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Abstract 
Simulated ice rubble pile formation process and ice loads on wide sloped structures are 

studied. Since the ice rubble accumulation on a structure affects the ice failure process, the 
calculation of the total ice load is not a simple task. The understanding of the ice rubbling 
process and the calculation of the ice loads on structure are important challenges for design and 
safe use of marine structures in ice covered waters. 

  
A two-dimensional combined finite-discrete element method was developed and applied to 

numerical simulations of ice rubbling loads. With the method used, the formed ice rubble piles 
were also able to be studied as a granular assembly. This enabled an insight to the processes and 
phenomena occurring in the rubble pile during ice rubbling. 
 
The developed method was validated with both model and full scale experiment data using 
reported rubble pile properties and load responses on structures. The phenomena during peak 
load events of the simulated ice rubbling process indicated that the rubble pile was loaded at 
the instant of a peak load in a manner that a part of the pile was pushed upwards. Numerical 
experiments on parameter effects on peak ice loads on sloping structures showed interaction 
between the parameters, indicating that the parameter effects cannot be considered separately. 
An explanation for the observed vertical pressure distribution on a sloping structure was given 
with force chains discovered from the loose ice rubble pile. Also, the load drop on the structure 
was linked to the buckling of these force chains. Hence, to be able to predict the ice loads on 
sloped structures with a loose rubble pile in front, the force chains and their buckling behavior 
should be understood. 
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1. Introduction

1.1 Background

Depending on the prevailing ice environmental conditions and the struc-

tural geometry, several phenomena may take place when an ice sheet hits

a sloped structure. For example, in the case of a narrow conical structure,

a continuous breaking and clearing process may occur. During this pro-

cess the ice breaks, moves up the cone and then clears around it. In these

situations, most of the ice action is above the waterline and not much ice

rubble forms. For a wide structure, on the other hand, clearing of the ice

does not occur in that extent. This is especially so in the central parts of

wide structures. Thus, a large rubble pile may form in front of the struc-

ture (see Fig. 1.1) and the advancing ice can also fail against the rubble

pile.

This fragmentation process, where an initially intact ice sheet breaks

into discrete ice blocks, which then accumulate in the ice-structure inter-

face and thus affect the failure process, is called ice rubbling. Depending

on the water depth these formed rubble piles can either ground or float.

In either case, they may have a significant effect on the ice loads on struc-

tures. For design and safe use of marine structures in ice covered waters,

the understanding of this fragmentation process and the calculation of

the ice load on structure are important challenges.

The models for calculating the ice load on sloping structures are com-

monly based on mechanics of ice failure. The first models separated the

failure process into failure of the ice sheet through bending, and ride-up

along the structure (for a review, see Sanderson, 1988). The main vari-

ables in this kind of model are the slope angle of the structure, ice thick-

ness and other properties of the ice sheet, as well as the coefficient of
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Figure 1.1. Ice rubble piles against Kemi I lighthouse. (Photos courtesy of Mauri Määt-
tänen.)

friction between the ice and the structure. Later, other failure modes and

effects of the ice rubble were included in the calculation models (see, e.g.,

Määttänen, 1986; Croasdale et al., 1994). While solutions for different

events can be obtained through simple analyses, calculation of the total

ice load is not as easy. The simple analytical formula may not be able to

model the ice rubbling behavior because the different ice failure events

can interact. This kind of uncertainty can be avoided if ice rubbling is

studied as a process and simulated as has previously been done for exam-

ple by Hopkins (1997) and Barker and Croasdale (2004).

In addition, the vertical pressure distribution pattern on a sloping struc-

ture during ice rubbling process with a floating rubble pile in front of the

structure is not so well understood. It was suggested by model scale ex-

periments (Timco, 1991) that majority of the ice load is transmitted to the

sloping structure at the waterline. Full scale observations from a cone

(Tripathi et al., 2011) also propose that most of the peak pressures occur

at the waterline. To be able to understand this kind of a load transmis-

sion through a loose rubble pile, the piles should be studied as a granular

media.

The existing analytical models, for example those by Croasdale et al.

(1994) and Ralston (1977), can be used for calculating global ice loads on

sloping structures and cones. These models take also into account some

effects of ice ride-up and ice rubble piles. However, there are behaviour

observed in the nature, for example large-scale flexural failure of the ice

sheet due to large sail piles, that are not presented well in these models.

Also, the local load distribution on structures cannot be obtained by these

models. To further develop these kind of analytical models, information

about the ice rubble behaviour and the load transmission through the

rubble pile are needed.

10
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1.2 Objectives and scope

The present work concentrates on the development of a two-dimensional

numerical method for simulating ice rubbling loads on sloped structures.

With the numerical method developed, ice rubble piles were studied as a

granular assembly. This gave insight into the processes and phenomena

occurring in the rubble pile during ice rubbling. The main part of the

work is based on the ice rubbling simulations. In these simulations, the

method was validated and used to obtaining new information about the

phenomena linked with peak loads, the effect of various parameters on

the ice loads, vertical pressure distributions and load transmission to the

structure.

The aims of the thesis were to:

• develop a numerical method that is capable of modeling ice rubbling

loads on a sloped structure;

• understand the phenomena occurring in the rubble pile during the peak

load events;

• study the effects of various parameters on the ice loads during ice rub-

bling;

• examine the vertical pressure distribution on the structure when loose

rubble piles are present;

• investigate the load transmission from the pushing ice sheet through a

loose rubble pile to the sloped structure.

1.3 Research approach

The two commonly used methods in ice sheet failure and ice rubble sim-

ulations are the discrete element method (DEM) and the finite element

method (FEM). DEM is a technique for modeling the nonlinear dynamics

of systems consisting of granular and particulate materials (Cundall and

Strack, 1979). In DEM, the response of a rubble pile is obtained by model-

ing the collisions between the individual ice blocks. In FEM, ice sheet and

11
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rubble piles are modelled as a continuum and individual ice blocks in the

rubble are not generally considered separately. Previously, the discrete

element method has been used in ice rubble simulations by Evgin et al.

(1992) and Hopkins (1997) for example, and the finite element method

was used by Määttänen and Hoikkanen (1990), Konuk et al. (2009), Ko-

lari et al. (2009), Ranta et al. (2010) and Serré (2011).

The method that combines the advantages of the discrete and finite

element methods is the combined finite discrete element method (FEM-

DEM), see for example Munjiza (2004) and Owen et al. (2004). With FEM-

DEM, ice sheet and its failure can be modeled with FEM and ice rubble

pile with DEM. With this method, many different granular phenomena

can be simulated and studied as well. Previously, the method has been

utilized in simulations of ridge keel punch through tests by Polojärvi and

Tuhkuri (2009, 2012).

To simulate the ice rubbling process against a sloping structure, the ice

sheet and its failure need to be modeled in addition to the ice rubble. The

combined finite-discrete element method provides tools for taking these

phenomena into account. Thus, in this thesis, a two-dimensional com-

bined finite-discrete element method was developed and used to simulate

ice rubbling loads on sloped structures. With a two-dimensional method,

not all the phenomena of the ice rubbling process can be captured. How-

ever, even with a two-dimensional method some granular phenomena in

the ice rubble pile can be studied. One of them is the force transmission

through the rubble pile to the structure.

1.4 Dissertation structure

First in this thesis, the two-dimensional combined finite-discrete element

method that was developed is presented (Publication I). The set-up of the

ice rubbling simulations is then described and the assumptions and lim-

itations of the method used are discussed. Next, the method is validated

with model and full scale measurement data (Publications I, II and III).

Finally, the method is used to simulate ice rubbling and to investigate the

phenomena linked with peak horizontal loads (Publication III), the effects

of various parameters on these loads (Publication IV), the vertical pres-

sure distribution and force chains through the rubble pile (Publication V)

during the rubble pile formation.
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2. Ice rubbling simulations

2.1 The combined finite-discrete element method

Ice rubble formation process was simulated using a two-dimensional com-

bined finite-discrete element method. With this method, the ice sheet and

the discrete blocks that developed upon fracturing were modelled as con-

tinua using the finite element method (FEM), and the formation and de-

formation of the ice rubble pile were modelled using the discrete element

method (DEM).

2.1.1 Continuum and fracture models

The intact ice sheet, and the blocks that broke off from the sheet, were

modelled using non-linear Timoshenko beam model implemented in a fi-

nite element scheme (see, e.g., Reddy (2004)). The basic kinematic as-

sumption of the Timoshenko beam model states that during deformation,

the cross sections remain plane, but not necessarily normal to the mid

surface. Thus, the beam model is able to account for first-order shear de-

formation effects. It was also assumed, that during rubble formation the

strain rate of ice is so high, that only small strains occur prior to ice fail-

ure. To be able to model the rigid body part in the motion of an ice block,

large displacements were used. In addition, a viscous damping model was

utilized in the model to dissipate energy.

From the kinematic relations of the beam it follows that the only nonzero

strains of the beam are the axial strain e1 and the shear strain e2. These

are combined to a strain vector

e =

⎡
⎣e1
e2

⎤
⎦ =

⎡
⎣ε− Y κ

γ

⎤
⎦ , (2.1)

where Y gives the distance from the neutral axis of the beam and the

13
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three strain quantities h = [ε γ κ]T characterize axial strain, shear strain

and curvature, respectively.

Before fracture, a linear elastic behaviour was assumed for ice and the

linear constitutive equation

s =

⎡
⎣σx
τ

⎤
⎦ =

⎡
⎣Ee 0

0 G

⎤
⎦
⎡
⎣e1
e2

⎤
⎦ = Ce (2.2)

for homogeneous and isotropic material was used for defining the stresses.

In Equation (2.2), σx and τ are the normal and shear stresses, Ee is the

Young’s modulus, G is the shear modulus and C is the elasticity matrix.

After fracture initiated, the above constitutive equation changed and the

stresses were defined according to the cohesive crack model (Hillerborg

et al., 1976). The main assumption of the model is that the stress trans-

ferred through the cohesive crack is a function of the crack opening dis-

placement δ, that is σ = σ(δ). This softening function is considered as a

material property and it defines stresses after the fracture initiation.

A linear function was used to capture softening. The two material pa-

rameters associated with this softening function are the tensile strength

σf and the specific fracture energy Gf . The tensile strength is the stress

at which a cohesive crack is created and starts to open, and the specific

fracture energy is the external energy required to create and fully break

a unit surface area of a cohesive crack.

The use of the Timoshenko beam model enabled an introduction of a

fracture criterion F that takes into account both normal and shear stresses.

Adapting the work of Schreyer et al. (2006), the fracture criterion was cho-

sen to be

F (σ, δmax) = σ − σf (1− δmax

δf
) = 0 . (2.3)

where σ is the effective stress defined by

σ = σx +
σf
τ2f

τ2 , (2.4)

δmax is a non-decreasing variable which represents the maximum crack

opening displacement reached before unloading, δf is the critical crack

opening displacement and τf is the shear strength. It should be noted

that no compressive failure is included in the criterion.

The fracture criterion F ≤ 0 indicates an admissible stress state. If

F < 0, the material is intact or the crack is not propagating. The state

F = 0 indicates the onset of fracture or unloading. A stress state F > 0 is

not admissible.

14
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From the stresses, either defined by the linear constitutive Equation (2.2)

or by the cohesive crack model, the stress resultants N , Q and M were

obtained. They represent axial force, shear force and bending moment,

respectively. The viscous forces Nd, Qd and Md that present axial damp-

ing, shear damping and damping moment were related to strain rates ε̇, γ̇

and κ̇. The forces mentioned above were collected into the stress resultant

vector

pT = [N +Nd Q+Qd M +Md]. (2.5)

The variation of strain energy, calculated using strain-displacement re-

lation δh = B δu and the stress resultant vector, leads to internal forces

fint for a beam element

fint =

∫
L0

BTp dX , (2.6)

where L0 is the initial length of the beam element and B is the kinematic

matrix. This expression for the internal forces was then used in the equa-

tions of motion.

2.1.2 Discrete model and equations of motion

In the simulations, failure of intact ice resulted in creation of smaller

ice beams which at later stages of the simulation collided with other ice

beams in the model. The interactions between these ice beams were sim-

ulated using the discrete element method.

The contact detection and the calculation of the contact forces were han-

dled using rigid discrete elements. The discrete element size was defined

by the element length L0 and the ice sheet thickness h. The contact de-

tection was based on the algorithm presented by Munjiza and Andrews

(1998) and the forces between contacting discrete elements were calcu-

lated with an elastic-viscous-plastic normal force model and incremental

Mohr-Coulomb tangential force model as described by Hopkins (1992).

The elastic contact forces were based on the overlap area and the rate

of change of the overlap area of contacting elements. Inelasticity was

modelled by using a plastic limit for the material. The total normal force

of the contact was determined by equation

fn = min {fne + fnv, fp} , (2.7)

where fne is the elastic force, fnv is the viscous force and fp is the plastic

limit force of the contact. The plastic limit force was defined as

fp = σp lc n, (2.8)

15



Ice rubbling simulations

where σp is the plastic limit, n is the unit normal to the line of contact

defined for the contact geometry and lc is the length of the line of contact.

The tangential force ft was obtained from equation

ft = min {fte, μfn} , (2.9)

where fte is the incremental elastic tangential force of the contact and μ is

the friction coefficient between the contacting elements. The upper limit

for ft was thus achieved by using Mohr-Coulomb model. The moment

acting on each of the contacting elements was

m = r× ftot , (2.10)

where r is the vector pointing from the centroid of an element to the cen-

troid of the overlap area and ftot is the sum of tangential and normal forces

of the contact.

The water induced effects modeled in the simulations were buoyancy

and drag force, which were taken into account as body forces. The drag

force was defined by

fd =
1

2
ρwlpcdv

2 , (2.11)

where ρw is the density of water, lp is the projected length, cd is the drag

coefficient and v is the velocity of a discrete element. All of the forces and

the moment defined above were then used in the equations of motion.

The equations of motion for the whole system can be presented in the

form

Mẍ = fint(x, ẋ, t) + fcon(x, ẋ, t) + fext(x, ẋ, t) (2.12)

where M is the diagonal mass matrix containing masses and moments of

inertia of the discrete elements, x contains the positions and rotations

of all the discrete elements in the system, fint(x, ẋ, t) are the internal

forces obtained from the Timoshenko beam and the cohesive crack mod-

els, fcon(x, ẋ, t) is a vector containing forces and moments from the con-

tacts and fext(x, ẋ, t) is a vector of external forces. It should be noted that

the forces fint, fcon and fext include also the dissipation terms. The ẍ de-

notes the second time derivative of x. In the method, the equations of

motion (2.12) were solved explicitly with the central difference scheme.

2.2 Numerical experiments

The two-dimensional FEM-DEM presented above was used to simulate

the ice rubble formation process and in particular ice rubbling forces on
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Figure 2.1. A representative plot of the simulations. Structure (black), water (gray), ice
(ends of each ice block blue and ice in between white, individual elements
red).

a sloping structure. A representative plot of the simulations is shown in

Fig. 2.1. In the figure, individual ice blocks are shown with white elements

ending with blue elements. If an ice block has a size of only one discrete

element, it is colored red. Fig. 2.1 also shows the sloping structure colored

with black and the water with gray.

In the simulations, a floating ice sheet was pushed against a sloping

structure with a constant velocity vp, see Fig. 2.1. The intact ice sheet

was homogenous with an uniform thickness h. The structure was as-

sumed to be rigid and it had an inclination angle α to the horizontal.

A viscous damping boundary condition was defined in the left end of the

simulation domain to give an approximate of the infinite ice sheet. To

avoid this boundary condition to influence the rubbling process in vicinity

of the structure, the boundary condition was placed about 100 m from the

structure .

An example set of parameters used in the full scale simulations is given

in Table 2.1. Most of the parameter values used were found in a review pa-

per by Timco and Weeks (2010). In the simulations, the effective modulus

as defined by Timco and Weeks (2010) was used. The initial simulations

suggested that there is no major influence of the effective modulus to the

overall load levels in the range of 2.5-5.0 GPa. Thus, a value 4.0 GPa was

used for the effective modulus. The fracture energy of ice Gf , was based

on the work of Dempsey et al. (1999). The ice–ice friction influences the

phenomena in the rubble piles during ice rubbling and thus, was an in-

teresting parameter when studying the rubble piles as a granular media.

Values for ice–ice friction coefficient μii are reported by Timco and Weeks

(2010) and Lishman et al. (2009). Since the ice–ice friction is heavily de-
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Table 2.1. Example of parameters used in the full scale simulations.

Parameter Symbol Unit Value

General Time step Δt s 2.0 · 10−5

Ice sheet velocity vp m s−1 0.05

Element length L0 m 0.25, 0.5

Drag coefficient dc 2.0

Ice Thickness h m 0.25 – 1.25

Effective modulus E GPa 3.98 – 4.02

Poisson ratio ν 0.3

Density ρi kg m−3 900

Tensile strength σf kPa 200, 600

Shear strength τf kPa 600

Fracture energy Gf J m−2 12

Contact Normal stiffness kne GPa 3.98 – 4.02

Plastic limit σp MPa 1.0, 2.0

Ice–ice friction μii 0.01 – 0.55

Ice–structure friction μis 0.05 – 0.15

Water Density ρw kg m−3 1010

Structure Inclination angle α ◦ 20 – 82

pendent on the prevailing ice condition, such as amount of snow on top

of the ice, a wide range of friction coefficients were used to observe the

influence of friction on the process.

Additional parameters used in the simulations were derived from the

parameter values given in Table 2.1. These include damping constants for

both internal ci and contact cc damping, normal and tangential stiffnesses

kne and kte for the contact and shear modulus G for the beam model. Both

damping constants were defined to have a value proportional to a critical

damping of a simple damped spring-mass system that is 2
√
mE, where m

is the mass of a discrete element and E is effective modulus. The normal

contact stiffness had the same value as effective modulus. The tangential

stiffness and the shear modulus were defined by using effective modulus

E and Poisson ratio ν the usual way, that is G = E
2(1+ν) .

A brief description of the simulated process is presented in Fig. 2.2. In

the figure, L is the length that ice has moved after its initial contact with

the structure. In the initial parts of the simulations, the intact ice sheet

contacted the structure and then failed by bending (Fig. 2.2a). As the sim-

ulation continued, more ice was pushed against the structure and even-
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Figure 2.2. Snapshots describing the simulated rubble formation process. Structure
(black), water (gray), ice (ends of each ice block blue and ice in between white,
individual elements red). L is the length of the pushed ice.

tually this failing ice formed a rubble pile (Figs. 2.2b and c). During each

simulation about 250 − 500 m of ice was pushed towards the structure

(Fig. 2.2d).

2.3 Assumptions and limitations

In the combined finite-discrete element method used, the major ice fail-

ure modes accounted for were bending, shear and buckling of the two-

dimensional ice sheet, and crushing in the contact areas of colliding ice

blocks. Crushing was modeled by using a plastic limit force fp as an up-

per limit for the normal contact force. During this crushing the ice block

geometry did not change and no new ice features were created. Thus, in

the simulations, the minimum ice block size was bounded by the element

length L0 and the ice thickness h (see Fig. 2.1), which also define a com-

minution limit for the model used. It is assumed that the crushed ice does

not have a major affect on the behaviour of the ice rubble pile during the

rubbling process. Thus, the comminution limit defined by L0 and h is rea-

sonable as the other failure modes than crushing can be modelled with

the element length chosen.

The element length L0 is linked with ice fracture model as defined in

Publication I. It also determines a critical time step size Δt and damping

constants ci and cc through the element mass. Taking into account these
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dependencies, element size small enough to have majority of the ice blocks

in the rubble compose of more than one element and large enough to be

able to use as large time step as possible was chosen.

It is usually assumed, that during the ice rubbling process, there is no

freezing between the ice blocks in the rubble. Thus, no cohesion between

the ice blocks was modelled and only loose ice rubble was considered in the

simulations. One further assumption made in the simulation was that the

formed ice rubble piles did not ground.

The method used was two-dimensional. While a two-dimensional model

can not capture all the phenomena in the formation of rubble against

structures, it is believed that the model can be used to study ice rubbling

against wide structures, where the ice clearing effect is not dominant. The

effects of the two-dimensionality observed in the simulations are pointed

out in connection with the results.

The developed method is time consuming when simulating this kind of

long lasting ice rubbling. Thus, with currently available computers, the

method is more inclined to academic use than practical engineering use.

However, it is believed that by using this method, a new insight of the

ice rubbling process can be obtained and with this new information, the

existing analytical models for calculating ice loads on structures can be

developed further.
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3. Results and discussion

3.1 Load response

3.1.1 Numerical experiments

As mentioned in Publication III, the rubble formation simulations were

sensitive to initial conditions and to given parameters. Taking advantage

of this sensitivity, replication of the simulations was possible by altering

the effective modulus. The values used for the effective modulus were

3.98, 3.99, 4.00, 4.01 and 4.02 GPa. With these values, the variation of ef-

fective modulus was less than 1 %.

Mean forces of five replicate simulations, as defined in Publication IV,

represent a smoothed force response. With this smoothed response it was

possible to compare some of the force trends between different simula-

tions.

In Fig. 3.1, the mean horizontal ice force is shown for two different ice

thicknesses. The mean force data shown was filtered with a median filter

using three neighbor values.

It is apparent from Fig. 3.1 that with thicker ice the mean force on the

structure was higher. In addition, the variation of the mean force values

was larger with thicker ice than with thinner ice.

In Fig. 3.2, the mean force filtered with median filter is shown with

two different inclination angles. The force from the initial parts of the

simulation is shown in Fig. 3.2a and the force from the whole simulation

is shown in Fig. 3.2b.

From Fig. 3.2a it can be observed that with a steeper inclination angle

there were higher force peaks than with a smaller angle. As the force

peaks were of shorter duration, there were more of them for the steeper
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Figure 3.1. Mean horizontal force on the structure Fmean
h of five replicate simulations as

a function of the length of the pushed ice L. Mean force data shown was
filtered with a median filter.
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Figure 3.2. Mean horizontal force on the structure Fmean
h of the five replicate simulations

as a function of the length of the pushed ice L. In a) force from the initial
parts L < 50 m and in b) force from the whole simulation 0 < L < 250 m is
shown. Force data shown was filtered with a median filter.

angle. However, when looking at Fig. 3.2b, it can be observed that as more

ice rubble was against the structure, force levels evened out and the effect

of inclination angle α becomes less clear.

3.1.2 Comparison with laboratory tests

The tests conducted by Timco (1991) were arranged such that ice be-

haviour was essentially two-dimensional. For the tests, an idealized two-

dimensional model structure was designed. The model was designed to

represent a plane-surface that could be rotated through an angular range

of ± 30◦ from the vertical. The model structure was mounted to a carriage
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that was slowly driven along the length of an ice tank at a rate of 2 cm/s.

As the test progressed, a large pile of broken ice accumulated in front of

the structure. The front face of the structure was divided into 6 horizontal

segments, 2 above the waterline and 4 below. Each segment, of dimension

15 cm high by 95 cm wide, allowed the normal and tangential load on each

segment to be measured. With this design, the total loads and moments

on the plane were measured, as well as the vertical distribution of normal

and tangential loads.

Saarinen (2000) conducted similar experiments as Timco (1991). In the

18 tests conducted by Saarinen (2000), a 4.6 m wide and about 30 m long

strip of ice sheet was pushed against an inclined plate with a constant

speed of 10 mm/s by a carriage. The dimensions of the inclined plate

were 2.3 m high by 2.0 m wide and the angle of inclination of the plate

could be altered. At the end of each experiment a pile of broken ice had

accumulated against the structure. During the experiments the total ice

load was measured from the inclined plate.

The simulated ice rubbling process agreed well with the results obtained

in the laboratory tests reported by Timco (1991) and Saarinen (2000).

Fig. 3.3 shows the total horizontal force Fh on the sloping structure as a

function of the length of pushed ice L from a simulation and also the force

obtained in the laboratory experiments conducted by Saarinen (2000).

From the Fh(L) graphs of Fig. 3.3 it is noticed that the simulation was

able to capture the force response of the ice rubbling experiment con-

ducted by Saarinen (2000) reasonably well. However, the simulated load

drops to zero due to the loss of contact between the pile and the sloping

structure after pile failure. This is assumed to be caused by the 2D nature

of the simulations and is thus not observed during the experiments. In the

experiments, as ice sheet fails against the structure, an ice block detaches

from the intact ice sheet and the contact with the ice and the structure

is lost at that point. But at distance, in the horizontal dimension, the

ice sheet is still in contact with the structure and non-zero ice loads are

measured. This phenomenon cannot be captured by the two-dimensional

model used. However, when a mean force from replicate simulations was

used, as shown in Figs. 3.1 and 3.2, the simulated loads do not drop to

zero. This can be seen as an approximate of the non-simultaneous fail-

ure of an ice sheet described above. The load peaks of the simulation

were also a bit higher than the measured ones. Nevertheless, the average

loads of 310 and 370 N/m obtained from the Fh(L) graphs of simulation
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Figure 3.3. Horizontal force Fh acting on the structure as a function of the length of
the pushed ice L as obtained from the simulation and experiment (Saarinen,
2000).

and experiment, respectively, were in fair agreement. Similar responses

were measured also from model scale experiments by Timco (1991) and

Hopkins (1997).

3.1.3 Comparison with field measurements

As the simulations were two-dimensional, the loads were best compared

with a wide structure, such as the Molikpaq. The Molikpaq is a steel

caisson with octagonal shape consisting of four 60 m long sides and four

22 m long sides. At the mean water level, the Molikpaq has a diameter of

90 m and angle of outer face α = 82◦. A schematic figure of the Molikpaq

structure is shown in Timco and Johnston (2003). Full scale observations

from the Molikpaq have been reported by Neth (1991) and Timco and

Johnston (2003, 2004). The entire load histories of different events were

not available, but in Timco and Johnston (2004), the ice load events on

the Molikpaq indicating the peak load values were reported. Thus, four

simulations with different ice thicknesses (0.75m, 0.9m, 1.0m, and 1.1m)

were conducted to model rubble formation against the Molikpaq. The

inclination angle of the structure, in these simulations, was α = 82◦.
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Figure 3.4. Full-scale peak Line Loads measured from Molikpaq (Timco and Johnston,
2004) and simulated peak loads as functions of ice thickness.

Qualitatively, the simulations agreed well with the observed rubble for-

mation against the Molikpaq. Both in simulations and in full scale, there

were upward and downward bending failures, formation of ice blocks,

ride-ups, and sails in front of the structure. In addition, as the pile had

formed, ice sheet failed by bending also against the pile, away from the

structure. Examples of the simulated ice failure modes were presented

in Publication III and the failure modes observed on Molikpaq were pre-

sented for example by Timco and Johnston (2003).

Of the various first year level ice failure modes observed at the Mo-

likpaq, the current simulation method can best model bending or mixed

mode failures leading to formation of floating rubble piles. A table by

Timco and Johnston (2004) included data from 12 mixed mode events

leading to rubble formation, and 14 rubble formation events whose pri-

mary mode was not known. Data of these 26 events are shown Fig. 3.4

along with the simulation results. Following Timco and Johnston (2003),

the full scale loads were given as Line Loads defined as

Line Load =
Measured Global Load

Width of Structure Loaded by the Ice
.

Line Loads defined this way can be directly compared to the simulated

two-dimensional loads. The peak ice loads from the later parts of the

simulation, when a rubble pile had already formed, were used in the com-

parison with full scale data.
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Figure 3.5. A schematic figure of the ice rubble pile identifying the sail and the keel parts
and their dimensions.

Fig. 3.4 shows that the simulation method captured the peak loads on

the Molikpaq effectively. Especially, the measured and simulated loads on

mixed mode cases with thick ice were similar. The failure mode was un-

known at the events with h = 0.7 m, and these events could thus include

both crushing with high loads and mixed mode failure with lower loads.

The simulations were also able to capture the force-displacement record

of the process reasonably well. The force-displacement records showed

similar behavior that has been seen in the full scale measurements (Neth,

1991; Timco and Johnston, 2003) with increasing and decreasing force

cycles.

3.2 Rubble pile properties

The porosity of a rubble pile νp was defined as (1 − νp)A = hL, where

A is the cross sectional area of the pile, h is the ice thickness, and L is

the length of the pushed ice sheet. The porosity νp of the simulated piles

was in the range of 0.06 . . . 0.16, as outlined in Tables 3.1 and 3.2. The

porosities measured from the full scale ice ridges ranged from 0.29 to 0.38

(Heinonen, 2004), but Høyland (2007) measured porosities as low as 0.10.

It is obvious that the simulated rubble piles were tightly packed. This

was assumed to be an effect of the two-dimensionality of the simulations.

In Fig. 3.5, the keel depth and the sail height measures are shown. Ta-

bles 3.1 and 3.2 show the keel depth to sail height ratio hk/hs, where hk

and hs were measured at the end of each simulation. In the simulations

analysed, this ratio varied between 3.6 − 6.4. In situ, an average ratio

hk/hs of full-scale ridges was recorded to be 4.4 by Timco and Burden

(1997) and 3.7 by Høyland (2007). In measurements conducted by Høy-

land (2007), the range of measured keel depth to sail height ratios was
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Table 3.1. Porosities νp, keel depth to sail height ratios hk/hs and block dimensions l/h

and l̂/h with different ice thickness h. l is an average ice block length and l̂ is
an ice block length in the pile that did not take into account blocks consisting
of only one element.

h [m] νp hk/hs l/h l̂/h

0.25 0.16 4.0 2.2 3.1

0.50 0.14 3.6 1.8 3.2

0.75 0.16 5.5 1.2 2.5

1.00 0.11 5.2 0.9 2.4

Table 3.2. Porosities νp, keel depth to sail height ratios hk/hs and block dimensions l/h

and l̂/h with different ice–ice frictions μii. l is an average ice block length and l̂

is an ice block length in the pile that did not take into account blocks consisting
of only one element.

μii νp hk/hs l/h l̂/h

0.01 0.06 5.4 1.7 3.8

0.10 0.10 6.4 1.7 3.5

0.35 0.13 4.8 1.8 3.5

0.55 0.16 4.1 1.8 3.5

1.5 − 5.1. The ratios obtained from the simulations were on the upper

side of the measured ratios but they were still in fair agreement with the

measured ones.

The ice block sizes in the rubble pile were quantified using the l/h ratio,

where l is length of an ice block in the rubble. In simulation results, the

length l was taken as an average of the ice block lengths in the pile. Fur-

ther, a length l̂ was used. It was an average ice block length in the pile

that did not take into account the length of blocks consisting of only one

element. This approximates the limiting situation where it is assumed

that all the smallest ice blocks were not measured in the full-scale ex-

periments either. The ratios l/h and l̂/h were determined at the end of a

simulation for eight different cases and are presented in Tables 3.1 and

3.2.

Høyland (2007) has recorded average value of ratio l/h = 3.7 and ra-

tio w/h = 2.4 measured from ice ridges, where l and w were the length

and width of a three-dimensional ice block. Comparing these measured

values to the values obtained from the simulations, it is observed that if
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all the small ice blocks in the simulation were included in the average

length calculations, the l/h ratios were clearly smaller. This means that

smaller ice blocks were formed in the ice-structure simulations than in

the ice ridges in nature. However, if the ratios l̂/h were examined, then

all the values were in the range of 2.4 − 3.7 recorded by Høyland (2007).

In the ice ridging simulations, documented by Hopkins (1994), the range

of ratio l/h was 3.1− 5.1. These were again on the upper side of the range

measured in the field. Nevertheless, in simulations, the ratios l/h and l̂/h

showed that the ice block sizes tend to be a bit smaller than measured

from the ice ridges. This could be due to the differences in the processes

of ice ridging and ice failure against an inclined structure, since in the ice

ridging simulations made by Hopkins (1994) the ratio l/h was also larger

than in these ice-structure simulations.

3.3 Peak load phenomena

In simulations carried out to capture the peak load phenomena, the rubble

pile formation process was continued for a sufficiently long time that most

of the process events were assumed to have occurred. This was supported

by the fact that all the observed process phenomena repeated themselves

in different simulations. Therefore, it was possible to analyse the phe-

nomena linked with these different events in detail. Nine simulations,

identified with numbers 11 − 19, were analyzed in depth. The main pa-

rameters of these representative simulations are given in Table 3.3.

From each of the nine simulations in Table 3.3, three peak load events

were chosen. Examples of these events are shown in Figure 3.6. Of the

three force peaks, one was from the initial, one from the middle and one

from the final stage of a simulation. These peak load events are termed 1,

2 and 3, respectively. For the simulation with Id 12, one additional force

peak referred as 2∗ was also chosen. The 28 extreme events selected were

analyzed in more detail. In particular, different situations leading to the

force peaks and also the reasons that lead to decrease of the force after a

peak were addressed.

One situation leading to a peak load was the ride-up of an ice sheet on

the structure. An example of a ride-up was the event 1 in simulation

with Id = 13. A close up of the force during this case is shown in Fig-

ure 3.7. In Figure 3.8, non-dimensional average velocities v/vp of discrete

elements in the ice rubble during a time interval δt are shown. During
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Table 3.3. Main parameters of the nine simulations modeling peak load phenomena.

Id h [m] α [◦] μii μis L0 [m]

11 0.25 50 0.35 0.10 0.25

12 0.50 50 0.35 0.10 0.50

13 0.75 50 0.35 0.10 0.50

14 0.925 50 0.35 0.10 0.50

15 1.25 50 0.35 0.10 0.50

16 0.50 50 0.01 0.15 0.50

17 0.50 50 0.10 0.15 0.50

18 0.50 50 0.35 0.15 0.50

19 0.50 50 0.55 0.15 0.50

L = 110 − 121 m the ice sheet was gradually riding up and some minor

load drops can be seen from Figure 3.7. It can be noticed that the load

was increasing as long as the pile below the pushing ice sheet was being

pushed up the structure, see Figs. 3.7 and 3.8a. As the rubble pile under

the pushing sheet stopped, the load no longer increased, even though the

level ice sheet was still moving upwards along the structure, Figs. 3.7,

3.8b. The major load drop at L = 122.5 − 123.0 m was due collapse of the

rubble pile, where major change in the pile geometry occurred and the

level ice riding up slid downwards to water.

In addition to ride-up (RU, Figure 3.8), other peak load events observed

in the simulations involved loading through rubble pile (LRP), formation

of sails away from the structure (SAFS), and formation of sails in front of

the structure (SIFS). These events are presented more closely in Publica-

tion III.

The reasons for the major load drops were hard to identify unambigu-

ously for all the cases. The major load drops usually involved some sort

of change in the rubble configuration. This change can involve many in-

dividual events, so it was difficult to distinguish which one of them was

the main reason. Therefore, only the following broad definitions for the

major load drops were used: sail failure or deformation (SFD), rubble fail-

ure (RF), and pushing ice sheet failure (PIF). Examples of these cases are

given in Publication III.

The events linked with the peak load cases and the reasons for the major

load drops in the simulations with different ice thicknesses and friction
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(b) Simulation Id 14, h = 0.925 m.

Figure 3.6. Horizontal force Fh acting on the structure as a function of the length of the
pushed ice L for simulations with Ids 13 and 14. Both the original and median
filtered force are presented. The numbers {1, 2, 3} refer to chosen peak forces.

coefficients are collected to Tables 3.4 and 3.5. The symbols 1, 2, 2∗ and

3 in Tables 3.4 and 3.5 refer to the representative events such as those

shown in Figure 3.6.

From Table 3.5 it can be observed that with low ice–ice friction coeffi-

cients μii = 0.01 − 0.10, the peak forces were due to ride-ups or loadings

through rubble piles. By looking more closely at these cases, it was noticed

that such sails that could be pushed by the ice sheet did not form. With

low friction, the sails were low (see Publication II). Sails did form, but

they formed from deforming rubble rather than directly from the pushing

ice sheet. On the other hand, with higher ice–ice frictions, μii = 0.35−0.55,
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Figure 3.7. Horizontal force during an extreme event 1 in simulation with Id = 13. A
close up of a horizontal force graph shown in Figure 3.6a.
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Figure 3.8. Ice rubble pile during an extreme event 1 in simulation with Id = 13. The
horizontal force during this event is shown in Figure 3.7. a) Force increasing
as pile is pushed to structure with the ride-up. b) Rubble pile stops and ride-
up moving upwards. Force on the structure decreasing, see Figure 3.7. Scale
not constant between the plots.

peak loads occurred when the ice sheet was loading the structure through

a rubble pile or through a sail formed away from the structure.

Table 3.5 shows also that almost all major load drops with low ice–ice

friction values were due to rubble pile failures, and with high friction

values they were due to pushing ice sheet failures. This seems logical,

with higher ice–ice frictions more load was needed to deform the rubble

pile.

Remembering that the symbols 1, 2, and 3 in Tables 3.4 and 3.5 indi-

cate the amount of ice pushed into the rubble (see, e.g., Figure 3.6), it was

observed that the ride-ups and sails in front of structure were mostly oc-

curring in the early stages of the simulation when smaller rubble piles

were present. On the other hand, when a rubble pile had grown larger,

the pushing ice sheet did not reach the structure easily and the ice sheet

31



Results and discussion

Table 3.4. Events linked with the peak loads and reasons for the major load drops with
different ice thicknesses h for simulations with Ids 11 − 15 (μii = 0.35). The
symbols 1, 2, 2∗ and 3 indicate the representative extreme events (see, e.g.,
Figure 3.6). Abbreviations for peak loads: RU≡ ride-up, SIFS ≡ sail in front
of structure, SAFS ≡ sail away from structure and LRP ≡ loading through
rubble pile. Abbreviations for load drops: SFD≡ sail failure or deformation,
RF ≡ rubble failure, PIF ≡ pushing ice sheet failure.

Peak loads Major load drops

h [m] RU SIFS SAFS LRP SFD RF PIF

0.25 – 1 2,3 – 2,3 1 –

0.50 – 1 2,2∗ 3 – 2* 1,2,3

0.75 1 2 3 – 3 1,2 –

0.925 – – 2 1,3 2 – 1,3

1.25 1,3 – – 2 – 1 2,3

Table 3.5. Events linked with the peak loads and reasons for the major load drops with
different ice-ice frictions μii for simulations with Ids 16 − 19 (h = 0.5 m). The
symbols 1,2 and 3 indicate the representative extreme events. Abbreviations
for peak loads: RU≡ ride-up, SIFS ≡ sail in front of structure, SAFS ≡ sail
away from structure and LRP ≡ loading through rubble pile. Abbreviations
for load drops: SFD≡ sail failure or deformation, RF ≡ rubble failure, PIF ≡
pushing ice sheet failure.

Peak loads Major load drops

μii RU SIFS SAFS LRP SFD RF PIF

0.01 1 – – 2,3 – 1,2,3 –

0.10 1,2 – – 3 – 1,3 2

0.35 – – 2 1,3 2 – 1,3

0.55 – – 1 2,3 – – 1,2,3

was forced to fail away from the structure. The same observation has also

been made in full-scale (Neth, 1991).

A common phenomenon of the different peak load situations was loading

of the rubble pile in a way that a part of the pile was pushed upwards. This

happened either away from the structure or against the structure. This

kind of situations caused peak forces in all of the peak load events that

were analyzed.
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3.4 Parameter effects on ice loads

The effect of five parameters on the ice rubbling forces were also studied.

These parameters were ice thickness h, inclination angle of the structure

α, tensile strength of ice σf , ice–ice friction μii and plastic limit σp.

These parameters were selected based on an analytical model by Croas-

dale et al. (1994), presented in Publication IV, for calculating the hori-

zontal force on a sloping structure. In addition to ice sheet parameters,

the model by Croasdale et al. (1994) also takes into account some effects

of a rubble pile. These model variables include for example h, α, σb (the

bending strength of ice), μii and ice rubble parameters such as porosity

γ, cohesive strength c and friction angle φ. The mentioned ice rubble pa-

rameters were not controlled as variables in the simulations presented

here.

A parameter that was included in the simulation variables but is not

found in the model by Croasdale et al. (1994) is the plastic limit σp. This

parameter defined the compressive strength of the ice at the contacts.

As it acts between the contacting discrete elements it was assumed to

influence the rubble pile and the forces on the structure. Thus, it was

added to the parameters analyzed with the simulations.

Numerical experiments were designed to give information about the ef-

fects of the chosen parameters on the total horizontal ice force on the slop-

ing structure. To be able to analyze the experimental results rigorously

and to observe any possible interactions between the different parame-

ters, factorial experiments (see e.g Montgomery, 2005) were conducted.

With the factorial experiment, the information from the main effects as

well as interaction effects of the parameters on the ice loads were ob-

tained. The main effects approximate changes of the force on the struc-

ture as variables, or factors, are changed from lower to upper level, for

example thickness h from 0.5 m to 1.25 m. The interaction effects, on the

other hand, show if there is any interaction between different factors, that

is if a factor has an effect on the peak force values at different levels of

another factor.

A two level factorial analysis (see e.g Montgomery, 2005) was conducted

for parameters h, α and σf , and another for parameters μii , σp and h. The

parameter sets in the factorial analyses were chosen such that the pa-

rameters used in a factorial analysis were not coupled. The values used

in these factorial analyses are shown in Table 3.6. In each of the simula-
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Table 3.6. Parameters analyzed with numerical experiments. Five replicate simulations
of each set were performed.

Set h [m] α [◦] σf [kPa] μii σp [MPa]

Group A 1 0.50 30 200 0.3 2.0

2 1.25 30 200 0.3 2.0

3 0.50 70 200 0.3 2.0

4 1.25 70 200 0.3 2.0

5 0.50 30 600 0.3 2.0

6 1.25 30 600 0.3 2.0

7 0.50 70 600 0.3 2.0

8 1.25 70 600 0.3 2.0

Group B 9 0.75 70 600 0.3 2.0

10 1.00 70 600 0.3 2.0

11 0.75 30 600 0.3 2.0

12 1.00 30 600 0.3 2.0

Group C 13 0.50 70 600 0.1 1.0

14 0.50 70 600 0.1 2.0

15 0.50 70 600 0.3 1.0

16 1.25 70 600 0.1 1.0

17 1.25 70 600 0.1 2.0

18 1.25 70 600 0.3 1.0

tion sets shown in Table 3.6, five replicate simulation runs were conducted

by altering the effective modulus as described in section 3.1.1. The error

bounds for the simulated values of horizontal force on the sloping struc-

ture were then defined according to the number of these replicate runs.

Examples of the total horizontal force Fh acting on the structure as a

function of the length of the pushed ice L from simulation set 8 is shown

in Fig. 3.9. To keep the figure readable, horizontal forces from only two

replicate simulations are shown. The force graphs in Fig. 3.9 are filtered

with a median filter using three neighbor values. From Fig. 3.9, the sensi-

tivity of the process to small changes in effective modulus can be observed.

Three peak force values from each of the five replicate simulations from

every simulation set were picked. The peak forces were picked so that

the first was the maximum peak from initial part of the simulation with

no more than 50 m of ice pushed to the structure, the second was the

maximum peak from the middle part with 50− 150 m of ice pushed to the
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Figure 3.9. Total horizontal forces Fh acting on the structure as a function of the length of
the pushed ice L from simulation set 8. Horizontal forces from two replicate
simulations are shown. Force data shown is filtered such that every force
peak is composed of more than one data point. Circled peak force values
were selected for further analysis, as described in the text.

structure and the last was the maximum peak from the final part with

150−250 m of ice pushed to the structure. Fig. 3.9 shows these three peak

forces from both of the simulations shown.

The size of the ice rubble pile in front of the structure grew as more ice

was pushed against it. Since the peak force values were selected from the

different phases of a simulation as explained above, the influence of the

rubble pile to the parameter effects was able to be studied.

The main and interaction effects of the parameters σp, μii and h are

shown in Table 3.7 from two different rubble pile stages, namely a small

rubble pile (50<L< 150 m) and a large rubble pile (150<L< 250 m). The

effects of the parameters α and σf are discussed in Publication IV and are

not shown here. For the interaction effect, the higher the absolute value

in Table 3.7 is, the stronger the interaction. The approximate 95% confi-

dence intervals on the factor effects defined with the help of the replicate

simulations are also shown in Table 3.7.

The thickness effect was clear in both of the cases shown in Table 3.7.

With smaller rubble piles (50< L< 150 m), no other main or interaction

effects of the studied parameters was noticed. When larger rubble piles

were present (150<L<250m), also other effects of the studied parameters

were starting to show as indicated by Table 3.7.
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Table 3.7. Main (σp, μii, h) and interaction effects on peak load values as obtained from
the two level factorial analysis. The effects on peak load values are shown
from two different rubble pile stages that is a small pile (50 < L < 150 m) and
a large pile (150 < L < 250 m). The approximate 95% confidence intervals on
the factor effects are also shown.

Factor Factor Small rubble pile Large rubble pile

levels (50 < L < 150 m) (150 < L < 250 m)

kN kN

σp [MPa] 1.0, 2.0 30 ± 70 120 ± 70

μii 0.1, 0.3 -30 ± 70 -50 ± 70

h [m] 0.5, 1.25 410 ± 70 520 ± 70

σp − μii 20 ± 70 -130 ± 70

σp − h 10 ± 70 110 ± 70

μii − h -40 ± 70 -20 ± 70

σp − μii − h 40 ± 70 -140 ± 70

With large rubble piles, clear increase in peak load values with increas-

ing plastic limit was noticed from Table 3.7, but still no observable effect

on ice–ice friction to the peak load values. Interaction between factors

σp − μii, σp − h and σp − μii − h were also observed. Thus, instead of in-

terpreting the effects of the factors individually, all of the factors were

considered jointly. To be able to further study the three way interaction

effect σp − μii − h, mean peak force values with upper and lower parame-

ter values in the case of large rubble piles (150<L< 250 m) are shown in

Fig. 3.10.

From Fig. 3.10, it can be noticed that with thick ice and high ice–ice

friction, that is h = 1.25 m and μii = 0.3, the plastic limit σp had only

small effect on the peak loads on the structure. With thick ice and lower

friction, on the other hand, increasing σp increased the peak load from

480 to 980 kN. The frictional contact forces are tangential to the ice block

edges and σp influences through the normal contact forces. This indicates

that, with thicker ice and higher ice–ice friction, the load was transferred

through the rubble pile more by friction than by normal force between

the ice blocks. Thus, σp did not significantly influence the data when μii

was high. In the case of thicker ice and lower ice–ice friction, the load

through the rubble pile was transferred through higher normal contact

forces instead. Since these normal contacts were able to carry higher loads

with higher σp, an increase in the mean peak loads was observed as σp

increased.
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Figure 3.10. Mean peak force values with upper and lower parameter values of σp, μii

and h from large rubble pile stage (150 < L < 250 m) of the simulations sets
7, 8, 13-18.

During the initial parts of the simulations (L< 50 m) the ice thickness

had clear effect again (not shown in Table 3.7). There was no effect of

the parameters σp and μii on the peak load values during this initial part.

However, as indicated above, some effects were found once the rubble piles

formed. This indicates how force was transmitted through the rubble pile.

3.5 Vertical pressure distribution

A representative pressure distribution on the structure as a function of

the length of the pushed ice L is shown in Fig. 3.11a. The pressure dis-

tribution shown in the figure is from simulation set 3 with E = 3.98 GPa

(see Table 3.6). The instant of the maximum pressure is shown with a red

plane and it is shown separately in Fig. 3.11b.

Fig. 3.11a shows that high pressures occurred around the waterline (y =

0) during most parts of the simulation. Further, some high pressures

clearly occurred below the waterline, especially when more ice rubble was

in front of the structure (L > 50 m). The high pressures were local which

is illustrated more accurately in Fig. 3.11b.

To investigate how the slope angle influences the pressure distribution

on the structure, the percentage of the number of pressure peaks above

threshold values as a function of the non-dimensional water depth y/h are
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(a)

(b)

Figure 3.11. Example of pressure distribution on the structure in vertical direction y

as a function of the length of the pushed ice L. The pressure distribution
shown here is from simulation set 3 with E = 3.98 GPa. The instant of the
maximum pressure (L = 134.0 m) is shown with a red plane in (a) and the
pressure distribution on the structure at that instant is shown in (b).
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Figure 3.12. Percentage of the number of pressure peaks above threshold values as a
function of non-dimensional water depth y/h showing the mean pressure
distribution on a structure with two different slope angles. Number of peaks
was obtained from ten simulations with two different ice thicknesses with
five different effective modulus. The mean threshold pressure used was
15 kPa in (a) and 290 kPa in (b).

shown with two different slope angles in Fig. 3.12. The peaks, illustrated,

for example, in Fig. 3.11a, were defined as having lower pressure values at

neighboring points both in the time scale represented by L and in the spa-

tial scale represented by y. The number of peaks was obtained from ten

simulations with two different ice thicknesses with five different effective

modulus. Two different levels of threshold values were used for each sim-

ulation to see the influence of the threshold on the pressure distributions.

The threshold values were either 10 or 200 times the mean pressure of a

simulation. With these values, the mean threshold pressures used in the

distributions shown in Fig. 3.12 were 15 kPa and 290 kPa in (a) and (b),

respectively.

Fig. 3.12a shows that the pressure peaks were located around the wa-

terline, with most of the pressures being below the waterline. Further-

more, the distributions were not affected by the slope angle. However,

when investigating pressure distributions with a higher pressure thresh-

old (Fig. 3.12b), we observed differences between the distributions with

different slope angles. With a steeper slope, the pressure distribution

was similar to the lower pressure threshold case (Fig. 3.12a), indicating

that higher pressure peaks follow the same distribution as the lower ones.

With a smaller slope, on the other hand, a higher percentage of pressure

peaks were located further below the waterline.

Model-scale experiments of vertical pressure distribution on structures

subjected to rubble-forming ice were conducted by Timco (1991). A brief
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description of these experiments was given in 3.1.2. Timco reported that,

during the experiments, the majority of the load was transmitted to the

sloping structure at the waterline, even when there was a floating rubble

pile in front of the structure. In the model-scale tests that Timco con-

ducted, the slope angle was varied such that angles ±30◦ from the vertical

were taken into account. This did not affect the load transmission through

the rubble pile to the structure at the waterline. However, in simulations

with a small slope angle (α = 30◦) and a large rubble pile in front of the

structure, higher pressure peaks occurred below the waterline. Timco did

not carry out tests for such a small slope angle in the model-scale experi-

ments.

Annual vertical distribution of pressure on the cone of Confederation

Bridge pier was presented in Tripathi et al. (2011). In the case of a cone,

the interaction process differs from the simulated two-dimensional one,

but some indication of the full scale pressure distribution and level can

however be obtained from this cone data. The slope angle of the cone

of Confederation Bridge pier is 52◦ at mean waterline. The annual dis-

tributions showed that the measured pressure peaks concentrated on the

waterline, and that the number of pressure peaks decreased with distance

from the waterline, both upwards and downwards. The simulated results

were in line with this full scale observation especially with the steeper

slope.

In conclusion, Fig. 3.12 indicated that most pressure peaks were located

around waterline during simulations. The only exception to this was when

a large rubble pile existed on the structure with low a slope angle and

when only higher pressures are considered. Interestingly, loose rubble

piles, not even the larger ones, showed no influence on the pressure dis-

tribution when the slope angle was α = 70◦ (Publication V). Most of the

high pressure was above a level of −5 m. This and the fact that the pres-

sures were highly localized suggest that load from the pushing ice sheet

was transmitted through the rubble pile in a local manner.

3.6 Force chains

A majority of particles in a granular material carries less than average

load. The particles carrying above average loads appear to form a strong

network of forces. These particle networks are called force chains (Pe-

ters et al., 2005). The chains have been observed in simulations and in
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experiments with photoelastic particles (see, e.g., Geng et al., 2001; Ma-

jmudar and Behringer, 2005; Peters et al., 2005). A method to quantita-

tively characterize the force chains was introduced for discrete elements

by Peters et al. (2005). A similar method was applied here that also takes

into account the internal forces from the finite elements of the combined

FEM-DEM.

To characterize the force chains in simulations, a load vector fpl was cal-

culated for each discrete element. Adapting from Tordesillas et al. (2010),

this vector was derived from the tensor

σ̂ij =
Nc∑
c=1

f c
i r

c
j , (3.1)

where Nc is the number of contacting neighbors of a discrete element and

f c
i and rcj are the components of the contact force and the unit normal vec-

tor between the center of the elements in contact, respectively. The largest

eigenvalue of this tensor defines the magnitude fpl of the load vector and

the corresponding eigenvector defines its direction.

The force chain analysis for an ice rubble pile was conducted in two

stages. First, a force chain was defined as an assembly of three or more

discrete elements whose load vector magnitudes fpl each exceeded the av-

erage value. Then, the internal forces within the ice blocks, which consist

of multiple discrete elements, were taken into account to check whether

force chains continued along the ice blocks.

Examples of force chains at the instant of a peak load are presented in

Fig. 3.13. In the figure, the color scale presents normalized load vector

magnitudes fpl/f
max
pl . In Fig. 3.13a all the blocks in the rubble pile are

shown and in Fig. 3.13b and c the rubble pile profile is shown in darker

gray.

Fig. 3.13 show that the force from the pushing ice sheet was transmitted

to the structure through the ice rubble pile in a very local manner with

force chains, even when large rubble piles were present. Boundary condi-

tions for the rubble pile were induced by the structure on the right and by

gravity and buoyancy in vertical direction. The pushing ice sheet induced

the loading from the left of the rubble pile. Force chains were supported

from above and below by this rubble pile.

With a slope angle, α = 70◦, branching of the force chains was minor and

the chains were contacting the structure below or at the waterline, see

Fig. 3.13. With a smaller slope angle, α = 30◦, the force chains branched

more near the structure. A single highly loaded chain was still observable
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(a) Set 3, L = 53.2 m, E = 3.98 GPa.
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(c) Set 4, L = 246.6 m, E = 3.98 GPa.

Figure 3.13. Force chains at the instant of a peak load. The color scale shows normalized
load vector magnitudes fpl/f

max
pl . In a) all the blocks in the rubble pile are

shown and in b) and c) the rubble pile profiles are shown in darker gray.
The slope angle in all of the shown cases was α = 70◦.

from these branched chains. In the case of a smaller slope angle, force

chains are shown in Publication V. As the rubble pile was large relative

to ice thickness, some minor force chains were also formed in the rubble

pile, see Fig. 3.13b.

The force chains have been examined in granular packings with point

forces (e.g. Geng et al., 2001), in biaxial loading tests (e.g. Majmudar and

Behringer, 2005; Tordesillas et al., 2010) and in punch tests (e.g. Peters

et al., 2005). These tests were all quasistatic and the amount of particles
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Figure 3.14. On the left: Force chains. On the right: Zoomed view of the figures on the
left with transparent elements showing the force chains after the load has
dropped. The color scale shows normalized load vector magnitudes fpl/fmax

pl

and the rubble pile profile is shown in darker gray.

was larger than the amount of ice blocks in the rubble pile. Since the ice

rubble pile had a smaller number of discrete bodies compared to the tests

mentioned above, the number of force chains observed was considerably

smaller. During simulations, there was usually one major force chain that

transmitted the load to the structure. The force chains generally align in

the major principal stress direction of the applied load (Tordesillas et al.,

2010). This behavior was also observed in the simulation results where

the loading direction was imposed by the pushing ice sheet and the sloping

structure.

Contrary to the experiments (laboratory or numerical) mentioned above,

the simulated process was not quasistatic. Granular materials, such as

loose ice rubble piles, are rigid, but become unjammed and flow if suffi-

cient shear stress is applied (Corwin et al., 2005). Signs of this granular

flow and jamming in the rubble pile was observed in the simulations as

well (for the deformation patterns, see Publication III).

The transparent elements on the right in Fig. 3.14 show the force chains

after the load drop and indicate the occurrence of force chain buckling

during the load drop. In the investigated cases, we observed that the force

chain buckling either occurred in front of the rubble pile (Fig. 3.14a) or in

the rubble pile (Fig. 3.14b). It should be noted that force chain buckling

in the rubble pile occurred only when the rubble pile was large, that is,

when L > 100 m.

It has been argued that buckling of force chains is linked to a failure

43



Results and discussion

in the granular materials (see, e.g., Cates et al., 1998; Tordesillas et al.,

2010). As observed from the simulation results, the force chain buckling

occurred during a load drop. Thus, to be able to predict the loads on slop-

ing structure with a loose rubble pile in front, these force chains and their

buckling behavior should be understood.
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4. Concluding remarks

Extensive analysis on simulated ice rubbling process and loads on sloped

structures was made in this thesis. Especially, the granular character of

ice rubble piles was considered in the simulations. The following features

of the thesis are believed to be original:

1. In the context of combined finite-discrete element method, two novel

features presented were: 1) the use of Timoshenko finite element beams

with damping to calculate internal forces and to combine the discrete

elements and 2) bending failure by the cohesive crack approach while

simultaneously keeping track of the position of the neutral axis of the

beam. These features were presented in Publication I.

2. The use and validation of the developed two-dimensional combined

finite-discrete element method in ice rubbling simulations. The method

was validated with model scale experiment data in Publications I and

III. Full scale measurement data was used in validation of rubble pile

properties in Publication II and peak load levels in Publication III.

3. The phenomena during peak load events of the simulated ice rubbling

process were described in Publication III. A common phenomenon in the

peak load events was observed to be the loading of the rubble pile in a

manner that a part of the pile was pushed upwards.

4. In Publication IV, numerical experiments on parameter effects on peak

ice loads on sloping structures showed interaction between the parame-

ters. Thus, indicating that the effects of the parameters cannot be con-

sidered separately.
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5. An explanation for the observed vertical pressure distribution on a

sloping structure was given with force chains in Publication V. Also, in

Publication V, the load drop on the structure was linked to the buckling

of these force chains.

The developed two-dimensional method offers information, for example,

from inside the ice rubble piles, that is not available from the experiments

and the analytical models. The full-scale and the model-scale experiments

are expensive to conduct and, in addition, the full-scale experiments are

hard to repeat. These in-situ experiments, give important information

about the ice parameter values and the load levels on structures. They

give, to some extent, also visual observations of the ice failure modes,

but not from inside the rubble piles, as the developed method does. An-

alytical models, on the other hand, are easy for the offshore engineer to

use and they give also quite reliable load levels on structures. With cur-

rently available computers, the developed method is time consuming and

it cannot take into account all the phenomena of the three-dimensional ice

rubbling process. But not all the phenomena is taken into account in the

analytical models either and no information about the loading location on

the structure can be obtained. In addition, the analytical models give no

information about the rubble pile grounding and pile-up phenomena. All

this information is available when using the developed two-dimensional

method.

The developed two-dimensional method can benefit the future ice re-

search, for example, by addressing the reasons for the observed depth of

the keel. The sensitivity of the method to the parameters is a subject of

future work. It is possible that also the ice rubbling process in nature is

sensitive to the ice parameters, thus the developed method can be used to

study this sensitivity. To overcome the shortcomings of a two-dimensional

method and to model the real three-dimensional ice rubbling process, a

development of a three-dimensional numerical method is an important

challenge of the future.
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