased on cone model tests, and may be as low as 0.1-
0.2 according to full-scale measurements (Lau et al., 1999). 
 
To explain this discrepancy between theory and test data, different reasons have been 
proposed, including the scale effect, shear effect (Lau et al., 1999) and a deflection effect (Li 
et al., 2000). These effects were considered as dependent only on ice parameters. The 
influences of the structure's characteristics were not considered. Therefore, these approaches 
are not sufficient to explain the reasons for the observed discrepancy.  
 
The aim of this paper is to present a more reasonable explanation by performing a qualitative 
analysis of ice failure process. We will first discuss the basic concepts.  Then, a map for 
identifying different types of bending failure is presented. A classified statistics based on 
video records on the bending failure process in full-scale conditions is also presented. A new 
explanation of the breaking length is confirmed by a good correlation between our theoretical 
analysis and the field data.  
 



 
BASIC CONCEPTS 
 
Breaking length of ice and its non-dimensional form  
 
The terms such as ice piece length and ice piece size are often used in literature, but these 
concepts may be insufficient without a strict definition. In this discussion, we use a term, 
breaking length, which is defined as the distance between the zone of ice edge/structure 
contact and the first circumferential crack. This parameter is directly related to the period of 
the ice force in dynamic analysis. It is necessary to adopt a non-dimensional form of the 
breaking length for estimating the bending failure process. This way, the physical nature of 
the failure process can be expressed more clearly and it will be easier to make comparisons 
between different methods.  
 
There are three possible ways to define a non-dimensional breaking length using the 
characteristic length, the structure diameter or the ice thickness as a reference. From a 
theoretical point of view, the curvature of the structure surface appears to be very important 
for narrow structures and thin ice because the ice sheet bends in two directions. The 
characteristic length, the ice thickness as well as the strength and elasticity are also 
contributing to the failure process.  The structure's curvature can be defined by  1/R=2/D 
where D is the structure diameter at the waterline level. The characteristic length comprises 
both the ice thickness and the elasticity as constituent parameters. Therefore, the radius of 
curvature /characteristic length ratio is the reasonable variable. However, it is difficult to 
determine the characteristic length in full-scale conditions. It was decided to simplify the 
analysis by considering only two categories of ice, hard ice and soft ice. After this, it is easy 
to consider the ice thickness as a determining parameter. Two non-dimensional variables are 
used subsequently, the breaking length /ice thickness ratio, lb/h, and the structure diameter/ice 
thickness ratio, (D/h).  
 
Modes of the bending failure of ice 
 
Bending is a main failure phenomenon with cracks forming in the both directions of the ice 
sheet. This type of failure is controlled by the flexural stresses in the ice field and the strength 
of the ice. The stress field depends on different factors and, therefore, different types of 
bending failure can be met. The differences in failure process are reflected in the order, 
number and length of the radial and circumferential cracks.  They may be classified according 
to Lau et al. (1999) into the following three types. 
 
Semi-infinite beam mode: In this case the ice sheet is regarded as a beam on an elastic 
foundation. The loading occurs as an evenly distributed line load along the whole front 
boundary of the ice sheet, or at least the width of this boundary significantly exceeds the ice 
thickness. The deformation of the ice is essentially a bending about the axis parallel to the 
boundary. Among the various failure patterns, this type may produce a very great breaking 
length. 
 
Plate failure mode: The loading on the ice sheet is a distributed system of force acting along 
the front boundary of the ice, but the boundary is not very wide. Consequently, lateral 



deformation of the ice cannot be neglected. In this case, the failure process starts when a 
circumferential crack forms. The breaking length is relatively short.  
 
Wedged beam failure mode: The loading boundary is a narrow line of the order of thickness 
of ice. The ice sheet deforms bending in both lateral directions. The failure process starts 
when some radial cracks propagate from the ice edge to the ice sheet.  Subsequently, a 
circumferential crack develops and breaks the ice into wedged blocks with a medium 
breaking length.  
 
Considering these three failure modes, the first one has almost never been seen in our 
experiments. The other two failure modes are depicted in Figs 1 and 2. 
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Figure 1.  Bending failure in a wedged beam failure mode. The structure diameter/ice 
thickness ratio is about 20. 
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Figure 2.  Bending failure in a plate failure mode. The structure diameter /ice thickness ratio 
is about 45. 
 



 
OCCURRENCE OF THE FAILURE MODES 
 
Observations on the ice-cone interaction process have been carried out for many years on the 
platform JZ20-2. The breaking length of ice was determined in two ways. A simple method 
was to measure this parameter from images of video records. In some cases it was difficult to 
see the cracking pattern on the picture: In these cased, the data recorded by the force panels 
were used to evaluate the period of the peak force. The ice speed was measured from the 
video. The breaking length was then determined as the product of these two parameters. Here, 
an assumption of coherence between periods of peak force and breaking length of the ice is 
adopted.  
 
Yu Xiao (2002) measured 34 interaction events during the winter of 2000-2001, with 
parameters in the following ranges: ice thickness 5-25 cm, ice speed 6-90 cm/s, breaking 
length 25-186 cm, breaking length-thickness ratio 3.1-14.4 with a mean value of 6.38. This 
mean value is lower than the value of 7.3  determined in 1999. The authors believe that this 
difference may reflect an essentially distinction in the failure character.  
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Figure 3. A map for identifying failure modes. The area b×(2a) is the failed ice area.  
 
To obtain further evidence, a new classification was made for the events mentioned above. 
The mode map shown in Fig. 3 was developed for this purpose. This map was obtained 
theoretically by using the principle of stationary of potential energy for the elastic thin plate. 
In the analysis, a ratio of 1.5 between shearing strength and bending strength was used.  
 
By classifying the measurements and statistics for different conditions, some distributions of 
ice failure type are obtained as shown in Fig. 4. Interaction processes related to the downward 
cone are not included, as they are difficult to observe.  
 



No failure event of semi-infinite beam type was observed. Quite a few of the failure events 
are situated between plate mode and wedged beam mode. In statistics, they are listed into the 
transition type of bending failure. The mixed failure means here a bending situation, which 
consists of plate bending failure associated with shearing and/or crushing. Figure 4 indicates 
that there is a transition from the wedged beam failure mode to the plate failure mode as the 
diameter of the cone at sea level increases. The proportion of events of mixed failure 
increases in the same way. The mean values of length/ thickness ratio are obtained 
respectively. It is equal to 6.9 for wedged beam type failure, 3.4 for plate type failure, and 
about 5 for the transition situation. This result shows that the transition of the bending failure 
mode may lead to a continuous and significant change in ratio between the breaking length 
and the ice thickness.  
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Figure 4. The ice failure modes corresponding to different ice sheet position relating the cone. 
 
It is clear now why we have a difference between the failure types in Fig. 1 and 2. The 
difference in the ratio between the structure's diameter and the ice thickness explains the 
change in the failure mode. 
 
 
AN ANALYSIS OF THE WEDGED BEAM FAILURE MODE  
 
In order to carry out a dynamic analysis of an ice-resistant structure, an ice force prediction 
method based on length / thickness ratio analysis of wedged beam model was developed, and 
some results and general dependencies were presented recently (Li, et al., 2002). Different ice 
properties (modulus of elasticity) were considered. For a point-contact failure that is 
characteristic for hard ice, the breaking length / thickness ratio, k, can be determined from 
formula 
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In the case of soft ice the ice-structure contact is distributed and the effects of ice deflection 
should be considered. In this case, the length / thickness ratio may be obtained from the 
equation: 
 
 

0
4

tan12533.83
4

tan75.0 23 =−−+ θξθ
h

b
k

h

b
k contcont  

(2) 

Where  
 

αµα
αµαξ

sincos

cossin

−
+=  

(3) 

 
In these equations, bcont is the contact width, ξ is horizontal force / vertical force ratio; θ is the 
circle-central angle of the ice edge boundary on the cone surface covered by the contacting 
ice (Fig. 1).  
 
A mean value of about 7 is obtained for the breaking length/ thickness ratio both by analysis 
and by in-situ observation. This result provides a possibility to better predict the time varying 
ice force  (Li, et. al., 2002). A quantitative analysis is carried out to consider a reasonable 
range of this parameter. According to Fig. 4, diameters of the cone can be used only in a very 
limited range for the analysis the bending failure by the wedged beam mode. In addition, the 
sheet ice encountered in the Bohai Bay is often soft. Therefore, Eq. 2 was used to obtain the 
result shown in Fig. 5. The contact width, b, was assumed respectively to be D/2 and D/50 for 
the minimum and maximum value of D/h in Fig. 5. The result for hard ice calculated by Eq. 
(1) is also plotted in this figure for comparison. 
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Figure 5.  The ratio lb/h between the breaking length and the thickness for the bending failure 
by a wedged beam mode.  
 
Figure 5 shows that the ratio lb/h decreased with an increase of the ratio D/h. This reflects 
both effects of stiffness of the ice and the contact condition. For the input data h=10-40 cm, 
D=2-3 m and D/h=5-30 that are relevant for the Bohai Bay conditions, the average result of 
about 7 is confirmed by Fig. 5.  The deflection of ice sheet for hard ice is negligible, but the 
affect of an additional moment induced by bias of acting point should be taken into account. 
As a result, the breaking length /thickness ratio will be higher for hard ice than for soft ice.  
 
Figure 5 also shows that the breaking length/ thickness ratio less than 6 corresponding to a 
high value of D/h. On the other hand, according to Fig. 3, a transition of failure mode may 
take place in this case. A model other than developed here for the wedged beam bending is 
required to predict the length/ thickness ratio as well as corresponding ice force. 
 
DISCUSSION ON THE REASONS FOR THE FAILURE MODE TRANSITION  
 
The failure mode transition creates significant changes in the breaking length. The breaking 
length is an important parameter controlling the dynamic ice force. Therefore, it is interesting 
to seek the reasons for this transition. The first and obvious reason is the change in the 
curvature of the cone and the contact width as discussed above.   
 
Another reason is connected with the ice rubble. It was observed in the video records of full-
scale tests that an emergence of ice rubble might cause this transitional phenomenon. If ice 
rubble is accumulated in front of the cone and the cone surface is not cleared off in time, then 
the contact condition is changed due to the presence of the rubble. One possibility is that the 
ice sheet has a direct contact with the cone only at the middle part of the front edge while the 
other parts of the ice edge act on the rubble between the structure and the ice edge. In another 
case the rubble covers whole the cone surface. In this case the rubble transmits all the ice 
loads. In both cases the nature of interaction has been transformed from ice-cone interaction 
into an ice-rubble-cone interaction. Accordingly, a transition of the boundary condition has 
taken place from a displacement bound into a force bound condition. Furthermore, a relatively 
concentrated force has been distributed to a wider area. This also means a trend to produce 
relative even deflection distribution of ice sheet along lateral direction. Under this condition, 
the possibil ity of radial cracking is very low.  
 
There are two factors promoting the emergence of the ice rubble. During the ebb tide process, 
both the ice velocity and the cone diameter on the interaction section of the platform are 
increasing.  Due to these factors, the ice pieces have a difficulty to be cleared off. 
Consequently, a transition to the bending failure mode is likely to occur. Referring to the 
theory of mechanics, the variations in boundary conditions and initial conditions influence the 
transition. 
 
The mechanical parameters (stiffness, ductility) of ice sheet can also play an important role in 
the transition from one bending failure mode to another bending failure mode. Bending failure 
of a stiff ice sheet is apt to a transition to the plate failure mode.  
 



Besides the phenomena described above, the ice velocity can influence the breaking length. 
Karna et al. (2003) describe a series of laboratory tests where such an effect was seen while 
testing a conical model structure. In one test, the indentation velocity was increased stepwise 
from 0.1 to 1.1 m/s and the ice breaking length was seen to significantly decrease in the range 
of high velocities. Shkhinek and Uvarova (2001) provide a theoretical description of the 
velocity effects.  We did not analyse the effects of the ice velocity in this paper. However, the 
effect was seen in the field tests and will be studied in the future.   
 
CONCLUSIONS 
 
Based on full-scale tests and a theoretical solution, a qualitative analysis was made. This 
analysis gives a possibility to clarify the reasons for a discrepancy in the interpretation of 
previous result of field data. 
 
 A map for identifying different kind of bending failure and types of the ice-cone interaction 
process is presented. By classifying statistics, failure mode distribution is given as a function 
of the diameter-thickness ratio. A general regularity of the failure patterns of ice is described. 
It is found that a transition of the failure mode from the wedged beam mode to the plate mode 
is a dominant mechanism, which controls the variation of the breaking length of ice.  
 
A breaking length of about 7 times of ice thickness was found for a typical dynamic 
interaction process on the platform JZ20-2. This result which has been obtained both by field 
observation and by a theoretical analysis is relevant only for bending failure by the wedged 
beam mode, which is expected to occur under conditions of a small value of the diameter to 
thickness ratio and while the ice is soft. 
 
For the plate mode of bending failure, the breaking length/ thickness ratio of ice may be 
reduced to as low as 3.5.  Between the wedged beam mode and the plate mode, there is a 
transitional area, with a length/thickness ratio about 5. A new model should be developed for 
these situations.  
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