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ABSTRACT  
 
This paper presents a new model for predicting global first-year ice loads on offshore 
structures that are subjected to the action of ice ridges. The ridge is assumed to be composed 
of a sail, a consolidated layer and a keel. The consolidated layer may include an area of rafted 
ice. The ridge keel is considered as a layered accumulation of ice rubble. The strength of this 
ice rubble is variable and is assumed to depend on the depth. A soil mechanical approach is 
used to simulate the changes in the keel profile when a structure penetrates the ridge. Both 
vertical and inclined structures can be considered by the present model.  
 
1  INTRODUCTION 
 
First-year ridges are deemed to produce the highest forces on offshore structures in several ice 
covered sea areas. Soil mechanical approaches are frequently applied to determine global loads 
caused by  ice ridges. Dolgopolov et al. (1975) assumed a near field failure mode in the ridge 
keel whereas Croasdale (1980) developed a plug failure model. The objective of this paper is 
to present a passive failure model that considers both of these failure modes of the ridge keel. 
The model developed herein is intended for deterministic ice load predictions and also for 
probabilistic ice load determination. For the latter case the model could be combined with a 
Monte Carlo simulation technique. In this connection, the numerical effort needed for one load 
evaluation should be minimized. Hence, we will adopt several simplifying assumptions.  
 
2  LOAD LIMITING MECHANISMS  
 
Analysis of field data shows that ice ridges may assume several different geometrical forms.  In 
the present treatment, we will study ice ridges having a cross section depicted in Fig. 1. The 
geometrical characteristics of the ice feature are defined in the figure.  
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Figure 1. Cross section and parameters of a linear first-year ice ridge.  
 
An important feature of the design ice ridge shown in Fig. 1 is that the rafted and consolidated 
layer with a thickness parameter hc  is extensive in both directions from the ridge sail.  Voelker 
et al (1981) reported that in the Bearing Sea  area the width of this rafted layer was about 20 m 
for a case where the level ice thickness was approximately  0.6 m.  Williams (1996) analyzed 
data from the Nothumberland Strait and found that rafted ice with a thickness of  3.0 m 
extended to a distance of 15 m from the ridge sail. Similar data was published by Polomoshnov  
et al. (1996).   
 
The keel of a first year ridge consists largely of loose ice blocks that will be treated as ice 
rubble. However, the strength of this keel material may change with the depth. An obvious 
reason for this is that some ice blocks are frozen into the consolidated layer but extend into the 
area of the keel rubble as depicted in Fig. 1. Such ice blocks will have the effect of increasing 
the cohesion in the uppermost keel layer.      
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Figure 2. Ridge failure modes.  
 
The global load caused by an ice feature is limited by the different failure modes. Three 
different failure modes are depicted in Fig. 2. They are defined as 

1) The consolidated layer crushes against the structure. At the same time, the ridge keel 
and the rubble accumulation in front of the structure fail along a shear plane,  

2) The level ice behind the ice ridge fails, 

3) The consolidated layer fails in a weak zone below the ridge sail 



 
The global load arising due to the failure mode (1) is known as “limit-stress”  load where as 
modes (2) and (3) produce “ limit-force” loads. Further failure modes have been observed but 
they are not considered in this paper. We will evaluate the global load acting on the structure 
using the formula  

(1)  Fg = min{  Fg1, Fg2 } ,  

where Fg1  and  Fg2  are the global loads corresponding to the limiting mechanisms (1) and (2), 
respectively.   
 
We first consider the evaluation of the limit-force loads. The limiting force mechanism (2) 
depicted in Fig. 2  yields a global load estimate  

(2)  Fg2 = prb  h L 

where  prb  is the ridge building pressure,  h  is the thickness of the level ice that exists behind 
the ice feature and   L is the length of the ice feature in the direction perpendicular to the ice 
drifting direction.  
 
Estimates of ridge building pressures are very scattered, as reported by Croasdale (1988). 
When the ridge building process has begun, the ridge building pressure may be significantly 
lower than in the beginning of this failure mode. While evaluating the value of the ridge 
building pressure, we assume that the ice ridge or the ridge field under consideration is frozen 
into a first year ice cover. The ridge building process, therefore, must be initiated by a fracture 
of the intact level ice. Wright et al. (1992) concluded that the ridge building pressure in this 
initial condition varies between 0.2 Mpa and 0.6 Mpa in 1.5 m thick ice. During the actual 
ridge building process the pressure is lower.  
 
3  LIMIT STRESS LOAD ON AN ICE RIDGE 
 
We will next derive formulas for the evaluation of the global load  Fg1, which is the load limited 
by the failure mode (1) of Fig. 2. We assume that the limit-stress load  Fg1  is composed of 
three components as follows: 

(3)  Fg1  = Fc + Fk + Fs 

 
These force components are depicted in Fig. 3. The first component   Fc  arises from the failure 
of the consolidated layer and the components  Fk  and  Fs  are termed the keel load component 
and the rubble (or sail) load component, respectively. We will discuss the evaluation of each of 
these components separately.   
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Figure 3. Components of the global load. 
 
 
3.1  KEEL LOAD DETERMINATION  

3.1.1  Simulation of the keel evolution  
 
To determine the load component provided by the ridge keel we need to consider how loading 
conditions develop after initial impact. We will determine the keel load component as a 
function of the ridge penetration  r,  

(4)  Fk = Fk(r)  
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Figure 4. Conditions before the interaction and during the interaction. 
 



Fig. 4A  shows the geometrical condition at a time before the edge  O  of the ridge profile 
impacts the structure.  At this initial time, an accumulation of ice rubble exists in front of the 
structure. The initial depth of this rubble pile, below the water level is defined by the parameter  
hk0, which will be used as an initial parameter of the model.  
 
The interaction process starts when the edge  O  of the ridge profile impacts the structure. 
Figure 4B shows the keel profile at a later stage when the structure has penetrated into the 
ridge at a distance  r. At this time the initial rubble pile has partly mixed with the ice rubble of 
the original keel.Together they form a new keel profile that is defined at any instant by the 
coordinates  (xi, zi), of the points G, F, B, H and M. These coordinates can be defined as a 
function of the parameters  h, hk,  hk0, θk , and Bk. (Kärnä and Rim 1996).  
 
Figure 5 depicts the basic keel failure mode. Advanced models (Heinonen, 2001) for the keel 
failure consider progressive damage evolution along a narrow zone AE. However, as indicated 
in the introduction, we aim at an efficient numerical approach. Therefore, we assume that the 
keel experiences several shear failures along slip lines AE that have an inclination ρm  with the x 
axis. Accordingly, we assume that the failing block  AGFBHE undergoes a rigid body 
displacement relative to the rest of the keel. The components of this motion are  ∆r  in the x 
direction and ∆r tan ρm  in the  z  direction.  
 
The relative displacements at keel failure are large and secondary failures will occur as 
indicated in Fig. 5  at the line HE. The keel consists of loose ice blocks. Therefore, the shear 
failures, together with the secondary failures, result in a sequence of changes in the keel 
geometry while the structure penetrates the ridge in increments  ∆r.  Accordingly, the 
coordinates of the lower keel boundary will experience changes  (∆xi, ∆zi)  due to the 
incremental displacements  ∆r.  During the penetration process the keel geometry will undergo 
significant changes. Details of this process are described by Kärnä and Rim (1996).  
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Figure 5. Shear failure of the keel rubble along a slip plane.  
 
 
3.1.2  Frictional and cohesional keel load components  
 



We consider the ice rubble of the ridge keel as a linear Mohr-Coulomb material by using the 
failure criterion  
 
(5)  τ σ φ= +c n tan ,  

where  τ  is the shear stress at failure on the failure plane,  σn  the normal stress on the failure 
plane,  c  is the cohesion and  φ  the internal friction angle. We will estimate the keel load 
component of the global ice load using the principles of the Coulomb earth pressure theory 
(Ramiah & Chickanagappa 1982, pp. 179-198).  
 
Figure 6 depicts the ridge keel that is pressed by the force  Fk  through a rigid wall.  When the 
wall moves in the direction of the acting force a plug of the keel material tends to move with 
the wall. At failure conditions, internal forces corresponding to the failure criterion (5) are 
mobilized along some failure surfaces. We assume that keel failure occurs along an inclined 
failure surface AEE´A´ and the two vertical planes AGHE and A´G´H´E´ as shown in Figs. 6-
7.  We will now separately examine the frictional and cohesional forces that act on these slip 
planes and resist the acting contact force  Fk .  
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Figure 6. Assumed failure mechanism with an inlined and two vertical slip planes.      
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Figure 7.  Forces acting on the failing rubble volume.   
 
Frictional resistance at the inclined slip plane  
 



Figure 7 shows the keel cross section at the failure condition.The inclination angle of the slip 
plane is defined by the parameter ρ. The forces Q, S, and R1φ are used to evaluate the 
horizontal load component P1φ that arises due to the frictional resistance at the slip plane 
AEE´A´. We find (Kärnä and Rim, 1996) that  

(6)  P Q
s

s1φ
ρ φ

δ ρ φ α
δ α= +

+ + +
+sin ( )

cos( )
cos( )  

where δ  is the friction angle between ice rubble and the structure. The angle αs is  the 
inclination of the structure wall and is defined as positive for walls that force a drifting ice 
sheet upwards. Fig. 7 shows a vertical structure with  αs = 0.  The buoyancy force term Q  is 
evaluated as  

(7)  Q D Ak= γ   

where  D  is the structure width,  A  is the area of the cross section  AGFBHE (Kärnä and Rim 
1996)  and  γk  is the rubble buoyancy given by  

(8)  γ ρ ρk w in g= − −( ) ( )1    

Here,  n  is the porosity of the keel rubble,  g  is the acceleration due to gravity and ρw, ρi are 
water and ice densities, respectively.    
 

Cohesional resistance at the inclined slip plane  
 
The resistance provided by the rubble cohesion at the slip plane is calculated by multiplying the 
keel cohesion by the area of the slip plane.  However, we can anticipate that keel cohesion 
varies with the depth coordinate  z  (Fig. 8).  In particular, the upper part of the keel may 
contain ice blocks that are partially frozen into the consolidated layer (Fig. 1). These blocks 
will act as shear keys that prevent the development of shear planes at very small values of the 
slip angle ρ. For this reason we define an effective keel cohesion  ceff   that varies with the slip 
angle as  
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In the absence of accurate data, we assume in the subsequent sample calculations  that  
ρ2 = 30o.   
 
A layered structure of the ridge keel suggests that keel failure does not occur along a straight 
plane AE as indicated in Fig. 8.  However, we will use the assumption of a linear slip plane, 
since the internal strength characteristics of ice ridges are not presently known with a good 
degree of accuracy. With the definition given by Eq. (9) we can evaluate the cohesional 
resistance provided by the inclined slip plane as 

(10)  P c D hc eff e1 = cot ρ . 
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Figure 8. A layer with high cohesion may exist below the consolidated layer.  
 

Resistance at the vertical slip planes  
 
We will now evaluate the resultant of the normal pressures acting on the vertical slip surface 
AGFBHE  which is shown in Figs. 6 and 7.  This resultant is defined by  

(11)  R z dAk
A

2φ γ= �   

Numerical simulations (Kärnä and Rim, 1996) indicate that the force components arising at the 
vertical slip planes are small compared with the other constituents of the keel load. 
Furhtermore, a closed form solution for this integral is very extensive. Therefore, a simplified 
solution is adopted (Kärnä and Rim, 1996) and the frictional resistance provided by these 
planes is then given by  

(12)  P R2 22φ φ φ ρ= tan cos .  

To evaluate the cohesional forces  P2c  acting at the vertical slip planes the area  A of these 
planes is evaluated and we then  find 

(13)  P c Ac2 22= cosρ .   

In this case, we use the lower value  c2  for keel cohesion since most of the area  A is at a 
depth where the “shear keys” between the keel and the consolidated layer are ineffective.  
 

3.1.3  Total resistance provided by the keel  
 
The Eqs.  (6), (10), (12) and (13)  for the various frictional and cohesional force components 
represent peak values for each of these forces. The formulas were derived separately because 
peak values may not occur simultaneously. The cohesional resistance of the keel arises as the 
result of rigid connections between ice blocks. These connections will fail at a relatively small 
strain level. On the other hand, the development of the shear surfaces (slip planes) within the 
keel and the mobilization of the frictional force components is associated with large strains. 
 



Under these conditions, the combination of the load components as a direct sum of the peak 
values would lead to an overestimation of the keel load component.  Therefore, we evaluate 
the total keel load component as a root of the sum of squares:  

(14)  F P P P Pk c c= + + +( ) ( )1 2
2

1 2
2

φ φ  

 
An estimation for the keel load component can be obtained from this equation for any 
penetration distance  r  and for any slip angle  ρ.  In accordance with the Coulomb theory it is 
necessary to find, for any fixed value of distance  r , the angle δ = δm that gives the minimum 
value of the keel load  Fk . This is done numerically in the associated computer program (Kärnä 
and Rim 1996). 
 
3.2  RUBBLE PILE   
 
The sail of the actual ice ridge is usually not relevant while calculating the global load because 
the maximum keel load component occurs before the ridge sail meets the structure.  However, 
we wish to consider the effects of the rubble pile that develops in front of the structure.  
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Figure 9. Notations for the rubble pile. 
 
Fig. 9 shows the geometrical parameters that are required for evaluating the load component 
arising from the rubble pile.  Ramiah & Chickanagappa (1982,  pp. 168-178)  show that, in this 
geometrical condition, the frictional and cohesional loading components are given by 

(15)  F D h Ks s sr pφ γ= 1

2
2   

(16)  F D c h Ksc sr p= 2   

where  γs  is the specific weight of the rubble pile given by  

(17)  γ ρs r in g= −( )1 .  

and the coefficient  Kp  in Eq. 15 is the passive pressure coefficient  

(18)  K p = −

+ −
+ +
+ +
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In Eq. 18  we need to insert the geometrical parameters of the structure and the rubble pile as  

(19)  α π α= −
2 s   

(20)  β θ= − s     

The load component due to the rubble pile is small compared with the keel load component. 
Therefore, the contribution of the vertical slip planes that were considered for the keel can be 
ignored.  Corresponding to the keel load component, the total resistance provided by the sail is 
evaluated as  

(21)  F F Fs s sc= +φ
2 2 .  

 
3.3 RESISTANCE PROVIDED BY THE CONSOLIDATED LAYER 
 
We assume that the resistance provided by the consolidated layer is given by the simple 
formula 

(22)  F p h Dc cr c= , 

where  hc  is the thickness of the rafted and consolidated layer, D  is the width of the structure 
and  pcr  is the nominal ice crushing pressure on the total ice-structure interface. Any available 
method to evaluate  pcr  can be applied. However, some specific features of the consolidated 
layer should be taken into account while evaluating  pcr.  In particular, the consolidated layer is 
likely to contain macro-scale defects and voids that reduce the ice strength.  Rogachko (Kärnä 
et el. 1997, pp. 60-75) conducted tests to study the reduction of ice strength as a function of 
macroscale porosity. Shkhinek (Kärnä et el. 1997, pp. 75-131) developed a corresponding 
numerical model and showed that a cross-sectional strenght of the consolidated layer is 
reduced by 30% to 40% if the porosity increases from zero at the top to 20% at the lower 
boundary of the consolidated layer.  
The influence of the failure mode 3 depicted in Fig. 2 can be considered either as an additional 
parameter in Eq. 1 or a mechanisms influencing the force component Fc.  
 
5  SUMMARY  
 
A new model  was developed for a deterministic prediction of global loads on offshore 
structures caused by first-year ice ridges.  The load caused by a ridge consists of load 
components arising from a consolidated layer, a rubble pile that develops in front of the 
structure and of the ridge keel. The ridge keel is considered as a layered accumulation of ice 
rubble, below the consolidated layer. The uppermost layer of the ridge keel can have a high 
apparent cohesion strength, due to ice blocks or "shear keys" that are partially frozen into the 
consolidated layer. 
 
A soil mechanical approach is used to simulate the changes in the keel profile when a structure 
penetrates the ridge. Both vertical and inclined structures can be considered by the present 
model.  Two load limiting mechanisms are considered. The first is known as limit-stress load, 



wherein a failure takes place inside the ridge. This failure mode occupied most of our attention. 
The second load limiting mechanism is known as the limit-force load, which may occur if the 
level ice behind the ice feature fails at a lower force than the actual ice feature considered.  
 
A parametric study has been made to determine how some of the uncertainties of the input 
parameters influence the global load evaluatio (Kärnä and Rim 1996). We found that the 
present lack of knowledge about the internal friction angle of the ridge keel represents a major 
source of uncertainty in ice load prediction. The computations also showed that the layered 
structure of the ridge keel may influence the keel load component considerably. The frictional 
resistance that develops at the rubble/structure contact area causes an increase in the ice load. 
 
 A further comparison was made on the influence of the ridge profile. Assuming that the 
volume of the ice rubble below the consolidated layer remains constant, the geometry of the 
keel cross sections appears to have only a minor effect on the maximum value of the keel load 
component.    
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