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Abstract 

This research is focused on three distinct but interconnecting topics:1) investigation of the physical 

and mechanical properties of ice rubble, 2) material modelling of ice rubble, 3) numerical 

simulation of the interaction between ice rubble and structure. Literature shows a large scatter in the 

values of physical and mechanical properties of ice rubble due to non-standardised methods. 

Therefore, important tests are identified, and their major findings are presented. The shear box and 

punch through tests are important methods for deriving ice rubble properties, yet the interpretation 

of the results of the tests is not straightforward. Simulation of these tests offers a unique opportunity 

to gain insight into rubble behaviour and to calibrate a material model for ice rubble. The accurate 

modelling of the ice rubble is needed when designing marine structures in ice-covered waters. 

 

The friction coefficient between ice-ice, ice-rubber and ice-steel was investigated by measuring 

contact forces in controlled laboratory experiments. The experiments revealed that surface 

topology, speed and temperature play important roles in determining the friction coefficient on ice 

surfaces. Given the similarities between cohesionless ice rubble and brash ice, like their discrete 

nature, these two ice features can be explored together. A large-scale simple shear test and a pull-up 

test were conducted at Luleå harbour. The data collected over two test campaigns for large scale 

simple shear was analysed. An attempt was made to estimate elastic properties (bulk and shear 

modulus), yield strength, kinematic and volumetric hardening parameters for the continuous surface 

cap model (CSCM) based on large-scale test data. 

 

The calibration of the material model CSCM was done by curve fitting of simulation data to tests. 

The tests were simulated using the finite element method (shear-box test and punch through the 

test) and smoothed particle hydrodynamics (punch through and pull-up test). The automated 

optimization algorithms were used to find the admissible combination of input parameters. The 

assumptions of isotropy and continuity of surfaces reduced the number of input parameters. Despite 

the mesh distortion issue, the simulation of punch through test post-peak behaviour was simulated 

correctly. The expansion due to shear stress in the rubble was observed in the simulation shear box. 

The simulation results demonstrated that the evolution of the deformation patterns was related to the 

load records in the experiments. 

 

A seemingly promising numerical method i.e., smoothed particle hydrodynamics (SPH) was 

explored in this research. The limitation posed by mesh size in finite element formulation is 

removed in SPH formulation, yet this formulation takes advantage of the numerically robust 

underlying Lagrangian formulation. The plug formation in the simulation of punch through test and 

pull-up test was similar to that of test observations. Good agreement in the initial, peak and post-

peak part of the load-displacement relationship was achieved by calibrating the material model 

parameter. It can be seen clearly while comparing simulation results, that Mohr-Coulomb criteria 

are not fit to simulate the post-peak behaviour of ice rubble in the tests. 
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The Cohesive Element Method (CEM) was used to simulate two full-scale load events recorded at 

Lighthouse Norströmsgrund in the Gulf of Bothnia. Two load events were identified out of full-

scale measurement campaigns, “Measurements of Structure in Ice” (STRICE), to simulate ice 

rubble stricture interaction process with CEM. a scaling formula, based on ice rubble porosity, is 

explored to estimate material properties such as elastic modulus, fracture toughness and fracture 

energy. The hydrodynamic effects of water were added to the numerical model by the spring dash-

pot system which was developed during this work for the research on ice mechanics. The frictional 

forces were also part of the numerical model. A relative velocity based dynamic friction coefficient 

was introduced. The mass damping and stiffness damping were part of the numerical model for 

interaction between ice rubble and structure but were not fully investigated. 

 

Keywords: ice mechanics, ice rubble, sea ice ridges, punch through test, shear box test, friction 

coefficient, cohesive element method, smoothed particle hydrodynamics, continuous surface cap 

model, numerical modelling 
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Notations and Abbreviations  

Notations 

η Porosity 

e Void ratio 

ηk, ηs, ηt Keel, sail and total porosity 

c Cohesion 

  Angle of internal friction 

m  Mobilised angle of internal friction 

  Dilation angle 

11 22 33, ,    Principle stresses 

ijs  Deviatoric stress tensor 

ij  Stress tensor 

ij  Back stresses tensor 

11 22 33, ,    Principle strain 

e
ij ,

p
ij ,

ie
ij ,

d
ij  Elastic, plastic, inelastic and damage strain component 

ijklC  Fourth-order symmetric tensor of elastic stiffness moduli 

  Plastic multiplyer 

f  Yield function 

g Plastic potential function 

σfb Strength of freeze bond 

σsi Strength of submerged ice 

d
ij  

Stress tensor with damage 

vp
ij  

Undamaged stress tensor 

1 2 3, ,I I I  First, second and third stress invariant 

1 2 3, ,J J J  First, second and third deviatoric stress invariant 

v  Volumetric strain rate 

  Shear strain rate 

dm Damage parameter 
p  Hydrostatic pressure 

ij  Kronecker delta 

ije  Deviatoric strain 

vol  Volumetric strain 

  Hardening parameter  

  Shear strength 
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n  Confinement stress 

h0 Initial Smoothing length 

( )h t  Smoothing length 

v  Divergence of the flow 

E Elastic modulus 

  Poisson’s ratio 

G Shear modulus 

K Bulk modulus 

  Rubin’s scaling function 

cF  Compression surface 

fF  Shear surface 

  

 

Abbreviations 

 

CPU Central processing unit 

MC Mohr-Coulomb 

DP Drucker-Prager  

CEM Cohesive element method 

DEM Discrete element method 

FEM Finite element method 

SPH Smoothed particle hydrodynamics  

CSCM Continuous surface cap model 

STRICE Structure in Ice 

LOLEIF Low level ice forces 

CFD Computational fluid dynamics 

ALE Arbitrarily-Lagrangian-Eulerian 

TSLC Traction separation load curve 

FDD Freezing degree-days 

MWL Mean water level 
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1 Introduction 

1.1 Background and motivation 

The exploration of natural resources and Arctic shipping routes are the major causes of the 

increased activity in the Arctic area. Sea ice ridges are common ice features in Arctic and sub-

Arctic areas. They are major threats to shipping, pipelines, offshore structures and navigation 

aids. The main load contributor on offshore structures would likely be the first-year sea ice 

ridges if icebergs and multi-year ice ridges do not exist in that area. The highest free-floating 

ridge recorded was 12.8m above sea level and the deepest keel observed extended some 47m 

below sea level, see Weeks (2010). The sea ice ridges are made of consolidated and 

unconsolidated ice blocks, referred to as ice rubble. The degree and nature of consolidation 

vary throughout the cross-section of the ice ridge. Figure 1 shows the illustrative sketch sea 

ice ridge. The sea ice ridge form due to compression or shearing of an ice floe. Normally sea 

ice ridges are divided into three parts; sail, keel and consolidated layer with respect to their 

position relative to the waterline. Rubble above the water line (i.e. sail) has one-tenth of the 

volume of rubble below the waterline because of hydrostatic equilibrium. Ice rubble in a sail 

is considered dry, while in a keel it is considered wet since it is submerged. As ice rubble 

freezes at the waterline, it forms tightly fixed bonds between ice blocks. These cohesive 

bonds are called freeze bonds. Due to high macro porosity compared to level ice, presence of 

cracks and brine in pockets, the temperature gradient in the vertical direction, and irregular 

geometry, ice ridges are some of the complex ice features. Based on their life span they can be 

further classified as first-year ice ridges and multiyear ridges. Unlike multi-year ridges, the 

first-year ridges do not survive more than one winter season. Sea ice ridges are dynamic in 

nature, which means they keep developing based on environmental conditions.  

 
Figure 1. Sketch showing a simplified cross-section of sea ice ridge. 

The ice rubble formation can be observed when the ice sheet collides with offshore or onshore 



Introduction 

 

15 

 

structures. The ice rubble field can be described as a large ridge field where ice blocks are 

fully or partially consolidated. The ice rubble can exist between two colliding ice floes and 

also in the grounded form. The loads from the ice rubble cannot be ignored in the case of a 

wide offshore structure. The Movement of the ice rubble due to wind and currents can create 

ice loads on offshore and coastal structures. The accumulation of the ice rubble around the 

structure can increase the ice load by making the structure effectively wider. Furthermore, 

Barker and Timco (2005) have shown that Ice Rubble Generators (IRG) can be employed 

around the offshore structure to reduce the ice loads. The accumulated ice rubble field around 

the Arctic offshore structure may reduce the load on that structure as much as a factor of four, 

see Neth, et al. (1983). Similar observations have been made by Marshall and Frederking 

(1989), that grounded ice rubble field around the structure can reduce the pressure on the 

structure significantly.  

Therefore, it is essential to understand the ice loads from a stable rubble field which interact 

with the structure. The ice ridge interactions are different from level ice interactions and not 

described in standards ISO19906 (2010). Many numerical and analytical models have been 

proposed to estimate design load levels of sea ice ridges by various researchers such as 

Sanderson (1988), Timco, et al. (1999a), Heinonen (2004) and Serré (2011a). But “accuracy” 

is still the subject of discussion. The lack of effective models to predict the loads is mainly 

contributed to limited numbers of full-scale ice ridge structure interaction data. The loads 

resulting interaction between ice rubble and structure can be highly complicated due to the 

uncertainties such as the effect of geometric properties and velocities. The ice rubble structure 

phenomenon has been studied in laboratory and in-situ test condition. The laboratory results 

cannot be used directly to predict the load which results from the ice rubble structure 

interaction because of the size effect which plays a major role in determining the strength of 

the rubble. The high-quality test results are useful to validate and verify numerical models 

used in ice rubble structure interaction. However, the development of the ice rubble numerical 

model is hindered by a lack of high-quality data on the interaction between ice rubble and 

structure. Some similarities can be observed between ice rubble in first-year ice ridge keel and 

brash ice in frequently broken ship ice channels. High macro porosity and accumulation of 

random ice blocks are among them. Although generally brash ice in ship channels are 

considered as cohesionless. The investigation for mechanical propitiates for ice rubble and 

brash ice can be interchangeable up to a certain extent. For example, cohesionless ice rubble 

behaviour in simple shear is similar to that of brash ice. Also, field investigations by 

Sandkvist (1978,1986), Greisman (1981) and Bonath, et al. (2019) reported a ridge-like 

structure forming at sides of ship channels, see Figure 2. Accurate prediction of brash ice 

resistance needs through experimental testing backed by numerical simulation. 
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Figure 2. Sketch showing a typical cross-section of brash ice channel, based on 

Sandkvist (1978) and Greisman (1981) 

Therefore, much focus is given to studying the physical and mechanical properties of ice 

rubble. The understanding of failure pattern and deformation mechanism is crucial in terms of 

calibrating a material model. The Mohr-Coulomb or Drucker-Prager criteria can be used limit 

load calculation, but they fail to predict the compaction or expansion of ice rubble. The shear 

cap criteria developed by Heinonen (2004) and Serré (2011b), resolved some of the problems 

associated with volumetric changes. It is, therefore, imperative to have an accurate material 

model of ice rubble. This motivates to use of a continuous surface cap model based on three 

stress invariants and which can simulate volumetric (i.e. compression surface) and kinematic 

(i.e. shear surface) hardening. The continuum description of ice rubble seems to be valid if 

enough ice mass is present. So, the ice rubble studied here have consisted of enough ice 

blocks to qualify as continuum material.  

1.2 Research questions 

The primary objective of this study is to develop a simplified and accurate numerical method 

for predicting ice rubble field loads on vertically sided structures. To achieve this objective, 

this work has been divided into specific research questions (RQ), as given below. 

RQ [1] What factors affect the strength of ice rubble? What are important tests to determine 

the strength of ice rubble? (chapter 2) 

RQ [2] What factors influence the friction coefficient on ice surfaces? (section 2.1) (Appendix 

I) 

RQ [3] How well does the CSCM capture the failure modes compared to the MC when 

simulating a laboratory shear box test? (section 5.1) (Appendix II) 

RQ [4] How well can the behaviour of ice rubble in an in-situ punch through test be simulated 

by using FE formulations and SPH formulations? How are the two formulations different? 

(section 5.2) (Appendix III and IV) 

RQ [5] What are the deformation modes of brash ice in the in-situ pull-up test? (section 2.4) 

And what is the role and significance of void ratio, cohesion and internal angle of friction 

in the simulation of the test using SPH formulation? (section 5.3) (Appendix V) 
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RQ [6] How should cohesive element formulation be used to estimate the ice rubble field 

loads exerted on vertically sided structures? (section 5.4) (Appendix VI) 

RQ [7] How well is a large-scale shear test suited for estimating the brash ice properties? And 

how should the test data be used to estimate material model parameters? (section 2.5) 

(Appendix VII) 

The research questions defined above are answered in subsequent chapters and those answers 

are evaluated qualitatively and quantitatively in the conclusion chapter. Ultimately, this work 

presents an economical, accurate, and robust numerical method for simulating ice rubble 

interactions with structures. This research project aims to apply the knowledge gained from 

studying and simulating tests to real-world full-scale interactions between ice rubble and 

structure. It is worth mentioning that none of the performed simulations considered creep and 

strain rate dependent deformations. Also, vibration analysis and damping method 

investigations were not part of this study. 

1.3 Structure of the thesis 

This thesis book is an article-based thesis, which comprises published or submitted journal 

and conference articles. The thesis is divided into two parts. The first part consists of 7 

chapters and the second part is the appended articles. Chapter 1 discusses the main scope of 

the thesis. It gives the relevant background and objectives of this research. Chapter 2 consists 

of a literature review that focuses on tests to characterize the mechanical and physical 

properties of ice rubbles. Chapter 3 describes aspects of material modelling of ice rubble 

behaviour. This chapter is further divided into two parts. The first part gives the common 

deformation mechanisms associated with ice rubble failure. The second part is focused on the 

evolution and requirements of the material model used for ice rubble. A brief discussion about 

the CSCM is also given. Chapter 4 gives an overview of numerical methods used in this work 

to simulate the interaction between ice rubble and structure. Chapter 5 is dived into four 

subsections, each describing achievements and shortcomings of numerical modelling 

performed in this work. The conclusions of this work are presented in chapter 6 and finally, 

recommendations and improvements are suggested in form of future work in chapter 7. 

1.4 List of publication  

The thesis comprises the author’s major publications. In total three journal articles (two 

published and one in review) and four peer-reviewed conference articles (all published) are 

part of this thesis. The author was also involved in other research studies that are published, 

but not included in the current thesis. 

 Main publications appended to this thesis  

Paper I 

“EXPERIMENTAL INVESTIGATION OF FRICTION COEFFICIENT OF 

LABORATORY ICE” by Lennart Fransson, Aniket Patil, Henrik Andren, published in 

International Conference on Port and Ocean Engineering under Arctic Conditions, July 10-14, 
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2011, Montréal, Canada. 

 

Paper II 

“NUMERICAL SIMULATIONS OF SHEAR PROPERTIES OF ICE RUBBLE: A 

SHEAR BOX EXPERIMENT”, Aniket Patil, Bjørnar Sand, Lennart Fransson, published in 

International Conference on Port and Ocean Engineering under Arctic Conditions, June 9-13, 

2013, Espoo, Finland. 

 

Paper III 

“FINITE ELEMENT SIMULATION OF PUNCH THROUGH TEST USING A 

CONTINUOUS SURFACE CAP MODEL”, Aniket Patil, Bjørnar Sand, Lennart Fransson, 

published in International Conference on Port and Ocean Engineering under Arctic 

Conditions, June 14-18, 2015, Trondheim, Norway. 

 

Paper IV 

“SMOOTHED PARTICLE HYDRODYNAMICS AND CONTINUOUS SURFACE 

CAP MODEL TO SIMULATE ICE RUBBLE IN PUNCH THROUGH TEST”, published in 

International Conference on Port and Ocean Engineering under Arctic Conditions, June 14-

18, 2015, Trondheim, Norway. 

 

Paper V 

“SIMULATION OF BRASH ICE BEHAVIOUR IN THE GULF OF BOTHNIA 

USING SMOOTHED PARTICLE HYDRODYNAMICS FORMULATION PATIL”, Aniket 

Patil, Bjørnar Sand, Lennart Fransson, Andrzej Cwirzen, Journal of Cold Regions 

Engineering, 2021. 

 

Paper VI 

“NUMERICAL PREDICTION OF ICE RUBBLE FIELD LOADS ON THE 

NORSTRÖMSGRUND LIGHTHOUSE USING COHESIVE ELEMENT 

FORMULATION”, Aniket Patil, Bjørnar Sand, Andrzej Cwirzen, Lennart Fransson, Journal 

of Ocean Engineering, 2021. 

 

Paper VII 

“LARGE-SCALE SIMPLE SHEARING TEST OF BRASH ICE”, Aniket Patil, Vasiola 

Zhaka, Bjørnar Sand, Jan Laue, Andrzej Cwirzen. Journal of Ocean Engineering, (Submitted) 

 

 Other publications (not included in this thesis) 

Paper VIII 

“CONSTITUTIVE MODELS FOR SEA ICE RUBBLE IN FIRST YEAR RIDGES: A 

LITERATURE REVIEW”, Aniket Patil, Bjørnar Sand, Lennart Fransson, Hamid Daiyan, 

International Association for Hydro-Environment Engineering and Research: 21st IAHR 

International Symposium on Ice. Paper presented at IAHR International Symposium on Ice: 
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June 11-15, 2012. Dalian University of Technology Press, China. 

  

Paper IX 

“LABORATORY TESTING OF COMPRESSIVE AND TENSILE STRENGTH ON 

LEVEL ICE AND RIDGED ICE FROM SVALBARD REGION”, Victoria Bonath, Aniket 

Patil, Lennart Fransson, Bjørnar Sand, Proceedings of the 22nd International Conference on 

Port and Ocean Engineering under Arctic Conditions, June 09-19, 2013, Espoo, Finland. 

 

Paper X 

“SEASONAL DEVELOPMENT AND RESISTANCE OF A REGULARLY BROKEN 

ICE-COVERED SHIP CHANNEL IN THE BALTIC SEA”, Victoria Bonath, Christian 

Petrich, Aniket Patil, Lennart Fransson, Andrzej Cwirzen. Cold Regions Science and 

Technology (submitted). 
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2  Physical and mechanical properties of ice rubble 

The ice rubble or brash ice does not behave in a mechanically similar manner as the level ice. 

The level ice properties can be divided into two parts: mechanical and physical. The physical 

properties are, for instance, microstructure, thickness, temperature, porosity, salinity, crystal 

orientation, friction coefficient, surface tension. Whereas, the uniaxial and multiaxial 

compressive strength, tensile strength, elastic modulus, flexure and bending strength are being 

mechanical properties. The level ice is considered as transversely isotropic (orthotropic) 

because the c-axes are randomly distributed in a horizontal direction giving it the same 

mechanical properties in that plane. Several factors are affecting the properties of the level 

ice, but it is not sure how these factors influence the ice rubble. Due to different temperature 

gradients in the vertical direction, there is a spatial variation of mechanical properties in that 

direction. Also, due to particulate matter and the granular nature of ice rubble and brash ice, it 

is often associated with soil mechanics. Many of the constitutive models which represents the 

ice rubble originate from soil mechanics. Most popular among them is the Mohr-Coulomb 

yield criteria where the shear strength derivation is based on the angle of internal friction and 

cohesion. Thus, a variety of tests are dedicated to investigating the cohesion and the angle of 

internal friction related to ice rubble. 

As already established, the ice rubble is a discrete and granular material. Like in any 

particulate media, macro porosity plays an important role in determining the strength of ice 

rubble. The macro porosity of ice rubble (η) is defined as a ratio of the volume of cavities (Vc) 

to the total volume of the ice rubble (Vr). The space between solid blocks in an ice rubble pile 

is occupied by water, slush, snow and air. Similarly, the void ratio is the ratio of the volume 

of voids and the volume of solid material. The relationship between porosity and the void 

ratio is given as:  

 

1

e

e
 =

+
; 

1
e




=

−
 2.1  

The porosity of the ice rubble pile depends on the shape, size and arrangement of blocks. The 

porosity in the sea ice ridge is not constant and varies in the vertical direction. The ridge 

porosity is usually measured by drilling a hole using an auger drill tool. Each drop in the 

drilling process is considered as a void. As the process is manual, it is error-prone and 

requires skilled manpower to do this kind of measurements. Mean ice ridge keel porosity 

increases with its depth. For the Baltic Sea, the reported values of keel porosity (ηk) are 30-41 

% and sail porosity (ηs) are 20-35 %, see Leppäranta and Hakala (1989), Kankaanpää (1998) 

and Høyland, et al. (2000), while the recently reported values for the Barents Sea are ηk =6-

27% and ηs.=5-19%, see Bonath, et al. (2018). The difference in values can be attributed to 

measurement errors. Høyland (2002) defined total porosity (ηt) as the ratio of the volume of 
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voids within a ridge to total ridge volume, as: 

 
w b

t

w pi b

V V

V V V


+
=

+ +
 2.2  

Where, the volumes are defined in Figure 3.  

 
Figure 3. Definition of volumes, based on Høyland and Liferov (2005) 

It is often useful to present the keel porosity in terms of sail porosity as given by Timco 

(1997) as: 

 0.14 0.73k s = +  2.3  

Whereas, following the relationship between rubble porosity and average keel porosity was 

estimated by Heinonen and Määttänen (2000),Høyland (2000a) 

 0.04r k = +  2.4  

As the ridge forms, ice rubble begins to freeze or consolidate. The consolidation begins at the 

waterline and spreads downward. Refreezing begins in the voids filled with water and slush. 

This refrozen ice has a mixed crystal structure. The refreezing of voids reduces the porosity 

and volumetric expansion leads to cracking. Ridge formation is highly dependent on 

variations in environmental conditions. Various consolidation mechanisms, as given by 

Shestov and Marchenko (2016a,2016b) contribute to the reduction of the macro porosity. 

Thus, the internal structure of the sea ice ridge is highly inhomogeneous. Several studies have 

been published about the internal structure of sea ice ridges including Bonath, Petrich, Sand, 

Fransson and Cwirzen (2018).  

A variety of factors, including void ratio, confining pressure, strain rate, shape and size of ice 

blocks, and time history, appeared to contribute to the strength of ice rubble. The ice rubble is 

a collection of random ice blocks that can move relative to each other. The load is transmitted 

to this kind of particulate system via contact forces developed between the adjacent blocks. 

These blocks may form skeleton structures due to the freeze bonding. The tensile strength of 

ice rubble comes from cohesive bonds known as freeze bonds between ice blocks. The space 

between large ice blocks can be filled by smaller ice blocks, further decreasing the porosity, 
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as it happens in the repeated breaking of the brash ice. The brash ice is formed as a result of 

ice breaking operations in ice-covered waters. However, due to the similarity between the ice 

rubble and the brash ice, brash ice testing is often interchangeable with ice rubble testing. 

However, ice rubble blocks can have a larger size and a more angular shape than brash ice. 

The size of brash ice blocks usually is not more than 2m. The repeatedly broken brash ice 

generally have lower porosity than the freshly broken ice. The reported values for brash ice 

are 7-27%, see Sandkvist (1986) and Bonath, et al. (2021).  

The ice rubble in the laboratory scale model tests is produced by both naturally broken ice and 

ice-machine made. However, texture and other mechanical properties can be different for 

artificially produced ice rubble. Also, the properties of the natural ice rubble differ 

considerably from the laboratory test results because the internal structure and the time history 

are always different, see Leppäranta and Hakala (1989), Croasdale (1997). Several lab-scale 

models and in-situ tests were conducted to investigate the mechanical properties of ice rubble, 

see Table 1. The reported values for cohesion and angle of internal friction are in the range of 

0-100 kPa and 10-80°. The cohesion can be a function of time, temperature and confinement 

pressure. The freshly or repeatedly broken ice is essentially cohesionless. The cohesion is 

depending on the stress state (i.e. confinement), which results in a lower effective angle of 

internal friction than the normal angle of internal friction. The angle of internal friction is 

defined as a ratio of shear stress to normal stress. The large variation in the angle of internal 

angle is believed to be dependent on the loading rate, ageing and rubble thickness. In case of 

the laboratory testing, ageing can be described as the time between the rubble formation and 

the loading of the test. As the ice rubble goes through shear, it experiences volumetric 

changes. These volumetric changes are ignored in the Mohr-Coulomb criterion which is the 

major source of a large scatter, see Kulyakhtin and Høyland (2015).  

In later analysis of test results of bi-axial compression apparatus, Timco and 

Cornett (1999) argue that the internal angle of friction is not constant but rather it behaves in a 

systematic manner depending on the stress history of rubble and the loading scenario. 

Therefore, a concept of mobilised angle of internal friction ( )m  was proposed and described 

as: 

 
1 3

1 3

sin m

t

s

 


 

−
= =

+
 2.5  

Where, 1 and 3 are major and minor principal stresses and maximum shear stress and mean 

stress in the plane of shearing are given by t  and s respectively. A constant /t s  ratio means 

that the mobilised angle of internal friction ( )m  is constant. Similarly, the angle of dilation 

( ) is expressed as the ratio between the volumetric strain rate ( )v and the shear strain rate 

( )  as: 

 
sin v




= −  2.6  

The negative sign related to that compressive deformation is considered positive in soil 

mechanics. Then total shearing resistance in granular material can be given as: 
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m  = +  2.7  

The sawtooth model (Bolton, 1986) provided a good conceptual model for the understanding 

of constant volume shearing and dilation. If the motion between two surfaces of a granular 

material is considered (Figure 4), the total shearing resistance is the sum of the resistance of 

the two flat surfaces siling each other and the resistance related to the inclination of the saw 

teeth. So, with the introduction of the mobilised angle of internal friction, it is now possible to 

explain the volumetric behaviour of ice rubble. When the ice rubble interacts with a structure, 

the confinement stresses can increase, and its shearing resistance will change.  

 
Figure 4. Schematic representation of the Sawtooth model, after Kulyakhtin and 

Høyland (2015) 

An overview of tests performed to characterize the properties of the ice rubble is presented in 

this chapter. These properties include porosity of the rubble (micro and macro), dimensions of 

blocks, cohesive strength, compressive strength, angle of internal friction, freeze bond 

strength, friction coefficient (ice to ice and ice to other surfaces), compressibility, dilation or 

volumetric expansion, fracture toughness and fracture energy. Several laboratory and in-situ 

techniques have been employed in the past to characterise the ice rubble strength and the 

failure mechanism. The major advantage of laboratory tests is that they are conducted in a 

controlled environment whereas in-situ tests are conducted in the field of interest. The in-situ 

tests are often subjected to weather conditions and cannot be repeated with the same boundary 

condition. In-situ tests are very costly, making them unsuitable for large-scale use. 

Furthermore, laboratory tests can be used in a wide variety of controlled environments, to 

study the effects of variations of an individual parameter. Although, both types of tests 

demand special attention to interpret the results. The partial reviews of the ice rubble testing 

and major findings can be found in Ettema and Urroz (1989), Croasdale (1995), Cornett and 

Timco (1996), Timco (2000), Høyland (2000b), Azarnejad and Brown (2001), Liferov 

(2005a), ElSeify (2010) and Serré (2011a). The following subsections review some of the 

most important tests used to characterize the properties of ice rubble. 

2.1 Friction tests 

Every problem associated with the interaction between ice and structures is affected by 

friction and it is governed by the friction coefficient ( ) . The ISO19906 (2010) emphasizes 

that friction is important when ice is acting on a sloping and conical surface. The friction 

process is influenced by several factors, including ice temperature, surface roughness, and 
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relative velocity. However, experimental results indicate that the friction is relatively 

independent of the contact area. Different friction processes can be observed under static and 

dynamic conditions. The friction coefficients associated with these conditions are referred to 

as static friction coefficient ( )s  and dynamic friction coefficient ( )d . Several laboratory 

tests, including Kennedy, et al. (2000), Frederking and Barker (2002), Kanazawa, et al. 

(2003), Fortt and Schulson (2007), Tikanmäki and Sainio (2020) and in-situ tests including 

Sukhorukov and Løset (2013), Scourfield, et al. (2015) have been conducted to investigate the 

ice friction coefficient using saline ice and freshwater ice.  

Scourfield, Sammonds, Lishman and Marchenko (2015) conducted tests to investigate the role 

of ice-ice friction during the sliding of sea ice in the Barents Sea and concluded that thermal 

consolidation is the governing mechanism. Whereas, field tests conducted by Sukhorukov and 

Løset (2013) showed that the ice surface roughness and consolidation or hold time are 

important parameters that determine the value of the friction coefficient. The laboratory study 

made by Tikanmäki and Sainio (2020) on wet and dry ice concluded that friction increased 

significantly in repetitive slides, especially at −2.8 °C. The presence of water in between the 

ice surfaces had only a minor effect on the friction coefficient at the sliding speed above 

10 mm/s.  

 
Figure 5. Schematic diagram of the experimental setup to investigate the friction process, after 

Fransson, et al. (2011) 

The friction of ice on rubber, steel and ice have been investigated by measuring contact forces 

in controlled laboratory experiments, see Fransson, Patil and Andrén (2011). Three different 

laboratory ice surfaces have been tested against rotating rubber, steel and ice ring. The ring 

was subjected to an increasing torque as the ice plate was rotating, see Figure 5. The friction 

coefficient was assumed proportional to the ratio between torque ( )vM  and the normal force

( )N . It was calculated as follows 

 2 2

3 3
3 vMD d

ND d


−
=  

−
 2.8  
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The outer and inner diameter of the rubber ring was D=69.8mm and d=50 mm, respectively. 

The friction tests were conducted at a temperature of -10°C and -3°C. All the friction graphs 

were plotted on a logarithmic scale of speed (V) and expressed as mm/minute. At first, the 

friction coefficient increased and then rapidly decreased after a certain speed had been 

reached. Figure 6 shows the friction coefficients calculated as a function of the rotating speed. 

A similar pattern was found for both temperatures. 

 
Figure 6. Rubber on (a) planned ice (b) grounded ice (c) scratched ice, after Fransson, Patil 

and Andrén (2011) 

For steel on ice and ice on ice test series the temperature was kept at -10°C. Figure 7(a) shows 

the friction coefficients calculated as a function of speed for steel on ice series. A test ring of 

steel was made with the same dimensions as the rubber ring. The steel ring surface was 

machined and polished. Due to the increased stiffness, when the two surfaces came into 

contact, all contact points moved at the same speed. As the ice yields at the contact points, the 

contact area becomes larger at a lower speed. Consequently, the friction coefficient was 

reduced as the speed increased.  

 
Figure 7. (a) Ice-ice friction coefficient vs. sliding speed (b) Steel-ice friction coefficient 

vs. sliding speed, after Fransson, Patil and Andrén (2011) 

In the ice-on-ice tests series, a ring of ice was cast on the steel ring. The centre of the ice ring 

was thicker due to the surface tension. To put this curved surface into the testing machine, it 

was made flat on a width of 5 mm. The normal load was reduced, resulting in a normal 

pressure of approximately 140 kPa. Sintering was observed between the two ice surfaces at 

several points. Due to the sintering of the ice, a higher torque was registered, and a higher 

friction coefficient was estimated. At speeds higher than 100 mm/min, the kinetic friction 

coefficient was reduced to 0.2. However, when the surfaces were kept stationary and kept 

together, they became stuck at certain points. Figure 7(b) shows the friction coefficients 
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calculated as a function of speed for the ice-on-ice series. The major findings of these studies 

can be formulated as: 

• There is no significant difference between the friction coefficients of saline and freshwater 

ice for low sliding velocities. 

• The peak observed in the friction coefficient versus the sliding velocity was due to a 

change of the sliding behaviour. 

• The presence of seawater in the sliding interface had a very limited effect on the static and 

kinetic friction coefficients. 

• Three important parameters are affecting the friction coefficient on ice surfaces: surface 

roughness, speed, and temperature. Among those three factors, surface roughness has the 

biggest influence on the friction coefficient. 

During interactions between ice and structure, friction absorbs much of the energy of 

deformation. Therefore, the results of numerical simulations of ice-structure interactions are 

influenced by the choice of friction model inputs., see Paavilainen, et al. (2011) and Polojärvi 

and Tuhkuri (2013a). The environmental conditions are difficult to maintain in the field and 

test results could be affected by additional processes, such as ploughing due to the rougher ice 

surface. This fact is reflected in the test by Sukhorukov and Løset (2013) giving a much 

higher friction coefficient than those obtained in the laboratory. They have proposed the 

following relationship between friction coefficient and relative velocity (mm/min). 

 0.54

relV
 =  2.9  

Lishman and Polojärvi (2015) have used a simple rate-dependent friction model to simulate 

the numerical simulation of 2D DEM shear boxes using different block sizes and friction 

coefficients. In their simulations, the friction coefficients ranged from 0.1 to 0.7 and the 

proposed friction model is given in Eq. 2.10. The results indicate that the rate-dependent 

friction coefficient not only affects the magnitude of the force but also the nature of the force.  

 6

6 2

2

10 /

10 / 10 /

10 /

rel

rel

rel

V m s

m s V m s

V m s

−

− −

−



 



( )10

0.7

0.1 0.15log 100

0.1

relV







=

= −

=

 2.10  

The numerical model of interactions between the ice rubble field and the lighthouse presented 

in this thesis accounts for ice-ice and ice-steel friction. In LS-Dyna©, the friction coefficient 

  is assumed to be dependent on the relative velocity relV  of the surfaces in contact. Three 

input parameters are needed: static friction coefficient S , dynamic friction coefficient D and 

decay coefficient cD . and given as follows 

 ( )
( ) C relD V

D S D e   
−

= + −  2.11  

Figure 8 shows the measured experimental ice-ice friction coefficients against their tested 

velocities fitted to various friction models. For example, the static, dynamic, and decay 

coefficients in this figure used in the LS-Dyna contact model are 0.56, 0.06, and 2, 

respectively. 
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Figure 8. Laboratory and field test measured friction coefficient plotted against relative 

velocities and fitted friction models 

2.2 Shear box tests 

The direct shear box test is the most used technique because of its simplicity and cost-

effectiveness. It is a primary laboratory test that aims to determine the shear strength of the ice 

rubble sample. It consists of two rectangular parts filled with loose ice pieces. The test 

apparatus allows for both normal and shear stresses to be applied. During the shear test, the 

maximum resistance is recorded as the shear strength of the ice sample. The shear strength of 

samples is often evaluated using the Mohr-Coulomb yield criteria. Even though, simple to 

perform, the results of these tests must be viewed with caution. This type of apparatus 

produces nonuniform stress and strain distributions in the sample. The ice rubble often fails 

along a specific failure plane. Therefore, the results depend on the characteristics of the 

individual test apparatus and the applied test procedure. Consequently, the measured material 

properties give rather guidelines about the failure of ice rubble in certain boundary conditions 

than the reliable estimation of bulk material properties. Usually, laboratory shear box tests 

were performed using scaled-down ice blocks (i.e. representative ice blocks), see Pustogvar, 

et al. (2014). That means that the material behaviour may be strongly influenced by the 

behaviour of just one block. The stress is overestimated when the number of blocks in the 

shear box is small, see Shafrova (2007).  

(a)  

 

(b)  

 
Figure 9. Sketch showing (a) Division of mobilised angle of internal friction into different 

component (b) relationship of failure modes to shear force-displacement diagram, after 
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Fransson and Sandkvist (1985) 

 

Nonetheless, Fransson and Sandkvist (1985), suggested that the angle of internal friction can 

be divided based on different failure processes such as gliding, rearrangement, dilation and 

crushing see Figure 9(a). Also, the shear box test results can be analysed based on different 

failure modes observed during testing see Figure 9 (b). Based on the review of shear box test 

results by Urroz and Robert (1987), the values of the angle of internal friction range from 8° 

to over 50°. In all reported tests, the shear studies were performed under isothermal conditions 

with no freezing or melting effects. The interpretation of test results can be found elsewhere, 

Liferov and Bonnemaire (2005), Polojärvi, et al. (2015). 

2.3 Punch through tests 

The punch through or punch shear tests techniques were used in both in-situ and in 

laboratories with mixed success see Leppäranta and Hakala (1989), Croasdale (1995), 

Heinonen and Määttänen (2000), Azarnejad and Brown (2001), Lemee and Brown (2002) and 

Serré, et al. (2009). The laboratory behaviour of ice rubble in punch tests is somewhat 

different. In punch through shear test, the ridge keel is loaded by pushing a circular plate 

downwards to break the rubble underneath the consolidated layer. As reported by Liferov 

(2005a), no subsequent peaks in force-displacement history were observed in laboratory tests 

suggests that stiffness of rubble changes at smaller displacements. Additionally, the peak load 

in laboratory punch tests occurs at very large rubble deformations indicates that frictional 

resistance appears to be the major contributor. Furthermore, Liferov (2005a), has given a 

detailed analysis of the force-displacement history of punch through tests and concluded that 

the difference between the in-situ and the laboratory tests was due to the inappropriate 

thermodynamic scaling of ice rubble. As a result, the initial strength of the rubble skeleton in 

laboratory tests was not right. The comparison of in-situ and laboratory force displacement 

curves from punch through tests is schematically illustrated in Figure 10. 
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Figure 10. Typical force-displacement diagrams for in-situ and laboratory punch tests, 

based on Liferov (2005a). 

Several phenomena can be associated with the force-displacement curves shown in Figure 10. 

The first peak force in-situ tests are most likely attributed to breakage of the ice rubble 

skeleton which is controlled by freeze bonding between blocks inside the ice rubble, see 

Liferov and Bonnemaire (2005). Following the initial peak, the behaviour of loose, disturbed 

ice rubble is dominated by interlocking, contact friction, strain rate, and dynamic freeze 

bonding that results from an effective stress-dependent cohesive bond. The smaller 

subsequent peaks in the descending part of the force-displacement curve could partly be 

induced by the interlocking and breakage of individual ice blocks. 

The results of a punch test can be interpreted in three ways: pure friction, pure cohesion, or a 

combination of both. However, there is still a limited amount of experience and knowledge 

associated with the derivation of material properties from punch tests. The failure mechanism 

of ice rubble is at the heart of interpreting the results of punch through tests. To gain a deeper 

understanding of ice rubble failure in punch through testing, laboratory testing appeared to be 

the only practical method.  

2.4 Pull-up tests  

An in-situ test, referred here as a “pull-up” test, was performed in the Luleå harbour. An 

attempt was made to estimate the mechanical and physical properties of the brash ice field 

based on the in-situ test results. The test setup, procedure and test results are described 

elsewhere, see Patil, et al. (2021a). The tests were performed at a frequently broken brash ice 

field created by an icebreaker. The folded collector is lowered into a brash ice field and once 

underneath the brash ice, it is slowly pulled up. The recorded force-time history is shown in 

Figure 11(a). The sharp rise in the force indicates the movement and rearrangement of ice 

blocks. After the peak force, a steady level of force was recorded. Due to uneven block sizes, 

a non-uniform plug formation can be seen in Figure 11(b). Similar tests were performed by 

Bonath, Zhaka and Sand (2019) during the Oden Arctic Technology Research Cruise 

(OATRC) 2015.  

(a)  

 

(b)  

 
Figure 11. (a) The force-time curve registered during testing (b) photo collector hanging 

with ice blocks at the end of testing 

The Major findings can be summarised as below: 
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• The forces required to pull the brash ice upward are indicative of frictional forces and 

rearrangements of ice blocks.  

• The test measurements can give a good estimation of the macro porosity of brash ice. 

The frequently broken brash ice field registered significantly higher pulling force (96kN) than 

the freshly broken ice (9kN). This was due to the repeated breaking of the blocks were 

arranged in denser packing. 

2.5 Large scale simple shear tests 

A large-scale shear apparatus has been built and developed to test the deformation behaviour 

of brash ice under simple shear conditions. The details of two test campaigns, in the year 2020 

and 2021, are given in Patil, et al. (2021b). In total 6 shear cycles on two brash ice samples 

with an axial force of 15kN, 7kN and 3kN were performed. The sketch of the large-scale 

shear test apparatus is shown in Figure 12. The brash ice sample was prepared by filling up a 

cylindrical rubber membrane. To ensure proper axial loading, a brash ice sample was 

compressed before loading into a testing rig. Once the desired normal load level is achieved, 

shearing has started by moving the shear swing. The test measured forces (normal and shear), 

displacements (horizontal and vertical), and circumference at the middle of the sample. The 

shear force was applied in cyclic fashion i.e. after reaching a certain displacement, the shear 

swing was brought back to its original position in the return stroke. 

 
Figure 12. Sketch of large-scale shear test apparatus (not to the scale), after Patil, Zhaka, 

Sand, Laue and Cwirzen (2021b) 

Figure 13 shows the time history of forces (a), actuator strokes (displacements) (b), change in 

sample height (c) and circumference (d), where the negative value indicates reduction and the 

positive value indicates gain. The vertical force has negative values due to the downward 

direction of stroke. It is considered that the compaction leads to a denser packing, thus 
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resulting in higher interarticular contact forces. The vertical force was changed in the third run 

from 7kN to 3kN. Furthermore, post-processing was done to draw meaningful conclusions. 

Additionally, some of the material model parameters of CSCM were able to estimate based on 

test data. Please refer the paper VII in the appendix for a detailed description of the test and 

estimation of material model parameters. The major findings of this study are given below 

• The porosity along with block sizes, temperature and axial load has high influences on 

strength of brash ice. 

• The consolidation or compaction before shearing tends to strengthen the test sample. 

• The measurement of volumetric changes is crucial in the computation of the volumetric 

strain.  

• The brash ice sample preparation may have some influence, but it is not investigated. 

• The test data was used to estimate the yield strength, bulk and shear modulus, volumetric 

hardening (i.e., cap) and kinematic hardening parameters of the CSCM. 

 
Figure 13. Showing the time history of (a) force, (b) actuator strokes (displacement), (c) 
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change in height, and (d) circumference during shear cycles, after Patil, Zhaka, Sand, Laue 

and Cwirzen (2021b) 

The test data was used to calculate the yield strength, bulk and shear modulus, volumetric 

hardening (cap) and the kinematic hardening parameters of the CSCM. The CSCM surface 

was fitted to the laboratory shear box tests, Fransson and Sandkvist (1985). The estimated 

parameters have been used to visualize the CSCM yield surface in the shear meridian, as 

shown in Figure 14. The plot of the CSCM surface confirms the difference in strength 

between the two samples. Wong, et al. (1990) demonstrated that cohesion between ice 

particles is more significant in dense brash ice mass, but frictional behaviour dominates in 

loose brash ice mass. In the CSCM, the frictional or shear behaviour of a brash ice mass can 

be simulated as well as its compaction behaviour.  

 
Figure 14. The CSCM yield surface in the shear meridian based on cycle # 1-1 and 

cycle # 2-1. 

Furthermore, kinematic hardening parameters can be utilized to simulate the effects of cyclic 

loading. However, more extensive data is required to calibrate the additional parameters. The 

presented results are significant in at least two major respects. First, this study has identified 

the significance of macro-porosity and axial load in this test setup. Secondly, this study has 

identified areas for improvement in the test setup, highlighting the need for standardization of 

the brash ice tests. Three areas of improvement are identified: the number of tests, sample 

preparation, and instrumentation. 

2.6 Freeze bond tests 

The freeze bond exits between individual ice blocks forming a skeleton type structure of an 

ice rubble pile. Ettema and Urroz (1989) discussed the freeze bonds and argued that they 
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govern the initial strength of ice rubble. Breaking of freeze bonds is a major contributor to the 

initial peak in force-displacement diagrams for punch through and shear box tests. Surkov 

(1993) and Surkov (2001) conducted experiments where small cubic models of ridged ice 

made from the natural sea ice, were compressed uniaxially and found that the failure often 

took place along the freeze bonds. Liferov and Bonnemaire (2005) argued based on the results 

from in-situ punch through tests that during the initial failure, the strength of the rubble 

skeleton is dominated by the cohesion, whereas the angle of internal friction is less important. 

Shafrova and Høyland (2008), also suggested that the freeze bonds define the cohesion, the 

cohesion governs the initial collapse of the rubble. As shown by Høyland (2002) and 

Marchenko (2008), the freeze bonds strength develops through the lifetime of the ice ridge, 

first increasing during the initial phase, and thereafter decreasing as the rubble is eroded. The 

general consensus is that the cohesion is strongly related to the strength and stress 

concentrations in the freeze bonds. Thus, it is important to know the nature and peak values of 

the freeze bond.  

 
Figure 15. Typical uniaxial strength vs submerging time diagram, based on Shafrova 

and Høyland (2008)  

Shafrova and Høyland (2008) conducted a series of experiments to determine the effects of 

the submerging time on the uniaxial compressive strength. The strength of the freeze bonds 

fb  and the strength of the submerged ice si  is governed by the initial ice conditions (before 

submerging) and the oceanic conditions. Thus, it would be vital to investigate the relationship 

between strengths of the freeze bond and the submerged ice. Furthermore, it is vital to 

estimate the temporal development of the freeze bond strength and their changes with the size 

of the ice blocks, confining pressure and ice properties such as temperature, salinity and 

porosity. The strength ratio ( )/fb si   may be a useful tool since the ice rubble block strength 

is better known than the freeze bond strength. The ratio was found in the range of 0.008 to 

0.082, with an average value of 0.03. 
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2.7 Bi-axial compression tests  

The biaxial compression apparatus was developed by the Canadian Hydraulic Centre (CHC) 

to determine the mechanical properties of the ice rubble, Timco, et al. (1992). The same 

apparatus was used by Sayed, et al. (1992) on model ice rubble and Løset and Sayed (1993) 

on freshwater ice rubble to perform the proportional strain tests, i.e. the ratio between major 

and minor strains is kept constant. Several tests have been performed on submerged (wet) and 

dry ice rubble to estimate the strength of the saline ice rubble and to determine factors that 

influence the angle of internal friction. In addition, Timco (1999) has discussed specific 

results of the tests and Kulyakhtin and Høyland (2015) have presented a re-evaluation and 

summary of bi-axial compression data. The summary of major findings is given below 

• The mobilized angle of internal friction depended upon characteristics of the ice rubble, 

the stress state of the rubble, and the nature of the imposed deformation.  

• Submerged ice rubble is substantially weaker than dry ice rubble. Submergence reduces 

both the initial yield strength and the angle of internal friction by about 30%. 

• Prestressing the sample increases the initial yield strength of the ice rubble significantly.  

• Due to volumetric changes in ice rubble, the angle of internal friction is not constant 

during deformation.  

• The model ice gives higher stresses but lower values of mobilised angle of friction. 

• The stresses increase with the increased strain and no strain rate dependency was found. 

2.8 Triaxial compression tests 

The triaxial compression test setup has been used to investigate the strength and the 

deformation behaviour of broken ice by Gale, et al. (1987), Wong, Morgenstern and Sego 

(1990) and crushed ice by Singh and Jordaan (1996). As shown by Gale et al. (1987), the peak 

strength is unaffected by the loading rate whereas Spencer et al. (1991) underlined the 

importance of the volumetric strain measurements in their triaxial compression tests. Singh 

and Jordaan (1996) highlighted that the strength is dependent on macro-porosity, loading rate 

and confining pressure. 

 
Figure 16. Typical bi-linear stress-strain relationship in triaxial compression tests 

In triaxial tests, the volumetric changes were measured along with loading rate and confining 
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pressure. These studies showed that when subjected to triaxial compression loading, the 

broken or crushed ice sample shows a bi-linear stress-strain relationship, as shown in Figure 

16. The schematics of the triaxial loading is shown in the inset of Figure 16. The deviatoric 

stress is the load registered on the piston divided by the cross-section area of the sample. The 

breakover stress in that figure was about 1% of axial strain. The porosity of sample plays a 

significant role in its strength and deformation behaviour, as it determines how easily it can be 

compressed. A weak relationship was found between the loading rate and the deformation 

behaviour, although more testing was suggested.  

2.9 Compressibility tests 

Compressibility is defined as a measure of change of the volume per unit of the external 

pressure. The reported compressibility tests for the ice rubble are the odometer tests by Serré 

(2011c), the retaining wall tests by Serré, Liferov and Jochmann (2009) and tests by Matala 

and Skogström (2019a). The laboratory compressibility tests by Matala and Skogström 

(2019a) were performed using a submerged box where different loads were applied to the 

system, and corresponding piston displacements were measured. The compression index 

which describes the volume change relation to logarithmic unit change of stress, was then 

calculated based on three types if brash ice. The ice made of the freshwater ice fragments, 

registered the highest compression index.  

The oedometer test was performed to study the properties of the model ice rubble in 

compaction. In the case of the odometer test ice rubble was loaded in a cyclic fashion, i.e., 

loading and unloading path, see Figure 17. For each cycle the linear part of the curve 

corresponding to the elastic deformation, the flexion point is the yield point, and the rest of 

the curve shows plastic deformations. All tests indicate the critical value of stress for any 

deformation. The bulk modulus deduced from the odometer tests based on the change in 

volume was 0.7 MPa and 1.14 MPa. The oedometer tests can be used as bases for the 

estimation of cap hardening parameters. Heinonen (2004) has given a ratio of the initial 

hydrostatic pressure strength 0P and initial Drucker-Prager cohesion 0d as 0 0/ 8.55P d = . But the 

oedometer test was performed in dry conditions and ice rubble was in a loose condition. 

Therefore, the initial hydrostatic yield strength was assumed to be independent of the 

cohesion i.e. 0 1P = . In addition, the volumetric strain correction of 0.04 was added to account 

for the volumetric compaction due to buoyancy. 
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Figure 17. Typical Oedometer test, pressure against volumetric strain, based on Serré 

(2011c) 

2.10 In-situ ice load measurement programs  

The interaction process between ice features, such as raftered ice or ice ridges, and structure is 

complex. It is important to understand all the variables that are involved in this process, such 

as the type of ice features, wind and drift speeds, panel forces, ice thickness, and air 

temperatures during load events. When it comes to describing the interaction between ice and 

structure, there is a considerable amount of uncertainty. Ice-structure interactions have been 

studied over the past few decades. There are few notable examples of in-situ ice load 

measurement programs, such as ice load measurement at Norströmsgrund Lighthouse in the 

Gulf of Bothnia, see Jochmann and Schwarz (2000) and Fransson (2001), Molikpaq in the 

Canadian Beaufort Sea, see Timco, et al. (1999b),Wright and Timco (2001),Timco and 

Johnston (2003), ice loads on Confederation Bridge Piers, see Brown (2006),Shrestha 

(2012),Lemee and Brown (2005) and ElSeify (2010) and northern Bohai Bay in China, see 

Lindholm, et al. (1993). However, there are gaps in knowledge due to a limited number of 

full-scale ice loading events.  

 

(a)  

 

(b)  

 
Figure 18. (a) Panels and cable protection channels installed at the lighthouse. (b) Large ice 

force panel 
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There are two full-scale measurement campaigns, namely “Validation on Low Level Ice 

Forces on Coastal Structures” (LOLEIF) and “Measurements of Structure in Ice” (STRICE), 

from 1999 to 2003 have been studied. In LOLEIF and STRICE, force measurements and 

observations of ice conditions were made. Accelerometers, tiltmeters and inclinometers were 

also part of ice load measurements. The environmental parameters such as ice thickness, wind 

speeds and air temperatures corresponding to the load measurements were also measured. Ice 

thickness was estimated with a Laser/EM device. Additionally, continuous video recording 

from four different cameras was kept for later interpretation of the data and analysis. Detailed 

logging was conducted during the measurements. The visual observations were made and 

recorded in the logbook as well. A detailed description of the experimental setup at the 

Norströmsgrund lighthouse is given by Jochmann and Schwarz (2000). 

During LOLEIF and STRICE, ice interacted with the Norströmsgrund lighthouse on 162 

days, where 519 data files were recorded. The Norströmsgrund lighthouse was instrumented 

with 9 panels to measure the ice interaction forces at the waterline. Figure 18(a) shows the 

photos of the panel arrangement. The width and height of the load panels were 1.2m and 

1.6m, respectively. The panels covered a span of 162 degrees; capturing ice loads from the 

North to the Southeast. An article by Nord, et al. (2018), presented the analysis of sixty-one 

load events of ice-induced vibrations measured on the Norströmsgrund lighthouse during the 

STRICE project were classified as resonant vibrations. Whereas, ice-ridge interaction modes 

were classified based on the signatures in force and the response time series as well as video 

records from LOLEIF and STRICE by Ervik, et al. (2019). 

The low salinity of approximately 0.7‰ has been observed in the first-year ice formed in the 

Gulf of Bothnia. A typical ice season extends from February to April. The fluctuation in the 

water level at the location of the Norströmsgrund lighthouse is based on data gathered from 

Copernicus (2017, see Axell, et al. (2017). During the LOLEIF/STRICE, the water level 

elevations measured from MWL, were +1.1 m (maximum) and -0.4 m (minimum). By using 

an underwater pressure sensor, the change in water level was continuously monitored. The 

water levels were corrected for any surface pressure changes by using the simultaneous air 

pressure measurements at the lighthouse, see Haas and Jochmann (2003). 

The ice drift speed and the direction were determined manually by analysing the video 

footage. A grid of 10x10m lines was painted on the video screen, and drift speed and direction 

were determined by following significant ice features passing the grid lines. Based on the 

observed distance and the measured time, a mean speed value was calculated and documented 

in the logbook. The ice thickness at the Norströmsgrund lighthouse was measured using both 

an upward-looking sonar (ULS) and an electromagnetic (EM) ground conductivity 

geophysical instrument. The ice thickness measurements can be used to determine the type of 

ice (level, rafted, or ridged). A ULS sensor was mounted on the lighthouse underwater caisson 

(+17.5m elevation), about 5m southeast of the lighthouse and an EM sensor was mounted on 

a hanging frame about 10m east of the lighthouse at approximately 2m above MWL. 

Although the ULS identified the deepest point of the ice, it was only operational in 2000 and 

2001. A footprint of approximately 6m in diameter was considered by the EM measurement 

to estimate the average ice thickness. These estimates depended on the ice conductivity. Wind 

speed and direction indicators were installed on the helicopter deck of the lighthouse about 
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28m above sea level. The display of this sensor was placed in the measuring room of the 

lighthouse. 

In this thesis, two load events recoded at the Norströmsgrund Lighthouse in STRICE project 

have been analysed for the purpose of numerical prediction of ice rubble field load on the 

vertically sided structure. The panels at the lighthouse measured only the normal force. 

Therefore, further data processing was done to generate two force components in the X–Y 

coordinate system, where the Y-axis was parallel to the ice drift direction. The ice drift and 

the wind directions were visualized. The details of analysed load events and simulation using 

the CEM method were documented in Patil, et al. (2021c), which is attached as Appendix VI. 
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Table 1. The reported values of porosity, confinement pressure, angle of internal 

friction, cohesive strength, and block sizes in various testing for ice rubble/brash ice. 

Author(s) 

Porosity/ 

Void 

fraction 

[%] 

Confinement 

Pressure 

[kN/m2] 

Angle of 

internal 

Friction 

[°] 

Cohesive 

Strength 

[kPa] 

avg. 

Block 

Sizes 

[mm] 

Test type/ Method 

Tatinclaux, et al. 

(1976) 
NA 7  42-50 NA NA 

bulldozing a vertical plate 

through ice 

Keinonen and 

Nyman (1978) 
32 - 37 11.3 N/m2 47 1.4  20-64 

shear box test 

on model sea ice 

Keinonen and 

Nyman (1978) 
NA 0.31-0.52  49-58 NA NA 

bulldozing a vertical plate 

through ice 

Prodanovic (1979) 38  0.26-0.58 47-53 2.7 19-38 
shear box test 

on model freshwater ice 

Sandkvist (1981) 20-90 NA NA NA 
350-

700 
drilling holes vertically. 

Weiss, et al. (1981) 19-50 31 13-34 1.7-3.4 
80-

200 

direct vertical shear 

submerged 

Hellmann (1984) NA 4.2 54-64 0-0.5 10-50 
direct vertical shear, mush 

ice, submerged 

Fransson and 

Sandkvist (1985) 
20 1-3 12-34 0.6-0.24 ~110 

direct shear box test, brash 

ice, wet 

Urroz and Robert 

(1987) 
36-41 0.48 30-52 0 18-95 

simple shear, floating 

(vertically unconstrainted), 

plastic parallelepiped blocks 

Sayed, Timco and 

Sun (1992) 
 100 30-48 0-0.4 

50-

250 

biaxial compression tests 

model ice 

Lehmus and Kärnä 

(1995) 
28-42 1.6 NA 1-17 NA 

direct horizontal shear, 

submerged 

Cornett and Timco 

(1996) 
NA 60 75-30 NA ~100 

biaxial compression tests 

saline ice 

Croasdale (1995) NA NA 83-74 22.6-14.1 NA in-situ punch shear tests 

Heinonen and 

Määttänen (2000) 
19-45 0.48 14-32 2.3 NA in-situ punch shear 

Croasdale, et al. 

(2001) 
NA NA 69-57 13-8.5 NA in-situ punch shear tests 

Lemee and Brown 

(2002) 
0.3-0.65 NA 12-69 NA 20-40 

small scale lab punch shear 

tests 

Serré, et al. (2011) 20-35 0.9-20 50-64 0.27-0.56 40 submerged shear box test 

Matala and 

Skogström (2019b) 
30-55 0.1-0.8 21-35 0.6 5-50 

lab. shear submerged box 

test 

Bonath, Zhaka and 

Sand (2019) 
57-77 NA NA NA 140 pull up test 
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3 Material modelling of ice rubble behaviour 

This chapter deals with material modelling of ice rubble behaviour under loading conditions. 

As stated by Zhang, et al. (2016), constitutive models describe the material responses to 

different mechanical and/or thermal loading conditions. These provide the stress-strain 

relations to formulate the governing equations, together with the conservation laws and 

kinematic relations. In addition, a yield criterion is required to identify the onset and to 

describe the evolution of the material failure. As discussed earlier that ice rubble is a discrete 

material consisting of irregular blocks, which may be bound together by cohesion bonds (i.e. 

freeze bond). The freeze bonds are responsible for the developing peak forces. In addition to 

the factors affecting freeze bonding, the aspect ratio between the structure and the rubble 

formation also contribute to the global load in real situations. Furthermore, it is possible to 

have varying freeze bond strength across the depth of an ice rubble field. 

With this complexity in mind, the ice rubble has often been characterized using properties 

from soil mechanics, such as shear strength, friction angle and cohesion. The shear strength of 

the ice rubble has four components namely interlocking, frictional contacts, freeze-bonding 

and failure of the ice blocks, see Hopkins and Hibler (1991). The interlocking of ice blocks 

and frictional resistance is affected by the shape and the size of the ice blocks and is 

considered a macro-level phenomenon. While, the breaking of the freeze bonds and failure of 

the ice blocks are considered as micro-level phenomena, which is controlled by tensile, 

compressive and shear strength. Therefore, it is essential that both phenomena should be 

addressed in the material model satisfactorily. Once the freeze bonds are broken, the ice 

blocks are freed and can move respective to each other. When subjected to loading, the 

resultant frictional force has two components: normal and tangential. These two force 

components depend on several factors such as contact geometry, nature of freeze bonds, 

temperature history, etc.  

Generally, there are two types of numerical models: discrete and continuum. Discrete models 

solve the problem at the level of contact between ice fragments; therefore, the overall material 

behaviour is derived from the motion and interaction of the individual fragments. The contact 

model encapsulates all aspects of interaction, but it is difficult to incorporate changes in the 

fragments themselves, such as breakage. A review by Tuhkuri and Polojärvi (2018) highlights 

the advantages and challenges of ice-structure interaction by using the discrete element 

method. The assumption that ice rubble qualifies for continuum models because it consists of 

a multitude of ice blocks, is questionable. 

However, in the continuum description of the model, the deformation of particulate material 

such as ice rubble can be calculated by averaging the deformation of individual ice blocks and 

the relative sliding between the ice blocks, over a representative volume. So, the breaking 
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process of individual ice blocks can be included phenomenologically. The continuum models 

are based on constitutive relationships derived from experimental tests. These tests assume a 

homogeneous strain field on a specimen and require an ice-rubble sample that is sufficiently 

larger than the ice fragments. Furthermore, constitutive relationships can only be precise 

when they are based on a "repeatable" test. It is the most difficult issue to resolve when 

calibrating the ice rubble model with published data. Nevertheless, several loading scenarios 

are simulated using the continuum description of ice rubble in this thesis. 

Moreover, a continuum model can be used to describe ice deformation under elastic and 

ductile conditions, or a fracture model can be used to describe crack propagation under 

fracture processes. If the stress is sufficiently high or applied for a long time, ice behaves like 

a brittle material. For this reason, when studying the mechanical properties of ice rubble, the 

load build-up time should be below the 60s to avoid significant time-dependent deformations. 

During shearing, additional confinement is produced due to the expansion of the ice rubble 

which results in increased frictional resistance. However, the ice rubble, in its natural state, is 

a porous and loose material and therefore only a limited volumetric expansion is assumed. 

Additionally, ice rubble shows softening in the low to medium strain rate with low 

confinement. The ice rubble is considered as an isotropic material were uniformly distributed 

cavities, grain boundaries and cracks are embedded in an isotropic matrix. So, the effect of 

individual microstructure is averaged out and the medium is homogeneous at the macroscopic 

level. 

3.1 Deformation mechanism of ice rubble 

As discussed in chapter 2, the deformation mechanism can be different for the same test 

performed either in the laboratory or in-situ. Due to the complicated structure, ice rubble can 

fail by different mechanisms. There are several deformation mechanisms proposed for ice 

rubble by Høyland (2000a), Heinonen (2004), Liferov (2005a) and Shafrova (2007). 

Summarized below are three different physical processes involved in the ice rubble 

deformation. 

1. Breaking of freeze bonds (if any) 

The tensile and shear forces cause the cohesive bonds between ice blocks to break. 

Hydrostatic pressure can also break cohesive bonds between ice rubble, causing it to 

compact. As a result, the rubble volume may decrease. 

2. Movement of ice blocks  

Under hydrodynamic forces, once the cohesive bonds have failed, the ice blocks may 

move easily relative to one another. Volumetric expansion can be caused by the 

movement and rotation of ice blocks under the influence of external forces, such as 

shearing or hydrodynamic forces. 

3. Breaking of individual blocks 

Individual ice blocks can fail due to compression, bending, or shearing if the hydrostatic 

pressure is high enough to easily transmit forces between surrounding blocks. Individual 

ice blocks can fail by splitting into smaller blocks or being crushed into tiny pieces that 

can fill pores between the larger ice blocks. This process decreases the porosity of the 
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rubble. 

3.2 Yield surface, flow rule and hardening criterion 

A material model defines the relationship between stress and strain in a continuum. To be able 

to capture the above-mentioned deformation behaviour of ice rubble, several constitutive 

models have been suggested, Wong, Morgenstern and Sego (1990), Liferov (2005b), 

Heinonen (2004) and Serré (2011b). The ice rubble has a relatively high macroporosity and 

voids under the waterline are filled with water. In pressure-dependent materials such as ice 

rubble, the loading rate has a huge influence on the failure mechanism. As demonstrated by 

Lemee and Brown (2002), if the loading rate is high, the pore pressure has a greater 

contribution to force. In case of the slow loading rate, water escapes through voids. However, 

the effect of voids on failure mechanism is not well studied. The ice rubble generally can be 

described by the Elasto-Plastic material model. Three relationships are required to describe 

the inelastic behaviour of material for an incremental plasticity model: a yield surface in stress 

space, a flow rule, and a hardening rule. The yield surface separates the stress space into 

elastic 
e
ij  and plastic regions 

p
ij . In the elastic region, deformations will be recoverable, 

while permanent deformation will occur in the plastic region. The plastic strain can be further 

divided into inelastic 
ie
ij  and damage strain 

d
ij . A damage strain occurs when an ice block 

fails due to shearing, bending, or crushing. Since it is difficult to separate the inelastic and 

damaged strain components from each other, they are combined as plastic strain. For small 

deformation, using standard tensor notations the total strains ij  are assumed to be a sum of 

the elastic strains and the plastic strains, as follows 

 e p
ij ij ij  = +  3.1  

When the elastic deformations of ice rubble and solid ice are compared, one observes that the 

elastic deformations of individual ice blocks can be neglected. This means that inter-particle 

sliding is the major contributor to the strain. Also, deformations are most likely permanent, 

see Sayed, Timco and Sun (1992). Therefore, the elastic contribution is less important for 

modelling. For nonlinear analyses, constitutive models are usually formulated in the rate 

form. The numerical algorithm for integrating the rate form of constitutive equations is called 

a constitutive integration algorithm or stress update algorithm and total strain in rate from can 

be written as 

 e p
ij ij ij  = +  3.2  

The stresses ij  are related to the elastic strains through a fourth-order symmetric tensor of 

elastic stiffness moduli ijklC  as  

 e
ij ijkl ijC =  3.3  

Where, ijklC containing two independent elastic constants elastic modulus E and Poisson's 

ratio   
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= + + + − 

 3.4  

The relationship between elastic modulus E, modulus of compressibility or bulk modulus K 

and shear modulus G can be derived from the above equation as: 

 

( )2 1

E
G


=

+
      

( )3 1 2

E
K


=

−
 3.5  

Then flow rule can be specified in the rate form as 

 p
ij

ij

g
 


=  3.6  

Where  is a scaler usually referred to as plastic multiplier and g a plastic potential function. 

Then yield criterion is defined as  

 ( ),,ij ijf f   =  3.7  

Where ij is the so-called back stress representing the centre of the constitutive surface in 

stress space in connection with hardening and  is a hardening parameter, which is usually a 

function of so-called equivalent plastic strain. The hardening criterion describes the change in 

the yield point with a continued deformation. According to Hill (1998), either plastic strain or 

plastic work done may be used to describe this relationship. The amount of the incremental 

plastic deformation for a given plastic-stress state is given by the flow rule, which is, in turn, 

is defined by the plastic potential as given in Eq. 3.6. If the plastic potential function is chosen 

equal to yield surface (i.e. g f ), the flow rule is termed associated otherwise, it is called 

non-associated. The direction of the incremental plastic strain vectors is normal to the yield 

surface. So, the choice of the yield surface is the most important task in constitutive modelling 

in the case of the associative flow rule.  

The compressive strength of ice strongly depends on the hydrostatic pressure and the tensile 

strength of ice is considerable smaller than the compressive strength. Therefore, the yield 

criterion used for metals for example Von-Mises cannot be also used for ice. It is often useful 

to include invariants stress tensor ij and deviatoric stress tensor ijs  in the yield criterion. The 

stress Invariants allow constitutive equations to be written more concisely and they are 

independent of the coordinate system. Given below are the often-used stress and strain 

invariants in constitutive equations. The deviatoric stress tensor is defined as  

 
ij ij ijs p = −  3.8  

Where p is the mean stress or the hydrostatic pressure and given by 

 
( )11 22 33 1

1 1

3 3
p I  = − + + = −  3.9  

The second 2J and third 3J invariants of deviatoric stress tensor can be written as  
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2

3

1

2

1

3

ij ji

ij jk ki

J s s

J s s s

=

=

 3.10  

Similarly, strain can be divided as 

 

11 22 33

1

3
ij ij vol ij

vol

e   

   

= −

= + +

 3.11  

Where ije is a deviatoric strain and vol is the volumetric strain.  

3.3 Evolution of material models for ice rubble 

To predict the shear strength of ice rubble the ISO19906 (2010) standard recommends the 

Mohr-Coulomb (MC) criterion which states that the shear strength increases with the 

increasingly normal stress. As the MC yield criteria assume that the shear strength (τmax) 

depends on three factors: the normal effective stress (σn), the angle of internal friction (Φ) and 

the cohesion of the material (c), this criterion can be written as  

 
max tannc  = +  3.12  

The MC yield criteria give the direct relationship between the shear strength and other 

material parameters and can be used in simple limit load calculations. The MC failure 

criterion can be appropriate for the representation of the freeze-bond shear strength as a 

function of the normal confinement, see Repetto-Llamazares, et al. (2011). To predict the 

shear strength of ice rubble ISO19906 (2010) recommends MC criterion, where the ice rubble 

is idealised as an elastic, ideal plastic material. The yield surface of MC criterion contains 

corners as shown in Figure 19. Therefore, robust FE implementation cannot be possible 

without smoothening out. The Drucker-Prager (DP) is a smooth approximation of MC and it 

has been widely used to model the behaviour of frictional granular material like soil. In Figure 

19, yield surfaces of both criteria i.e., MC and DP, coincide with each other in the same stress 

space. The mathematical formulation can be found elsewhere, see Chen, et al. (2007). 

 
Figure 19. Mohr-Coulomb and Drucker-Prager yield surfaces in principal stress space 
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Despite the simplicity of both yield criteria, the assumption of shear strength increases with 

increasing normal stress is questionable. Due to high porosity, hydrostatic compressive 

yielding (i.e., plastic volumetric compaction) of rubble is likely to occur during an interaction 

with the structure. This effect can be modelled by the addition of a cap (i.e., limit) to the yield 

surface. The cap yield surface controls the dilation process by a volumetric hardening control 

parameter. Heinonen (2004) has presented a smooth cap yield function which was created by 

combining two elliptical yield surfaces together, one for the shear failure and one for the cap 

failure (i.e., compaction failure). This model is based on the modified Drucker-Prager model 

and can cover a large range of hydrostatic pressure. The detailed formulation is given in 

Heinonen (2004). Figure 20 shows the graphical representation of the shear cap yield 

function. In Figure 20, the corresponding Drucker-Prager parameters for cohesion and angle 

of internal friction are given by d  and   respectively and the cohesion and angle of internal 

friction estimated by this model are given by d and   respectively. 

Furthermore, they have calibrated a proposed model by simulating full-scale punch tests for 

first-year ice rubble in the Baltic Sea. The load-displacement curve of a punch through test, 

which was used for calibration purpose, shows a peak and is then followed by smaller peaks. 

This indicates that the ice rubble first failed by shear and then by cohesive softening 

dominated. The volumetric component of this shear-cap model, i.e., cohesive softening and 

cap hardening, is dependent on the volumetric plastic strain. In the numerical modelling of 

full-scale punch tests, Heinonen (2004) used an exponential cohesive softening law which 

defines how fast the cohesion decrease. The parameters of the exponential were determined 

from numerical testing, such as fitting to the post-peak softening in punch through test. 

Moreover, Heinonen and Høyland (2013) did a parameter study, using different combinations 

of Drucker-Prager cohesion ( d ) and the angle of internal friction(  ).  

 
Figure 20. Graphical representation of shear-cap yield function in the meridian plane, 

after Heinonen (2004) 

Liferov, et al. (2003) has proposed two models to simulate ice rubble behaviour in laboratory 

punch tests. The tests were simulated using the PLAXIS finite element code. Both simple 

elastic-perfectly plastic (i.e., MC) and advanced hardening model with cap was used to 

simulate the ice rubble behaviour. The tensile strength of the ice rubble comes from freeze 

bonds and MC criterion allows the tensile failure. But the ice rubble may sustain smaller 
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tensile stresses than those, which are defined by the MC. So, to account for this type of 

behaviour, additional yield function ( t ), referred to as tension cut-off, have been introduced, 

which controls the allowable tensile strength, see Figure 21 (a). In hardening with cap model, 

shear and compression hardening are implemented, see Figure 21 (b). The magnitude of the 

yield cap is determined by the pre-consolidation stress pP . The detailed description of both 

models can be found in Liferov, Jensen and Høyland (2003) and PLAXIS (2001). 

(a)

 

(b)

 

Figure 21. (a) The Mohr-Coulomb model with tension cut-off illustrated in the shear 

stress versus normal stress space. (b) Hardening model with cap illustrated in q-p space. 

In the experimental and numerical investigation of mechanical properties of model ice rubble 

keel, Serré (2011c) have used two configurations of the Drucker-Prager model, one with cap 

and no cohesive softening and another without cap and with cohesive softening. The required 

plastic parameters necessary to define this model are d, β, and cap hardening. The cap 

hardening is given by specifying Pb as a function of the volumetric strain. The graphical 

illustration can be seen in Figure 22. For the Drucker–Prager-Cap model, the flow rule is 

associated in the cap region and non-associated in the shear failure surface and transition 

region (between cap and shear surfaces). The flow potential is defined by an elliptical portion 

coincident with the cap yield surface, and another elliptical portion in the failure and 

transition regions (when p < pa) that provides non associated flow component in the model.  

 
Figure 22. Drucker-Prager Cap model, based on Serré (2011c) 

The effect of the cap on the load curve of the punch test was studied and it shows that for a 
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cohesionless material the cap did not play a significant role. Although, maximum hydrostatic 

pressure was approximately 1 kPa, which indicates lower pressure levels when compared with 

Oedometer tests (Serré, 2011c). So, the rubble can accommodate this pressure with minimum 

plastic deformation without using the effect of the cap. Additionally, Serré (2011b), have 

simulated scaled the ice ridge keel–structure interaction where the rubble is represented by a 

Drucker–Prager material with cohesive softening and no dilatation. Due to the higher 

confinement at the failure surface, the rubble action was more influenced by the angle of 

internal friction (β) than cohesion (d).  

3.4 Continuous surface cap model 

From the previous section, the necessity of cohesive softening and strain hardening has been 

highlighted. In this thesis, a model called the "Continuous surface cap model" (CSCM) was 

tested to represent ice rubble in an interaction with a structure. This model was originally 

developed for concrete and the detailed formulation can be found in Murray (2007) and 

Murray, et al. (2007). The earlier usage of the CSCM as the constitutive model for first-year 

ice rubble and for brash ice can be found in Patil, et al. (2015a) and Patil, Sand, Fransson, 

Bonath and Cwirzen (2021a). The required input parameters for the CSCM can be divided 

into yield surface, cap and damage parameters. The CSCM model uses a multiplicative 

formulation to achieve a smooth and continuous combination of the shear failure surface with 

isotropic cap hardening surface, thus avoiding any associated numerical instability.  

 
(a) Yield surface in 3D  

 
(b) in the meridian plane. 

 
(c) in the deviatoric plane 

Figure 23. Illustration of the CSCM yield function surface which is given in Eq. 3.13. 

The smooth cap model is formed by combining the shear failure function fF  and volumetric 

hardening function (i.e., cap) cF  to form a smoothly varying function given by 

 ( ) 2 2
1 2 3 2, , , f cf I J J J F F = −  3.13  

Where, 1I is the first invariant of the stress tensor. 2J and 3J  are the second and third 

invariants of the deviatoric stress tensor.  is the Rubin scaling function, see Rubin (1991).   

is a hardening parameter that controls the motion of the cap surface. The shear failure surface 

fF  along the compression meridian is defined in terms of 1I as an exponential function as  

 
  

−
= − +

J
fF J J1

1 1( ) exp  3.14  

Where, the material parameters   , , and  are determined from triaxial compression test 
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data. The cap hardening surface of the model is based on a non-dimensional functional form, 

is expressed as: 

 
( )

( )
( )

( )

( )
1

( , ) ( ) ( )
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2
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1
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− − 

=  −

 

 3.15  

 

( ) 0

0

L
  


  


= 



 3.16  

 ( ) ( ) ( )1X L RF If = +  3.17  

The Eq. 3.15 depicts the ellipse or cap, for ( )1I L  . The shear failure surface intersects the 

cap at ( )1I L = . 
0

 is the value of 1I when the shear surface and the cap intersect initially 

before cap expands or contracts. The cap moves to simulate the plastic volume change. The 

cap expands (i.e. ( )X   and   increase) to simulate plastic volume compaction, and the cap 

contracts (i.e. ( )X   and  decrease) to simulate plastic volume expansion, called dilation. The 

motion (expansion and contraction) of the cap is based on the cap hardening function, given 

as follows 

 2
1 1 0 2 1 0( ) ( )

(1 )
D X X D X XP

v W e − − − −
= −  3.18  

Where 
P
v is the plastic volumetric strain, W is the maximum plastic volumetric strain, X0 is 

the initial intercept of the cap surface (when 
0

 = ), R is cap aspect ratio and D1 and D2 are 

material parameters. These five parameters, X0, R, W, D1, D2, are determined from hydrostatic 

compression and uniaxial strain tests. The softening is modelled via a damage formulation. 

The CSCM model controls damage using a strain-based energy approach. The damage 

formulation models both strain softening and modulus reduction. Strain softening is a 

decrease in strength during continuous deformation after yield strength. The damage 

formulation is based on the work of Simo and Ju (1987). 

 
(1 )

vpd dmij ij = −  3.19  

Where d1 is the scalar damage parameter that transforms the undamaged stress tensor 
vp
ij

  

into the stress tensor with damage, denoted by 
d
ij . The damage parameter “dm” ranges from 

“0” for no damage to “1” for complete damage. Thus (1 )dm− is a reduction factor whose 

value depends on the accumulation of damage. The effect of this reduction factor is to reduce 

the bulk and shear moduli isotropically (i.e., simultaneously and proportionally. 

In summary, there are 12 model parameters used for the shear failure surface, 5 parameters for 

the cap surface, and 4 parameters to define the damage. These parameters demand 

exceedingly complicated experiments ranging from uniaxial compression, uniaxial tension, 
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triaxial compression (TXC), torsion (TOR) and triaxial extension (TXE) to be conducted for 

their calibration. Finding suitable input parameters for CSCM can be a time-consuming task. 

To ensure the feasibility of input parameters, the CSCM surface was visualized. Figure 24 

shows the comparison between CSCM and MC criteria. The dominant failure mode is 

assumed to be shear; therefore, the emphasis here is on obtaining the fit between the shear 

meridians of both criteria.  

 
Figure 24. Comparison of CSCM criterion and Mohr-Coulomb criterion fitted to shear 

meridian  

The articles appended in this thesis shows a way to obtain some of the input parameters based 

on simplifications and assumptions. In the numerical simulation of the shear box by Patil, et 

al. (2013) and simulation of a punch through test by Patil, et al. (2015b), an optimization 

algorithm was employed to find the best suitable parameters. The cap hardening and 

kinematic hardening, due to cyclic loading, parameters of the CSCM were chosen to get the 

best fit to test curves, see Patil, Zhaka, Sand, Laue and Cwirzen (2021b). 
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4 Numerical methods for ice rubble structure 

interaction  

This chapter deals with numerical analysis of the ice rubble/brash ice structure interaction. In 

this thesis, primarily, three numerical methods are used to simulate ice rubble/brash ice 

structure interaction. These three numerical methods are FEM, CEM and SPH. The numerical 

methods to simulate ice structure interaction can be divided into continuum and non-

continuum formulations. All methods used in this thesis are based on continuum formulations. 

A more accurate prediction tool is required as the complexity of the analysis increases. It is a 

challenging task to describe a discrete material such as ice rubble or brash ice in continuum 

formulations. Nevertheless, continuum formulation such as FEM is preferred as it is a 

numerally robust method. In continuum formulation the mechanical behaviour of materials is 

modelled as a continuous mass, meaning that the actual physical discontinuities like atoms, 

molecules, and crystals are not considered. From an engineering point of view, the properties 

of the material are represented by homogenised variables using a representative volume 

element. FEM can give good results for the ductile deformation of level ice, Ervik (2019), but 

large deformations cannot be simulated due to the element distortion. In FEM, the interested 

domain is divided into finite elements and these elements are connected to each other. Thus, 

their movement is restricted based on the shape and size of the element. It is not possible to 

simulate large deformation of ice rubble without some kind of distorted element removal 

criteria such as element erosion. Several methods have been used to simulate the level ice 

structure interaction but the emphasis here is given on ice rubble/brash ice structure 

interaction. In past the numerical methods used to simulate ice rubble structure interaction are 

finite element method, see Heinonen (2004), discrete element method, see Polojärvi, Tuhkuri 

and Pustogvar (2015),Polojärvi and Tuhkuri (2009) and combined FEM-DEM method, see 

Polojärvi and Tuhkuri (2013a,2013b). The advantages and challenges of DEM in the context 

of ice-structure interaction are described in Tuhkuri and Polojärvi (2018). 

A numerical model is also a mathematical model that predicts the behaviour of a system under 

certain conditions. A robust numerical model of the ice-structure interaction must include 

damage mechanics and fracture mechanics. The existence of microcracks and holes in ice 

makes it considered a damaged material, and as a result, its strength is reduced. In damage 

mechanics, the strength of ice can be a function of deformation. While the fracture mechanics 

assumes the existence of one dominating crack and concentrates on the conditions locally 

around the crack tip. Ice rubble is an accumulation of blocks held together by hydrodynamic 

and cohesive forces. It is reasonable to assume that the crack path exists in such an 

arrangement. Therefore, materials with cracks will fail before the undamaged material, since 

the stresses around the crack tip are considerably larger than elsewhere in the material. The 
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energy release rate concept can be used to study the behaviour of cracks. It suggests that the 

amount of energy dissipated during crack propagation through ice is determined by the energy 

required to create a new fracture surface area. In the proposed numerical methods, both 

concepts have been applied. Therefore, two numerical formulations, i.e. CEM and SPH, 

which can be used to simulate large deformation of ice rubble are briefly discussed here. A 

simplified method is proposed to simulate the interaction between ice rubble and brash ice. In 

this numerical method, the spring dash-pot model is used to simulate hydrodynamic forces of 

water i.e., buoyancy and drag. 

4.1 Cohesive element method formulation  

A numerical technique called the cohesive zone model (CZM) has been used for the analysis 

of fracture in brittle and ductile materials, Barenblatt (1962) and Dugdale (1960). The 

implementation of the CZM into numerical analysis has been termed as the Cohesive Element 

Method (CEM). In CEM, the cohesive elements act as potential crack planes. The 

deformation occurs according to a given traction-separation load curve (TSLC) when 

cohesive elements are subjected to tensile or shear stresses. When force or deformation 

reaches a limit value the cohesive element is deactivated (deleted) from the calculation, thus 

simulating a crack propagation. The direction of the crack propagation is determined based on 

stress concentration.  

The CEM formulation was based on generalised mixed mode with arbitrary normalized 

traction-separation load curves and Mohr-Coulomb was the choice for bulk element. In CEM, 

after cohesive elements removed from the calculation, open surfaces of bulk elements were 

subjected to friction criterion. So, to simulate ice to ice and ice to concrete or steel, the 

dynamic friction coefficient is introduced based on relative velocity. To calibrate a TSLC, 

two-element setup developed by Sand and Fransson (2017) was used. The details of CEM 

formulation and simulation results of selected load events are presented in Patil et al. (2021). 

Therefore, only a short description is given here.  

The CEM requires the insertion of inter-element between bulk elements into the conventional 

finite element mesh, see Figure 25(a). Upon reaching the threshold limit stress, the inter-

elements (i.e., cohesive elements) fail and are removed from the calculation thus enabling the 

simulation of a “crack” in ice. The cohesive element does not have any significant physical 

mass, thus removing them does not violate any mass conservation law. The cohesive elements 

describe the cohesive forces in the material when a fracture occurs. A material model based 

on three general irreversible mixed-mode interaction cohesive formulations with arbitrary 

normalized traction-separation law given by a load curve (TSLC), was used for the cohesive 

element. The tabulated traction separation curves were defined directly for both fracture 

modes i.e. I and II, see Figure 25(b). The interactions between fracture modes (I and II) are 

considered and irreversible conditions are enforced through a damage formulation. The 

traction-separation curve governs the deformation of cohesive elements subjected to tensile or 

shear stresses. When the force or deformation reaches a critical value, the cohesive element is 

deactivated or deleted, resulting in a crack formation and dissipation or release of the fracture 

energy GF. Thus, the crack can grow via deformation and failure of the neighbouring cohesive 
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elements. 

 
Figure 25. (a) section view showing cohesive elements (b) Normalized traction-

separation law 

The traction separation behaviour of this model is mainly controlled by the energy release rate 

and the peak traction. The energy release rate c
IG  and the peak traction T in the normal 

direction define mode I, while the energy release rate c
IIG  and peak traction τ in tangential 

direction define mode II. The maximum separation F
I  and F

II  in mode I and mode II are 

given respectively as: 

 c
F I

I

TSLC

G

A T
 =

c
F II

II

TSLC

G

A



=  4.1  

Where TSLCA  is the total area of the normalized traction-separation curve, as shown in Figure 

25 (b). In the current research, for mixed-mode formulations of cohesive elements, the 

effective separation parameter TES and exponent of the mixed-mode criteria XMU were set 

to 0 and 1, respectively. The ultimate mixed-mode displacement dF (i.e., total failure) for this 

formulation of the cohesive element is given as:  

 1

2 21
XMU XMU XMU

F

c c
TSLC I II

T

A G G

  


−
    + +
 = +           

 4.2  

Where /II I  =   is the ratio of mode mixity. In this model, damage of the interface was 

considered, i.e., irreversible conditions are enforced with loading or unloading paths coming 

from or going to the origin. The total mixed-mode relative displacement dm is defined as  

 2 2
m I II  = +  4.3  

Where 3I =   is the separation in the normal direction (i.e., mode I) and 

 2 2
2II I  = +  4.4  

is the separation in the tangential direction (i.e., mode II)  

To determine the shape of the traction separation curve (TSLC), a three-element setup was 

used. A detailed description of the calibration procedure was given in Sand and Fransson 

(2017). In this setup, two bulk elements which are joined together by a cohesive element are 

subjected to uniaxial tensile loading (i.e., pulling away from each other). This causes the 

tensile softening of the cohesive element as the crack is assumed to occur between two 
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elements. The traction-separation curve as shown in Figure 25(b) is based on the damage 

formulation that accounts for the strain softening. The damaged traction d
it in mode I vary 

with the nominal traction ti in i-direction ( ), ,i x y z=  as follows: 

 (1 )d
i i it d t= −  4.5  

The damage parameter di increases from an initial value of zero to a maximum value of 

dmax=0.99. Moreover, damage in the cohesive elements accumulates with traction it  in mode I, 

in accordance with the following function: 

 

( )
max 1

1 exp i i i
i C t T

d D
d

D D
− −

 +
=  

 + 

 4.6  

Where iT  is the threshold value for damage in mode I in ith-direction ( ), ,i x y z=  and D is a 

softening parameter set to 1.0. The mesh size sensitivity of these elements was controlled by 

maintaining constant fracture energy, regardless of the element size. This was achieved by 

including the equivalent element length ‘ eqvL ’ (cube root of the hexahedral element volume). 

Similarly, the shape of the traction separation curve in mode II can be obtained by assuming 

the same fracture toughness as in mode I (i.e., C C
I IIK K=  ) and threshold fracture stress τ The 

effective elastic modulus Eeff for cohesive elements and is set equal to 5/6E. In this way, a 

cohesive element stiffness will always be lower than for a bulk element. A higher cohesive 

element stiffness can lead to numerical instability in explicit time-stepping schemes. In the 

mixed-mode fracture, loading occurs in both directions i.e., in normal and tangential 

directions. Such a failure envelope type criterion considers all stress and damage components 

and can be utilised for more accurate fracture predictions. 

The abovementioned cohesive element method (CEM) was used to simulate two load events 

recorded at the Norströmsgrund lighthouse during STRICE 2002 project. The ice rubble field 

sheet was modelled using hexahedral elements (bulk elements) with the Mohr-Coulomb 

(linear elastic-ideal plastic) material model and the cohesive elements were inserted in 

between the bulk element mesh by duplicating nodes along all internal mesh boundaries. 

4.2 Smoothed particle hydrodynamics formulation 

The SPH method, originally developed for astrophysics purposes, is basically an interpolation 

technique developed by Gingold and Monaghan (1977) and Lucy (1977) and extended to 

solid mechanics by Libersky and Petschek (1991). This meshless Lagrangian method uses 

interpolation to compute field variables such as density, velocity, energy, etc. The method was 

developed to avoid the mesh distortion issues in FEM due to large deformations. The main 

difference between FEM and SPH is the absence of a grid. The SPH formulation discretizes 

the computational domain into a finite number of particles called integration points. These 

particles carry time-history variables such as density, displacement, velocity, acceleration, 

strain rate, stress rate etc. They also act as interpolation points and move with the material 

velocity according to the governing equations. The main advantage of the SPH, over the 

conventional mesh-based methods, is that the discretised domain is not connected with a 

mesh, allowing for a simple and accurate solution at large deformations. The field variable 
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approximation is performed at each time step based on a current local set of arbitrarily 

distributed particles. Because of the adaptive nature of the SPH approximation, the 

formulation is not affected by the arbitrariness of the particle distribution. As a result, it can 

handle problems with very large deformations. The space and time-dependent variable, 

termed the smoothing length, is used to determine the region of influence of neighbouring 

particles, see Figure 26.  

 
Figure 26. Bucket sort algorithm, based on Manenti (2009) 

As given by Monaghan (1994), the SPH method consists of two key tasks. The first is an 

integral representation and the second is a particle approximation. Each SPH particle interacts 

with other SPH particles through a kernel-based interpolation process. The current model of 

ice rubble lighthouse interaction was developed in the commercial software LS-Dyna©. The 

built-in functions of LS-Dyna© have been used to set up the parameters for the SPH 

formulation. In all simulations, the renormalization approximation was chosen as the kernel 

approximation. This choice of kernel approximation gives more accurate results around the 

boundary area in the solid structure interaction problem, LS-DYNAa (2017). The smoothing 

length h defines the interaction range between particles. It can be limited to vary within 

specific ranges depending on the initial smoothing length which is calculated at the beginning 

of the simulation. The computed smoothing length at time zero is the same for all the particles 

representing one part. Every particle has its own smoothing length which varies in time 

according to the following equation. 

 
( ) ( )

d
h t h t v

dt
=   4.7  

where h(t) is the smoothing length, and where v  is the divergence of the flow. The 

smoothing length increases as particles separate and reduces as the concentration increases. 

This scheme is designed to hold constant the number of particles in each neighbourhood. In 

addition to being governed by the evolution equation, the smoothing length is constrained to 

be between a user-defined upper (HMAX) and lower (HMIN) constants. The smoothing length 
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is limited to vary within the specific ranges at the beginning of the simulation as follows  

 
0 0

0

HMIN h h HMAX h

h CLSH Initial particle spacing

   

= 
 4.8  

Where, CLSH is a constant applied to the initial smoothing length (h0). After determining the 

initial smoothing length, it is recomputed every cycle for each particle based on the 

divergence of the velocity and it can vary with respect to time and space. For recomputing the 

time-derivative of the smoothing length, the default method based on the direct divergence of 

the velocity vector was chosen. As the geometrical properties of the model influence the way 

particles are initially placed, a proper SPH particle spacing must be as regular as possible and 

must not contain too large variations. The particle approximation is carried out at each time 

step and depends on the current local distribution of the particles. The particle approximation 

function needs to know the neighbours of a particle ‘i’ to estimate the field variable at that 

point and the neighbour search is performed at every time step by using a sorting algorithm.  

The sorting algorithm used was based on a bucket sort method and consisted of finding 

particles which interact with each other at any given time. In the bucket sort algorithm, the 

domain is partitioned into boxes where the neighbouring particles will reside in the same 

boxes where the sort is performed. This method reduces the number of distance calculations 

and therefore the CPU time. To reduce nonphysical oscillations in the SPH simulations, 

Monaghan type artificial viscosity formulation, as given by Monaghan and Gingold (1983), 

was used which is specifically designed for SPH particles. The details of the workings of SPH 

are presented elsewhere, see Liu and Liu (2003), Ervik, et al. (2017), Das and Holm (2018) 

and Hallquist (2018). The presented SPH formulation was used to simulate the ice rubble 

behaviour in punch through test for the ice ridge keel, see Patil, Sand and Fransson (2015a) 

and for the brash ice in pull-up test, see Patil, Sand, Fransson, Bonath and Cwirzen (2021a). 
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5 Discussion  

The ice rubble is a discrete material consisting of random blocks piled together. The literature 

review showed a large scatter in material properties such as cohesion or angle of internal 

friction. Several tests describing the mechanical properties of ice rubble have been conducted 

in the past, but their interpretation has not been straightforward. For example, the load-

displacement curve in the punch-through test can be influenced by the stiffness of a structure. 

There are three main deformation mechanisms found in the interaction between ice rubble and 

structure. Breaking freeze bonds appears to be the dominant force in the punch-through test. 

The rotation and movement of ice blocks are further influenced by sliding resistance. The 

evolution of the material model for ice rubble highlights the need to consider the volumetric 

changes in its behaviour.  

The ice rubble can be represented by continuum material models which assumes that there is 

enough ice rubble mass to support the continuum assumptions. The volumetric changes due to 

compaction must be addressed in the ice rubble material model. Therefore, the CSCM as a 

material mode for ice rubble (in the punch-through test) and brash ice (in the pull-up test) was 

used in simulating the interaction with the studied structure. Whereas the Mohr-Coulomb was 

the choice of a material model for the bulk element in the CEM formulation for a numerical 

model of the interaction between the ice rubble field and the lighthouse. 

The challenges and requirements of robust and accurate numerical methods are highlighted in 

the chapter 3. Two numerical methods discussed in this work are: CEM and SPH. The ductile 

crushing failure mode of ice rubble can be captured by the CEM whereas the SPH, the 

Lagrangian mesh-free numerical method, proved to be useful for simulating large deformation 

of ice rubble. In the numerical modelling, emphasis was put on replicating the load peaks and 

dynamic nature observed in the force-time history. The following sections summarise the 

major findings from the performed numerical simulations. 

5.1 Numerical simulation of the shear box test 

A 3D finite element model of the shear box test was used to study the shear properties of ice 

rubble, see Figure 27(a). CSCM and MC were the choices for the ice rubble model. A total of 

145mm of the shear box displacement was simulated, see Figure 27(b). The finite element 

shape was hexahedral with a size of 15.6 cubic mm. The parameter input to the CSCM was 

obtained by obtaining a fit to the measured force-displacement curve by using an optimization 

algorithm. This curve can be analysed by considering the failure modes. Until the first peak, 

the deformation was assumed recoverable i.e. elastic. The fit to the elastic part of the 

measured curve indicated that the selected elastic modulus for ice rubble was correct. The first 

peak force indicated the strength of ice rubble which was adjusted in the numerical model by 
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cohesion and the angle of internal friction. The MC model gave a much higher first peak shear 

force than the CSCM model. After the first peak, the shear force was dominated by the 

contact friction caused by the rearrangement or movement of ice blocks in the test setup.  

(a)  

 

(b)  

 
Figure 27. (a) FE model of shear box test (b) Comparison of force-displacement curves: 

simulated vs measured 

After 80mm of the displacement, the ice rubble was extruded out of the box which results in 

higher confinement forces than in the experiment. Since the ice rubble expanded linearly in 

the simulation, no distinct second shear mode was observed. This was the primary cause of 

the considerable difference between simulated and experimental confinement forces. The 

excessive hardening observed in the simulation of rubble using the MC model can be 

explained by the simultaneous yielding of elements in the shear zone. The hardening observed 

between two shear modes has been simulated fairly well by the CSCM up to a displacement 

of 60 mm of the box. The nonlinearity and dilation prior to the second peak under shear 

loading can be modelled by the kinematic hardening feature of the CSCM. The hardening 

initiations parameter i.e., HN and hardening rate parameter i.e., HC were estimated by fit to 

measured curve. The expansion of the rubble during the shearing process was explained by a 

higher dilation. The limitation of the fixed mesh in finite element formulation did not allow 

independent ice block movement. Therefore, a drop in force at about 87mm of the 

displacement could not be simulated. 

The details of ice properties and tests chosen for the simulation are given in Fransson and 

Sandkvist (1985). Whereas, the details of the material model and numerical model, as well as 

the numerical results, can be found in Patil, Sand and Fransson (2013) see Appendix II. 

5.2 Numerical simulation of punch through test 

An axisymmetric model of a punch through test using the FE formulation, see Patil, Sand and 

Fransson (2015b) and the SPH formulation, see Patil, Sand and Fransson (2015a), have been 

created and calibrated using test which was conducted by Heinonen and Määttänen (2000). 

Both formulations were implemented in the LS-Dyna©. The continuous surface cap model 

which is based on a combination of elastic-plastic and continuum damage mechanics 

formulation was used as a constitutive model for the ice rubble. Some approximations and 

simplification can reduce the number of input parameters to the CSCM. The admissible 

combination material model parameters such as internal friction angle, cohesion and elastic 
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modulus were estimated in a parametric study. The experimental load-displacement curve was 

used as an objective in an optimization algorithm. The material model parameters were 

chosen based on fit to the curve. 

(a)  

 

(b)  

 
Figure 28. (a) Force displacement diagram for punch through test # 0/2000 compared 

with simulated using the FE and the SPH formulation, (b) Bottom displacement of the keel 

recorded by different sensors plotted against the platen displacement. 

In the punch through test, as platen moves down, the forces on the platen increased with a 

constant rate and reached the peak value for a relatively small displacement. The test results 

can be analysed based on the failure modes. The failure mode was determined by the stress 

state characteristic, which depends on both the loading and boundary conditions and on the 

keel geometry as well. During the vertical loading, the keel failed by shearing and 

compression. From a simulation, the point of view this could be seen as a failure of the freeze 

bonding of ice blocks and the peak value is a direct indication of breaking those bonds. The 

simulation results were analysed based on failure modes as described in section 2.3. Figure 

28(a) shows the comparison of the measured load-displacement curve to the FE and SPH 

formulation model results. In both formulations, the initial slope, peak force and residual 

force, were simulated fairly accurate. Although, the displacement measured at the ice ridge 

keel bottom was different than simulated, see Figure 28 (b). This is due to the fact that the 

material properties were homogenised over the entire geometry of the ice ridge keel and 

irregularities such as cavities have not been modelled. The outward growing plug formation 

corresponds to the test data.  

(a)  

 

(b) 

 
Figure 29. Snapshots at 350 mm displacement of platen showing(a) damage progression in the 

FE model (b) stress distribution in the SPH formulation. 

In this simulation, as for most other rubble simulations, the ductile damage was dominated 



Discussion 

 

59 

 

over the brittle damage, see Figure 29 (a). Although to get a clear view of the rubble 

deformation 3D model would have been required. The major advantage of using the SPH 

formulation over the Lagrangian FE element is the avoidance of the mesh tangling issues 

caused by a large deformation. Despite using the continuum definition of the material model, 

the SPH formulation can be used to simulate the discrete nature of the simulated ice rubble, 

see Figure 29(b). Other material properties i.e., friction between particles, could not be 

introduced as the discretization domain is continuous. Therefore, the discrete element 

modelling of the ice rubble was more suitable to model the ice-to-ice fictional behaviour. The 

simulated peak force was in good agreement with the full-scale punch through the test. The 

deformation after peak load was simplified, therefore the modelled post-peak behaviour is 

somewhat uncertain. The permissible combination of input parameters was tested by plotting 

2D surface of the CSCM in compression, shear and extension meridian and compared it to the 

MC criterion.  

5.3 Numerical simulation of pull-up test 

Understanding the deformation and the failure behaviour of brash ice is highly important for 

shipping operations in ice infested waters. The in-situ test referred to as a pull-up test was 

conducted in the Luleå harbour. The details of the test setup, results and simulation efforts are 

given in Patil, Sand, Fransson, Bonath and Cwirzen (2021a), see Appendix V. The tests data 

was used to estimate the mechanical properties of the brash ice field. The used simulation 

model was based on the SPH formulation and was calibrated using the test data. In the 

simulation, the CSCM was used as the material model for the brash ice and the input 

parameters were estimated based on fit to the test data. The SPH method was shown to be 

useful in simulating a large displacement of ice blocks in the pull-up test, see Figure 30. It has 

been shown that the discrete mass-spring-dash pot model can be used to simulate buoyancy 

and drag. The strength of the brash ice field could be estimated based on the peak force and 

certain assumptions of the plug volume. The scaling formulae, based on a void fraction, gave 

reasonable values for the elastic modulus, fracture toughness and fracture energy of the 

studied brash ice field. 
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Figure 30. Snapshot of test simulation performed at various times.  

Furthermore, a parametric study was conducted to evaluate the effects of void fraction, 

cohesion and internal friction angle, see Figure 31. Due to the uneven movement of the pole 

in the horizontal plane, a non-uniform plug was formed during the simulation, which 

coincided with the test observations. The discrepancies between the simulated and the 

measured force time series indicated the need for further fine-tuning of the numerical and 

assumed material model parameters. It is worth mentioning that the physical background of 

the parameters (such as elastic modulus, fracture energy, etc.) should be further investigated 

in view of the brash ice deformation. In this study, some of the parameters enabling to define 

the shape of failure envelope were selected based on the recommended values. 

(a)                                         (b)                                        (c) 

 
Figure 31. Comparison of (a) void fraction (b) angle of internal friction (c) cohesion 

 

Nonetheless, the numerical model was able to capture various deformation patterns, including 

the plug formation that was wider than the collector and the hole that was filled quickly with 

neighbouring particles. The presented SPH model enabled to study of the brash ice structure 

interaction in realistic boundary conditions. Modelling of brash ice with the CSCM presents 

both opportunities and challenges. Finding suitable input parameters for the CSCM can be a 

time-consuming task. The test equipment functioned well, although some weaknesses and 

limitations were identified. Efforts were devoted to understanding the physics behind the 
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deformation behaviour of a brash ice field. 

5.4 Numerical simulation of the interaction between ice rubble field and 

lighthouse 

The cohesive element formulation was used to create a numerical model simulating the 

interaction between the ice rubble field and the Norströmsgrund lighthouse. The purpose of 

this study was to develop a numerical method to predict the ice load on a vertically sided 

structure. Two sub-load events were selected and post-processed to visualize important 

parameters such as panel pressure. The numerical model was calibrated based on measured 

force-time history and failure modes of the ice rubble. For the bulk element, the Mohr-

Coulomb criterion was used as the material model. For the cohesive element formulation, the 

material model which was based on three irreversible mixed-mode interactions with an 

arbitrary normalized traction-separation law governed by a load curve was chosen. Simplicity 

and accuracy were the selection certain behind the selection of these material models. An 

explicit scheme was used to solve the finite element model in the LS-Dyna. The elastic 

modulus and fracture toughness for the ice rubble field were scaled using the ice rubble field 

porosity. The details of the numerical model, cohesive element formulation and results of the 

performed parametric study were presented in detail in Patil, Sand, Cwirzen and Fransson 

(2021c), attached as Appendix VI. Therefore, only a brief overview is given herein.  

The procedure of calibrating material models for bulk and cohesive elements requires 

extensive sets of experimental data, for example, compressive strength tests, shear strength 

tests and fracture toughness tests. The absence of such experimental data requires reliance on 

assumptions. Thus, scaling of level ice material properties such as elastic modulus and 

fracture toughness was done to find suitable material properties for the ice rubble field. The 

chosen scaling yielded reasonable material properties. The numerical model predicted similar 

values for the maximum total force, but average and standard deviation values were higher 

than measured in the field. The observed load drops in the measured force-time histories were 

reproduced with reasonable accuracy in the simulated force-time histories, see Figure 32. 

(a)  

 

(b)  

 
Figure 32 (a) Comparison between the global forces of the sub-load event 1 (0603_0600) and 

the numerical simulation 1-1 (b) Comparison of global panel forces of sub-load event 2 

(2103_0900) and numerical simulation 2-1. 
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Figure 33 shows the deformation of the ice rubble field in front of the structure in simulation 

1-1. Initially, the edge of the ice rubble field hit the structure, which lead to the development 

of a local stress zone causing the ice to fail in a crushing type of failure. As the structure 

penetrated the ice rubble field, ice load built upon several load panels and the loose rubble 

started to form in the front of the structure. Once the cohesive elements were deleted, the 

crushing failure proceeded, and the process of ice rubble formation started. As the simulation 

progressed further, the ice rubble accumulated above and below the waterline. The rate of the 

ice rubble accumulation was different in the simulations of the two sub-load events due to 

differences in the ice drift speeds. The formation of a crushing failure is a cyclic process and 

causes a cyclic loading response. The continuous crushing failure of the ice sheet and clearing 

of the ice rubble leads to drops and rises of the developed forces. The vertical and horizontal 

motion of the ice rubble was influenced by dynamic forces originating from friction and the 

ice rubble piles located above and below the ice sheet. 

 

 
Figure 33. Snapshots of ice rubble field deformation in front of structure for simulation 

sub-load event 1 at various time 

The measured individual load event panel force data were also compared with numerical 

simulation 1-1 in Figure 34. At the start of the numerical analysis, panel pressure normal to 

panels 5 and 6 increased rapidly. This pressure fluctuation corresponds to the repetitive 

occurrence of the crushing failure. Panel no. 1 was nearly inactive during the simulated time. 

The measured panel load distribution was somewhat different from the performed numerical 
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simulations. The maximum panel pressure occurred on the panels facing the drift direction 

i.e., panel 5 and panel 6, while the panel pressure was considerably lower on the panels 

located at the outer edge. In the case of the simulation of load event 1 (0603_0600), the actual 

measured load applied on panel no. 1 was significantly higher than the simulated one. It can 

be related to the unknown initial condition of the load event. 

 
Figure 34. Comparison of the simulated time history of panel loads with measurement 

of sub-load event 1 (0603_0600). 

The developed and the presented numerical model has certain shortcomings regarding 

simulation of nature of forces, panel load levels and fracture behaviour of the ice rubble field. 

However, it should be mentioned that the presented model is at a preliminary stage and 

further developments will be continued. The simulation results showed a potential to use this 

method to simulate the ice interaction with other types of structures such as marine vessels. 

This is a promising first step to showing the potential to simulate other ice features for 

example the ice ridge-structure interaction.  
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6 Conclusions 

The conclusions drawn from the research work are presented in the form of answers to the 

research questions formulated in the section 1.2. 

RQ [1] What factors affect the strength of ice rubble? What are important tests to determine 

the strength of ice rubble?  

The ice rubble strength is primarily governed by its porosity. The compressive strength, 

tensile strength (due to forming freeze-bonds) and shear strength can be plotted as a function 

of porosity. The reported values for first-year ridge keel porosity were 20-45% and for brash 

ice 7-27%. In addition to the macro-porosity, the strength of ice rubble is affected by several 

factors, including confining pressure, strain rate, shape and size of ice blocks, and time 

history. 

Due to the simplicity of using the MC criteria to estimate the ice rubble strength, extensive 

testing has been conducted to determine cohesion and angle of internal friction. 

 

In the past, the ice rubble strength has been estimated using shear box tests and punch through 

tests. Unfortunately, test results can be difficult to interpret as they are influenced by several 

factors, such as stiffness of the used apparatus, used scaling, and the type of ice. Hence, a 

large variation was seen as values for cohesion ranging from 0-100kPa and angles of internal 

friction ranging from 20° to 80°. According to the laboratory tests, cohesion values decrease 

with submerging time up to a certain extent, while high values of the angle of internal friction 

suggest nonlinearity due to the volumetric changes. 

 

The bi-axial compression tests, the triaxial compression tests and the large-scale shear tests 

can be used to estimate the volumetric behaviour of ice rubble under certain stress-state as the 

volumetric changes are measured more accurately. The in-situ ice load measurement 

programs provide valuable insight into the failure modes of ice rubble, but their limited 

availability makes it difficult to draw any general conclusions. 

RQ [2] What factors influence the friction coefficient on ice surfaces?  

The friction coefficient on ice surfaces is affected by several factors, including surface 

topology, speed, and temperature. According to the performed tests, rubber and ice give the 

highest friction coefficient at a critical speed. The ice-ice friction tests had a much higher 

friction coefficient than other tested surfaces. High roughness results in a higher friction 

coefficient, indicating that asperities govern the sintering process. The ice-ice contact is also 
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possible when a porous material slides on ice. The investigation of the friction process with 

ice rotating on a ring-shaped specimen proved to be both practical and accurate. When a small 

contact area is used, the test set-up focused on shear adhesion and the measured friction force 

should be relatively free from the edge effects and other unwanted forces. The rubber friction 

on the planned ice decreased from 0.4 to 0.1 when the temperature was increased at low 

sliding speeds. This type of drastic change did not happen on rough-surfaced ice. Therefore, 

the comparison of winter tires and similar field tests should be done on ice with a controlled 

roughness higher than Ra = 10 microns. 

RQ [3] How well does the CSCM capture the failure modes compared to the MC when 

simulating a laboratory shear box test?  

The CSCM model captured the first peak force of the test. While the MC model predicted a 

much higher shear force. The behaviour of dilation indicated by the CSCM model is 

questionable as the continuous expansion of the ice rubble under shear lead to higher 

confinement forces than observed in the actual testing. The FE model of a shear box can give 

accurate results up to a certain displacement, as it is limited by the size and shape of the 

element used. The use of kinetic hardening parameters allowed to match the hardening 

behaviour shown by the ice rubble under shear. 

 

However, as the rubble was expanding linearly, there was no distinct second shear mode 

observed in the simulation. The simulated and experimental confinement pressure differed 

significantly from the measured ones. A simultaneous yielding of elements in the shear zone 

can explain the excessive hardening observed in the MC model. The hardening observed 

between the two shear modes has been simulated relatively well by the CSCM up to a 

displacement of 60 mm. 

RQ [4] How well can the behaviour of first-year ridge keel ice rubble be simulated by using 

FE formulations and SPH formulations in an in-situ punch through test? How are the two 

formulations different?  

In a 2D axisymmetric model of punch through the test based on FE and SPH formulation, a 

discrete mass-spring-dashpot model was used to simulate buoyancy and drag forces of water. 

As a material model for ice rubble, the CSCM was visualized and compared with the MC 

criteria for given input parameters. Moreover, the number of input parameters for the CSCM 

has been reduced by using approximations and simplifications of isotropy and continuity of 

surfaces. The CSCM parameters were adjusted based on the force-displacement curve from 

the punch-through test. 

Simulations of initial deformation, peak force, and post-peak behaviour of ice rubble was in 

good agreement with the test results. The FE model showed that ductile damage was 

dominant in simulations. The SPH model showed a distinct plug formation compared to the 

FE model. Measured displacements of nodes at the keel bottom were smaller than simulated 

displacements. The discrete nature of the ice rubble was captured by the SPH formulations to 

a sufficient degree and preferable to simulate large deformation over FE formulation.  
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RQ [5] What are the deformation modes of brash ice in the pull-up test? (section 2.4) And 

what is the role and significance of void ratio, cohesion and internal angle of friction in the 

simulation of the test using SPH formulation? 

Pull-up tests were conducted to investigate the behaviour of brash ice. In repeatedly broken 

brash ice fields, the brash ice resistance was found to be affected by the friction between ice 

blocks. It is safe to assume that the lateral confinement in the repeatedly broken brash ice field 

is lower than the narrow brash ice channel. It is unlikely that the freeze bonds formed between 

ice blocks due to warmer temperatures. The residual force of the force-time graph of the test 

can be used to estimate the void fraction. 

The performed Pull-up test was simulated using the SPH formulation, and the CSCM was 

chosen as a material model for brash ice. Scaling formulae based on the void ratio were used 

to determine input parameters such as elastic modulus, fracture toughness, and fracture 

energy. 

The void ratio was varied to match the residual force. The peak force was affected by changes 

in the cohesion value. However, the variation in the angle of internal friction did not produce 

any significant changes with respect to the force-time curve.  

Simulated results showed similarities to those observed in the test, such as the filling of the 

hole after the collector was pulled up. Although a uniform spacing of particles did not permit 

a non-uniform movement such as the falling of large blocks. It has proved to be a cost-

effective method for simulating buoyancy and drag using the discrete mass-spring-dashpot 

model. 

RQ [6] How should cohesive element formulation be used to estimate the ice rubble field 

loads exerted on vertically sided structures? 

The two load events were post-processed to extract and to visualize the information such as 

ice drift direction and ice thickness. The load drops in the measured force-time history were 

believed to be the effects of clearing the accumulated ice rubble in front of the lighthouse. In 

the case of the interaction between ice rubble field and structure, ductile crushing failure 

mode potentially caused a high global force, as long as the failure occurred simultaneously 

across the lighthouse circumference. 

The cohesion value has a direct effect on the load levels. Higher cohesion values tended to 

give higher load levels. The increase in cohesion from 36 kPa to 67 kPa (an 86% increase) 

increased the mean forces by 124%. The dynamic scatter of forces appears to be increasing 

with higher values of cohesion. While the higher values of the angle of internal friction 

produced higher load levels and dynamic scatter.  

The mixed-mode interaction cohesive formulations with arbitrary normalized traction-

separation law were calibrated based on a two-element setup test. The use of the cohesive 

element formulation was justified by the formation of realistic simulation cracks and by the 

pile-up observed in front of the lighthouse. The linear scaling factor ( )1 r− was used to 

estimate the ice rubble field properties. The significance of material properties to the global 

force was quantified by the parametric study of the four variables. 
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The cohesion was found to be directly proportional to the load levels whereas the angle of 

internal friction was found to be inversely proportional to the load levels. 

The change in the fracture toughness did not show any general trend. Higher values resulted 

in a narrow scatter of force in the case of load event 1. Whereas, in the case of load event 2, 

higher values of fracture toughness corresponded to the highest registered forces with a wider 

scatter of forces. 

The decay coefficient used in set 1 (Dc=6.61) yielded a lower dynamic friction coefficient 

which registered lower forces compared to set 2 (Dc=2). The damping of the lighthouse and 

ice sheet was included in the numerical model but was not part of the performed parametric 

study. Thus, the effect of damping on failure modes of ice rubble is unknown.  

RQ [7] How well is a large-scale shear test suited for estimating the brash ice properties? 

And how should the test data be used to estimate material model parameters?  

The apparatus has proven useful for testing the mechanical properties of brash ice and can 

provide reliable results. Using the large-scale device, brash ice can be studied under simple 

shear without the need of scaling down. Ice blocks can represent true block size distributions. 

The strength of the brash ice sample was found to depend on its macro-porosity and confining 

axial force. Because of the compaction before shearing, the ice pieces would be crushed, 

resulting in a denser packing. As a result, the sample would be stronger. Due to the extended 

exposure to the room temperature at the testing facility and the axial force, the contact 

surfaces of the ice blocks may have melted, and a frozen bond could have formed (i.e., 

sintering). With circumferential measurements included in the year 2021 measuring 

campaign, the volumetric strain was more accurately measured. Dilation under the shear 

loading could be measured with circumferential measurements. 

 

To verify the validity of the input parameters, the CSCM surface was fitted to large scale 

simple shear tests. The CSCM yield surface in the shear meridian has been visualized using 

the estimated parameters. In addition, kinematic hardening parameters were calculated from 

the cyclic loading response of the ice sample. Based on the assumption that the first plateau is 

the initial location of the yield surface and the end of each forward cycle is the final location 

of the yield surface, the hardening initiation (NH) was calculated. To calculate the hardening 

rate (CH), the slope of the shear stress versus the plastic shear strain curve was used. It is 

important to note that parameters are determined based on a trial-and-error approach, and 

their accuracy is not verified by any numerical simulation. 

 

The results from the work summarized above have improved the understanding of the 

interaction between ice rubble/brash ice and structure. The effect of various parameters 

including macro porosity, cohesion, angle of internal friction and confinement was studied 

qualitatively. 
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7 Future research 

Any numerical model is based on certain simplifications and assumptions. Therefore, the 

accuracy of the numerical model is often evaluated based on the degree of achieved fit to 

measured physical quantities. In this work, a numerical model of interaction between ice 

rubble and structure was tested and validated. The simulation results were acceptable but 

improvements and further fine-tuning are suggested. Improvements regarding experimental 

work are also suggested. Given below are the recommendations and suggestions regarding 

future research. 

 

The experimental investigation of ice rubble or brash ice is highly dependent on the 

instrument or device used. As it was shown in the pull-up test, the crane’s movement can 

cause the device to fail. Therefore, ice rubble or brash ice testing should be conducted in a 

controlled environment. Future testing must include on-site measurement of void ratio and ice 

block size distribution. The pull-up test method can be employed in laboratories, where 

environmental parameters such as pulling speed and stable platform can be more closely 

controlled. In the case of large-scale simple shear test, the need for standardization has been 

highlighted. The addition of a strain gauge in the large-scale simple shear test allowed to 

measure the volumetric expansion in the middle of the sample due to shear. But additional 

strain gauges should be implemented to capture the whole deformation of the sample. 

 

Furthermore, the stiffness of the device plays an important role in the accuracy of results. One 

must take appropriate actions to minimise the effect of uncontrolled parameters such as 

friction in moving parts. It can be done simply by modifying the results accordingly. For 

example, the moving mechanics in the shear box test for brash ice had some resistance that 

had been taken care of while post-processing the test results. The knowledge gap related to 

the full-scale measurements of the interaction between ice rubble has been highlighted. The 

available database for interaction between the ice rubble field and structure should be further 

explored to identify load events. Special attention should be given to post-processing the data 

and may require manual efforts from the user. Also, the need for a 3D model was highlighted 

in the case simulation of punch through test to get a clear view of rubble deformation. 

 

The CSCM has a large set of input parameters and several independent tests for ice rubble 

was required to validate the model. Although, some simplifications and assumptions have 

reduced the number of parameters required. The scaling formula based on the macro porosity 

gave acceptable values. Therefore, the ad-hoc rule should be investigated further to find the 

admissible parameter combination which could be used as input values. Furthermore, the ice 
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rubble field can have different porosity profiles along with depth. Therefore, the depth-

dependent material properties cannot be scaled in this way, especially when the dependency 

between the fracture toughness and porosity is unknown. Consequently, more research is 

needed for finding an appropriate scaling factor. The loading rate in simulated tests was 

relatively low, thus time-dependent deformation in ice rubble was not investigated. The 

CSCM can be used to simulate strain rate dependent deformations in the rubble. To expand 

the feasibility of the model, the strain rate dependent deformations component should be 

investigated. 

 

The element size used in simulations with cohesive element formulation is small enough to 

capture the macro-cracking. However, to capture the micro-cracking phenomena, a finer mesh 

size would be required. Furthermore, hexahedral mesh tends to predict a higher load 

indicating the need for mesh shape and size reconsideration. Thus, a tetrahedral element mesh 

can be adopted for future research to simulate realistic crack patterns. But these modifications 

in mesh sizes and shapes are costly. Therefore, trade-offs between computational efficiency 

and the quality of results should be made. The bulk element material model i.e., Mohr-

Coulomb criteria, in CEM formulation did not have any softening feature implemented, which 

may lead to an overestimation of the predicted forces. Therefore, a material model with 

softening feature is recommended. 

 

The damping effect of water on the lighthouse is not modelled. Thus, its contribution towards 

failure modes and load levels of the ice rubble field should be studied. The hydrodynamic 

effects of water i.e., drag, and buoyancy were added by using the spring dash-pot model. This 

method proved to be cost-effective and simple. However, the accuracy of the discrete mass-

spring-dashpot model should be investigated further. But finer mesh or tetrahedral element 

mesh require complicated load curves, which can decrease the cost-effectiveness of the 

method. The effect of damping of ice sheets and structures should be further studied. 
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ABSTRACT 
 
Friction processes of rubber on ice, steel on ice and ice on ice have been investigated by 
measuring contact forces in controlled laboratory experiments. A carefully prepared ice plate 
was rotated at a constant speed and brought into contact with a ring on which torque and 
normal load was measured.  Replicas of the different types of standardized ice surfaces were 
studied in microscope. Friction of rubber on ice reached a maximum value at a sliding speed 
of abt. 100 mm/min. At a temperature of -10°C this maximum friction coefficient decreased 
with increasing ice surface roughness. Friction of steel on ice increased with decreasing speed 
and no maximum value was obtained. Ice sliding on ice at low speed resulted in high friction 
forces when sintering took place.  
 
INTRODUCTION 
 
First it should be mentioned that it is important to understand and characterize the actual ice 
surface properties in connection with all measurements of the friction coefficient μ between 
ice and other surfaces. Ice is a unique material in many ways not only because of its 
spectacular low friction to steel surfaces. No other crystalline materials show such strength at 
the very melting point, but on the other hand its surface properties changes rapidly with time 
due to sublimation and re-crystallisation. 
 
In this paper we wanted to avoid getting into the questions about what is causing the low 
friction of ice. But it was impossible to set up good test procedures without taking a stand in 
some issues. For instance the work of Tusima (1977) has been a great inspiration and it seems 
plausible that most of the friction mechanisms in our tests are caused by adhesion. Friction 
could then be understood in terms of yield pressure and shear strength of small ice asperities 
on top of the solid ice. Tusima used a steel ball that was partly ploughing into the ice but that 
type of unwanted resistance due to wear exist in most friction tests. Ordinary sliding tests also 
suffer from an unknown pressure distribution on the contact area. The “real contact area” at 
normal pressure levels and cold temperatures is only a fraction of the projected but the contact 
becomes almost complete when a water film is present. Therefore it is obvious that friction is 
a term that may involve an assembly of different mechanisms.   
 
When friction is modelled numerically it is common to use so-called rate and state models in 
which friction is a function of the relative velocity of the two surfaces and a state variable. It 
is then possible to simulate stick-slip and viscous behaviour. The bristle model proposed by 
Haessig and Friedland (1991) can be described as a number of flexible bristles where the bond 
snaps at a certain deformation. It is an attempt to simulate microscopic contact points that 
form and break randomly. This model divides the state into regimes depending on built up 
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elastic deformation in the bristle which helps to understand the transition between static and 
dynamic friction. At higher speed frictional heating and melting is assumed increasingly 
important. Frictional heating of the ice is usually used as explanation why locked tires have 
such a poor grip compared to rolling tires.    
 
In the present paper results from friction tests with rubber on ice, steel on ice and ice on ice is 
discussed. Rubber is softer than ice and will deform more than the other materials. Surface 
roughness was expected to have a strong influence on friction especially for soft rubber. Much 
effort was therefore put into ice surface preparation and measurements of the surface 
roughness of ice.  
           
ICE SURFACE PREPARATION 
 
In this initial stage of our ice friction research we developed a simple method to grow 
sufficient good ice in the laboratory. Crystal orientation affects friction (Tusima, 1977) but 
also the mechanical properties and possibly the pattern of grain boundaries on polycrystalline 
ice. A water basin made of stainless steel with the dimensions 2 x 1 x 0.3 m (length, width, 
depth) was placed in a cold room. Ordinary tap water was pored into the basin and the water 
was cooled down to the freezing point. Then the water body was stirred to get close or slightly 
below 0°C. Initial ice formation was triggered by powdering the surface with sieved snow or 
sprayed rime when snow was missing. The seeded ice crystals in the basin grew more or less 
into vertical columns with uniform size. Close to the poorly insulated basin walls the ice 
became different and was not used in the tests. The air temperature was held constant at -10°C 
after seeding and freezing took about 36 hrs. Target ice thickness was 40 mm which was thick 
enough to handle the plates and they could easily be cut with an electric chain saw. The ice 
was cut and stored in a freezer in another cold room. Our laboratory ice is shown in cross-
polarized light where the crystals appear in different colours, see Figure 1. 

  

 
 

Fig. 1. Horizontal thin section (50mm x 50mm) close to the upper surface of the 
laboratory ice 

      
The ice plates were first planned on both sides with a rotational planar tool. This procedure 
resulted in a smooth wavelike surface with about 10 micron amplitude. The upper surface 
used for friction tests was planned in two perpendicular directions. The difference between 
the ice plates was small and on an area of 250 mm x 250 mm we were able to get a consistent 
topography of small waves. Direct measurements of surface roughness with a clock gave Ra 
less than 10 µm. After planning we tried different methods to prepare the surfaces. These 
methods were: grinding with ceramic sandpaper, scratching with a saw blade from band saw 
and flooding with a thin water layer. 
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Also grinding and scratching was done in two perpendicular directions. Crushed ice and rime 
was gently removed with a soft brush. In most of the tests we used three standardized ice 
surfaces with the indicated target roughness. 
 

1. planned ice, Ra=6-8 µm 
2. ground ice, Ra = 60 µm 
3. scratched ice, Ra = 120 µm 
 

It was of course impossible to make identical surfaces with the earlier described methods but 
we thought it was consistent enough for this purpose. Surface preparation was done in the 
same cold room as the friction tests where the temperature was held constant over a long time. 
Surface roughness was studied in detail using the casting material Master Exact. This is a 
binary liquid, mixed together, pressed down on the ice surface and hardened over time 
(Andren and Wennstrom, 2007). Sublimation at dry conditions was strong and therefore the 
surface preparation was done immediately before every test series. Microscope investigations 
on the replicas showed the smoothing effect very clearly, see Figure 2.  
 
Table 1. Surface roughness Ra measured on replicas at different exposure time in the cold room (-10 C) 

 
Time after 

manufacture 
Planned 
Ra, µm 

Ground 
Ra, µm 

Scratched 
Ra, µm 

0 6-8 16 150 
2 hours - 13 108 
1 day 1 5 92 

    

 
 

Fig. 2a. Ground ice surface, 2 hrs after manufacture 
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Fig. 2b. Scratched ice directly after manufacture 
 
 
EXPERIMENTAL SET-UP 
 

 
 

Fig. 3. Schematic diagram of the experimental setup 
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A flat ring of rubber, steel or ice was pressed down to the ice with a constant normal force N. 
The ring was subjected to an increasing torque Mv as the ice was rotating. The torque reached 
a maximum value after a certain rotation of the ice plate. A typical graph of the torque during 
a friction test with rubber on smooth ice at low speed is shown in Figure 4. The friction 
coefficient was assumed proportional to the ratio between torque and normal force. A similar 
method has also been used to measure friction on ice surfaces in the field with some success. 
The friction coefficient was calculated from  

 

N
M

dD
dD v⋅

−
−

⋅= 33

22

3μ   (1) 

 
where D and d are the outer and inner diameter of the ring, respectively. Rotation speed was 
kept constant during the tests with the help of a step motor and a gearbox with the ratio 1:30. 
Speed on the step motor was increased in seven steps from 0.1 to 100 rpm. This resulted in a 
variation of the relative velocity on the periphery of the ring from 0.72 mm/min to 720 
mm/min. The sliding velocities given in Table 2 were calculated at the periphery of the ring 
assuming that the specimen was in a fixed position.  
 
The friction tests were run at a room temperature of -10°C and -3°C. One test series with 4-7 
tests could be carried out on the same plate without overlapping. First test was always made at 
the lowest speed which helped to temperate the ring specimen to the ice. 
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Fig. 4. Plot of torque on the rubber specimen when the sliding speed was 0.72 mm/min 
 
 
RESULTS  
 
Rubber on ice 
In these tests a flat ring of rubber, vulcanized to a steel plate, was pressed down to the ice with 
a pressure of about 200 kPa. The outer and inner diameter of the rubber ring was D = 69.8 
mm and d = 50 mm, respectively. The hardness on the 7 mm thick rubber layer was measured 
to 64 Shore A.  
 
The first test results given in Table 2 indicated that the rubber-ice friction coefficient 
increases with speed only on ground ice.  On smooth surfaces like the flooded ice no 
significant rate effect could be traced. As expected we got a lower friction coefficient on the 
ice surface that had been flooded.  One of the problems with this test procedure was that the 
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rubber ring was in contact with the ice for a longer time at slow velocities and it may have 
contributed to an increased adhesion. Tests with a constant dwell time before rotation could 
eliminate this possible source of error. Another problem was that the air humidity and thus the 
ice surface properties might have changed between the test series.  
 

Table 2. Friction coefficients for rubber on ice (average of four tests). Room temperature = -5°C. 
 

Speed, 
mm/min 

Planned ice 
Ra=6-10 

Ground ice 
Ra=10-15 

Flooded ice 

0.72 0.328 ± 0.020 0.249 ± 0.025 0.258 ± 0.024 
7.2 0.321 ± 0.020  0.310 ± 0.014 0.283 ± 0.009 
72 0.318 ± 0.015 0.349 ± 0.004 0.224 ± 0.034 

 
All friction graphs were plotted on logarithmic scale of speed (V) in the unit mm/minute. The 
same pattern was found for both temperatures. First there is an increase in friction coefficient 
and after a certain speed a rapid decrease can be seen. Calculated friction coefficients as a 
function of speed is shown in Figure 5. 
 
Maximum friction for this type of rubber was obtained at a critical speed of about 100 
mm/min. Ice and rubber were assumed to show visco-elastic behaviour at lower speed that 
resulted in a increased friction coefficient as the speed was increasing.  At velocities higher 
than the critical, frictional heating was assumed to create a water film at certain contact points 
and thus reducing the possible friction. In this case the surface roughness played an important 
role. Friction dropped suddenly on smooth ice and more gradually on rough ice. Friction 
became substantially lower when the temperature was raised from -10°C to -3°C on smooth 
ice. Salt or radiation from the room lights seemed to create a thin water film on the ice surface 
at -3°C. When the friction coefficient was as low as 0.2 on smooth and warm ice it was not 
much lowered at higher speed. Friction was less sensitive to temperature changes on rough ice 
but more sensitive to velocity.  
 

 
 

Figure 5 a. Rubber on planned ice 



 7

 
 

Figure 5 b. Rubber on Ground ice 
 

 
 

Figure 5 c. Rubber on Scratched ice 
 

Steel on ice 
A test ring of steel was made with the same dimensions as the rubber ring. The surface in 
contact with ice was machined and polished and cleaned from oil. Friction tests were carried 
out with the same set-up with a normal pressure of 200 kPa. Friction between the steel ring 
and the different ice surfaces are shown in Figure 6. Due to the increased stiffness all contact 
points were sliding at the same speed when the two surfaces were put into contact. It is 
assumed that the ice is yielding at the contact points and the contact area became larger at 
lower speed. Therefore friction was slightly increased with decreasing speed. No significant 
influence from the surface roughness can be traced. The obtained friction coefficients (0.02 – 
0.04) were very close to those reported by Tusima (1977) and other sources.  
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Fig. 6. Steel-ice friction vs. sliding speed. Test temperature = -10°C 
 
Ice on ice 
A ring of ice was cast on the steel ring. Surface tension made the ice ring thicker at the centre. 
This curved surface was made flat on a width of 5 mm before it was put in the testing 
machine. The normal pressure had to be reduced to abt. 140 kPa to avoid fracture of the ice 
ring. At low speed sintering was observed at several points between the two ice surfaces, see 
Figure 8. This resulted in failures of the sintered ice and high measured friction. At a speed 
higher than 100 mm/min the kinetic friction was reduced to 0.2. But as soon as the two 
surfaces were standing still and kept together they were stuck at certain points. 
 

 
 

Figure 7. Ice-ice friction vs. sliding speed. Test temperature = -10°C 
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Fig. 8. Photo on the ice-ice contact where sintering is shown as a white spot. 
 
 
DISCUSSION 
 
In the rubber tests the normal pressure was held constant at 200 kPa. Tests at higher pressure 
levels might have resulted in increased frictional heating at the same speed and thus different 
friction coefficients. A phenomenon of frictional heating is well investigated in Higgins et al. 
(2008) paper on wear of rubber from ice. Increase in speed at a certain temperature gave this 
effect and produced a thin layer of water. This thin layer of water acted like a lubricant which 
resulted in decrease of the friction force. At elevated temperature, this phenomenon occurred 
very fast.  
 
At an extremely slow sliding speed the friction coefficient for steel on ice might become 
higher than the values obtained at 0.72 mm/min. Frederking and Barker (2002) tested painted 
steel on sea ice and got a maximum of 0.08 when the ice stopped. Corroded steel contains 
voids that can be filled with ice and sintering could therefore contribute to higher friction on 
ice at slow speed. Maeno and Arakawa (2004) proposed an improved shear adhesion theory 
where sintering increased the friction force at low sliding speed. The friction coefficient 
should then be expressed 
 

  
σ
τμ )1(

s
sΔ

+=   (2) 

 
where  sΔ  is the increased contact area of each asperity during the contact time. A function 
was also suggested on how sΔ  will be increased. It was however seen in our experiments that 
sintering was a random process depending on roughness. On a larger area only a few contact 
spots were needed to cause high friction forces. Fortt and Schulson (2007) suggested that this 
peaked shape of friction curves versus sliding velocity was due to a change in sliding 
behaviour. In their sliding experiment on cracked surfaces they noticed that the sliding was 
ductile-like at slow speed and brittle-like at high speed which also could be seen on the load-
time curve. It is also possible that frictional heating prevents cohesion or sintering at high 
speed. 
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CONCLUSIONS 
 
Friction testing with rotating ice on a ring-shaped specimen proved to be both practical and 
accurate.  The test set-up focused on shear adhesion and the measured friction force should be 
relatively free from edge effects and other unwanted forces when a small contact area is used.  
 
Along with surface topology, speed and temperature play important roles in determining the 
friction coefficient on ice surfaces. Our experiments showed that there is a critical speed for 
rubber and ice which gave the highest friction coefficient. Rubber friction on planned ice 
dropped from 0.4 to 0.1 when the temperature was increased at low sliding speed. This type of 
drastic change did not happen on the rough ice. Therefore we suggest that comparison of 
winter tires and similar field tests should be done on ice with a controlled roughness higher 
than Ra = 10 micron.    
 
In case of ice-ice friction tests the friction coefficient was much higher than on other surfaces. 
Higher roughness caused higher friction which indicates that the contact pressure on asperities 
governs the sintering process. Ice-ice contact is also possible when a porous material slides on 
ice.  
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ABSTRACT  

Ice rubble has highly nonlinear behavior and thus simulate shear properties requires sophisticated 

constitutive models including a relatively large number of parameters and complicated calibration 

procedures. An attempt has been made to simulate shear properties of ice rubble. A shear box 

experiment is chosen from test series performed by Fransson and Sandkvist (1985). In this paper 

a shear box test is simulated with nonlinear finite element code LS-Dyna. A newly implemented 

material model in LS-Dyna called continuous surface cap model (CSCM) has been used in this 

simulation. This model is proposed by Schwer and Murray (1994). For the sake of simplicity, 

experimental results are compared with Mohr-Coulomb material model. A brief overview of 

continuous surface cap model is given. Finally, comparisons with experimental results have been 

made.   

INTRODUCTION  

 

Finding first year ice ridge rubble properties are of great interest since activities of exploration 

and production of hydrocarbons in arctic area increased. Design load level of offshore structures 

in arctic and sub-arctic area depends on first year ridge properties. Ice ridges are composed of 

consolidated and unconsolidated parts. In unconsolidated parts rubble exists in two different 

forms. In sail, rubble is usually dry and voids are comprised of air and slush between the blocks. 

In keel, rubble is wet, consisting of brine pockets and voids are comprised of water, slush and 

loose blocks.  

 

The number of contact points in the rubble decreases with increasing block size. Pressure in each 

point reaches to crushing strength of ice. Crushing leads to milled ice packs with several block 

sizes and an increased number of contact points. As a result, distinct gliding plane will develop 

when shear forces are applied. The smaller ice pieces may act like roller bearings for the bigger 

blocks and small pieces may also be compacted to become bigger mass. Ettema and Urroz (1989) 

stated that rubble undergoing continuous deformation is cohesionless. Laboratory tests offer 

greater insights of rubble deformations under prescribed boundary and loading conditions. In 

reality ice rubble constantly evolves during life time of ridge. rubble deformation procedure can 

be described as initial, main and decay phase (Høyland, 2002, Høyland and Liferov, 2005). 

Laboratory tests on ice rubble are normally conducted during the initial phase, which is believed 

to be the most sensitive with respect to the testing conditions. Scaling laws between the prototype 

and the model is of high significance when performing laboratory tests on ice rubble (Liferov, 

2005). 
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Many researchers have performed extensive experimental studies dedicated to finding ice rubble 

properties. Out of all laboratory tests, shear box tests have been used extensively for ice rubble 

because of its simplicity and easy to perform attribute. The shear box test is a laboratory 

experiment usually performed to get shear properties of material under some confinement load. 

There are limited numbers of choices available when it comes to simulate pressure dependent 

materials like ice rubble. Being a two parametric model, the Mohr-Coulomb material model was 

used because of its simplicity and reasonable accuracy. In this paper, a shear box test is simulated 

in nonlinear finite element code LS-Dyna with two different material models Mohr-Coulomb and 

continuous surface cap model CSCM. This continuous surface cap model has been developed and 

implemented into LS-Dyna (Model no 159) by Schwer and Murray (1994). Results from 

simulations are discussed and compared with experiments. 

SHEAR BOX EXPERIMENT 

 

Experimental setup 

 

Fransson and Sandkvist (1985) performed a series of shear box tests on brash ice. The main 

purpose of the test series was to present results from laboratory tests with different types of ice 

and to discuss the shear properties of fresh water ice based on these tests. Brash ice is a material 

that becomes more resistant to shearing as it is squeezed more tightly by normal pressure.   

 

 

Figure 1.sketch showing the shear box with the water bag for keeping constant normal forces 

from Fransson and Sandkvist (1985). 
 

Figure 1 shows the general setup of the shear box test they used. A box of 13 mm thick board was 

used to form a cubical space of 0.5 x 0.5 x 0.5 m
 
into two halves. The confinement pressure was 

applied in the range of 0-8 kPa from side with help of a water bag supported by board.  Due to 

inertia force of the system, the normal pressure is varied with normal displacement of moving 

part of box. The shearing force and the displacement of the moving part were recorded. The 

moving speed of one halve of box was close to a mean value of 10 mm/s while the other half of 

box was fixed. A gap between two parts was 6 mm.  As the top was open, rubble pieces could 

move upwards. Discussed test series were performed under isothermal conditions with no 

freezing or melting effects.   



Ice rubble properties  

 

These test series were performed with ice rubble made of three different types of ice. But tests 

performed with ice no 3 are subject of interest, so only those properties are given here. An ice 

cover of 50 mm thickness was produced by cold seeding at -20° C. The average columnar ice 

grain size was 3 mm. This type of rubble was produced by crushing ice sheets frozen in a 

laboratory basin. The form of the ice pieces changes from broken sheets with sharp edges to more 

spherical forms due to shearing. The rubble was produced with mean block sizes of 110 mm. The 

block sizes and distribution are not scaled to actual cases. These tests can be seen as small scale 

tests.   

 

Results from tests 

 

Results are interpreted by identifying different shear modes as discussed by Hellmann (1984). 

Various authors have showed that higher freeze bond strength gives higher shear stress (Serré, 

Repetto-Llamazares et al., 2011). There is also different explanation available for each shear 

mode. Results from Fransson and Sandkvist (1985) using ice no. 3 have been chosen for this 

simulation. 

 

 
 Figure 2. Test results clearly showing shear modes from Fransson and Sandkvist (1985). 

 

Additionally, the measured shear force should be corrected due to friction of the box, which was 

recorded as 9°. In Figure 2 corrected graph is recalculated. Corrected shear force is calculated as 

given below 

 ).9tan(exp
 NFFcorr  (1)  

As shown in Figure 2 the first shear mode  I  corresponds to rearrangement of blocks resulting 

in denser packing and gliding plane. The second mode  II occurs at maximum shear forces 

before failure. Linear increase (hardening) in the shear force with displacement between first and 



second shear mode represents smaller failure, local crushing and rearrangements of the ice 

rubble. Fransson and Sandkvist (1985) further analyzed the data to estimate internal angle of 

friction (φ) for both the peak. They estimated for first shear mode φ is 12° and for second shear 

mode φ is 14°. The reason they give for such a low values of internal friction angle is presence of 

higher content of fine grained ice.  

FINITE ELEMENT MODEL 

 

A simplified finite element model is created based on the experiment description given by 

Fransson and Sandkvist, 1985. The ice rubble is modelled by solid element having shape of 500 

mm cube (shown in green colour). One fixed part and one moving part (bracket) modelled with 

solid element. A constant normal pressure of 8 kPa is applied at the open side (shown by blue 

arrow) while top side is free. The bracket is moved at constant speed of 10 mm/s (direction is 

shown by red arrow in Figure 3). Static (0.08) and dynamic (0.04) coefficient of friction is 

applied between rubble and side walls as well as bottom surface. A gravity force is applied to the 

rubble. 

 

 

Figure 3. Finite element model of shear box experiment. 

 

Mesh size (15.6 mm) is selected based on response to force displacement time curve and 

computational time.  As orientation of rubble relative to box cannot always be anticipated as the 

model undergoes large deformations, an automatic surface to surface is selected as 

contact algorithm between box walls and rubble.  This contacts check for penetration on either 



side of an element  (Hallquist, 2006). The maximum displacement of box is 150 mm. In order to 

simulate such a large displacement, walls were made higher to support rubble movement. 

MATERIAL MODELS 

 

Mohr-Coulomb (LS-Dyna Material Model 173) 

 

Mohr Coulomb theory gives linear relationship between normal stress and shear stress. The 

model gives a straight forward connection between the shear strength and the material parameters 

(internal angle of friction and cohesion). However rubble behavior is not linear over a wide range 

of stress-strain space.  Mohr-Coulomb always predicts higher strength and does not consider 

softening. There are computational difficulties with this model, as the yield envelope contains 

corners in the stress space therefore the MC model is not robust in numerical finite element 

analysis without any modification. Formulation is given below as 

 

 .tanmax  nc   (2)  

 

where τmax and σn are the maximum shear and normal stresses on the failure surface respectively, 

φ is the angle of internal friction and c is the cohesion. Linear elastic and ideal plastic type of 

material formulation of Mohr-Coulomb is used for this simulation.  

          

Continuous surface cap model (CSCM) (LS-Dyna Material Model 159) 

 

This material model originally developed to predict dynamic performance, elastic and plastic 

deformation and failure of concrete. In this simulation it is used to simulate ice rubble’s different 

failure modes. The general shape of the yield surface in meridonal plane is shown in Figure 4. 

This surface uses a multiplicative formulation to combine the shear failure surface with the 

isotropic hardening compaction cap surface smoothly and continuously. The smooth intersection 

eliminates the numerical complexity of treating a corner region between the failure surface and 

cap (Murray, 2007). 

 
(a) 

 
(b) 

Figure 4. General shape of the CSCM model yield surface in three dimensions (a) and in two 

dimensions (b) in meridonal plane (from Murray, 2007) 
 

This smooth cap surface provides reduction in CPU time and advantage over numerical 



instability. The present model provides a further extension in which the standard functional 

dependence of the failure and cap surfaces on the first and second stress invariants is expanded to 

include the third stress invariant. Introduction of the third stress invariant allows simultaneous 

fitting of the model to triaxial compressive data and triaxial extension data (Schwer and Murray, 

1994). The failure surface of the smooth cap model is defined as  
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where J1 is the first invariants of the stress tensor, P is mean stress and α, θ, λ, β and are model 

parameters used to match the triaxial compression and are fixed at λ=0, β =0.   

 

 
(a) 

 
 

(b) 

Figure 5. (a) Non-dimensional function used for cap portion of the smooth cap model function. 

(b) Single smooth cap failure function (from Schwer and Murray, 1994) 

 

The isotropic hardening or cap surface of the model is based on a non-dimensional functional 

form, given below  
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where κ is a hardening parameter that controls the motion of the cap surface and L(κ) and X(κ) 

define the geometry of the cap surface. The smooth cap model, shown in Figure 5 (b), is formed 

by multiplying together the failure and hardening surface functions to form a smoothly varying 

function given by 
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Where J
’
2 is the second invariant of the deviatoric stress tensor.  

The evolution of cap’s motion is defined by the isotropic hardening rule 

 
)1(

2)()( 0201 XXDXXDp
v eW


 . (6)  

where p

v is the plastic volumetric strain, W is the maximum plastic volumetric strain, X0 is the 

initial intercept of the cap surface and D1 and D2 are the linear and quadratic shape parameters 



respectively. D1 and D2 determine the shape of the pressure volumetric strain curves. W 

determines the maximum plastic volume compaction.   

 

The five input parameters (X0, W, D1, D2, and R) have to be selected from fits to the pressure-

volumetric strain curves in isotropic compression and uniaxial strain. ‘R’ is cap aspect ratio, ‘X0’ 

determines the pressure at which compaction initiates in isotropic compression. ‘R’ combined 

with  ‘X0’  , determines the pressure at which compaction initiates in uniaxial strain. In addition to 

inclusion of the standard isotropic hardening of the cap surface, the present model includes 

kinematic hardening of shear surface. Although kinematic hardening is usually introduced to 

model the Bauschinger effect, this implementation is based on tri axial compression data which 

shows hardening of the initial shear yield surface. Hardening of the rubble can be observed in 

between first and second shear mode (see Figure 2). CSCM requires defining two more additional 

parameters (NH and CH) to define the yield surface initial location and subsequent motion. NH 

defines the initial location of yield surface and CH defines the hardening rate of yield surface. 

 

 

Figure 6. Original failure surface and translating yield surface 
 

Figure 6 shows the working of NH where '

2J  is second invariant of the deviatoric stress tensor and 

'

2FJ  is final location yield surface whereas HJ 2
is initial k location yield surface. In case of 

kinematic hardening formulation modifies the shear surface definition, as given below 

 

 )exp()( 11
1 JNJF J

Hf  



. (7)  

 

where NH is hardening initiation or initial location and CH is hardening rate.  Detailed formulation 

can be found in Schwer and Murray (1994).  

PARAMETERS USED IN SIMULATION 

 

Out of 21 parameter to be selected for CSCM, some of the parameters are based on a parametric 

study and some are kept at default value. To obtain all the parameters by experimentation a large 

experiment data base is needed. So some of the parameters are calculated based on a sensitive 

study. Given below is the explanation of the selection procedure. 



Stiffness 

 

Based on experimental data available, Young’s modulus (E) has been selected to 100 MPa and 

shear modulus (G) and bulk modulus (K) are calculated based on following relationship 
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where ν is Poisson’s ratio and is selected as 0.3. Density of rubble (ρ) is used as 690 kg/m
3
, G = 

38.4 MPa, K=83.3 MPa. 

 

Cohesion c 

 

Cohesion has been back-calculated based on first shear mode and two parametric expressions of 

Mohr-Coulomb criteria, shown in equation (2). Based on calculation 2.7 kPa is the lowest value 

of cohesion that rubble can have. As described by Fransson and Sandkvist (1985), all tests were 

performed under isothermal conditions with no freezing or melting. Therefore, there is less time 

available to form any kind of cohesion. Cohesion value used in this simulation is 3 kPa. 

 

Internal angle of friction φ and yield surface parameters  

 

Angle of internal friction has been reported as 12° (Fransson and Sandkvist, 1985). Originally 

developed for concrete, material model CSCM has been validated based on extensive 

experiments by Schwer and Murray (1994). From analytical analysis of this curve fitting to 

triaxial compression data, shear failure parameters can be derived based on Mohr-Coulomb 

failure surface parameters as given below 
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Calculated values of α and θ are 6.083 x 10
-3

 and 14.3676 x 10
-2

 , respectively.  

Other values to define yield surface based on triaxial compression , deviatoric state of torsion 

(TOR) and triaxial extension are fixed at  λ=0, β =0 , α1=0.7373 , θ1= 0, λ1=0.17, β1=0, α2=0.66, 

θ2=0, λ2=0.16 and β2 =0. 

 

Shear surface hardening 

 

Initial shear surface can be scaled using NH.  Figure 6 and  equation 7, shows  working of NH. 

Murray (2007) has given upper and lower bound of values for NH. Based on these values NH has 

been selected as 0.7. To select CH, a single element study has been performed and it was set to 1. 

Damage and rate effect parameters were not used to simulate for this test. 

 

Cap geometry and hardening  
 

Table 1 gives cap geometry and hardening parameters used in simulation. These material 

parameters were determined in an iterative manner from the laboratory material response data. As 

given by Heinonen (2004), rubble becomes soft during the shearing process, while the shearing 

causes dilatation and the rubble becomes looser. Hardening or softening of the material depends 



only on the volumetric plastic strain. After parametric study and basic routine optimization, these 

values found to be appropriate.  

 

Table 1. Cap geometry and hardening parameters 

 

Parameter Value 

Cap aspect ratio (R) 9.44 

Initial location of cap (X0) 0.093 

Maximum plastic volume compaction (W) 0.46 

linear and quadratic shape parameters D1 and D2  1 and 0 resp. 

 

SIMULATION RESULTS  

 

A force displacement graph obtained from these two material models is then compared with 

experimental result. Figure 7 shows force displacement graph obtained after simulating 150 mm 

displacement of bracket. Although, after 80 mm of displacement the rubble is extruded out of 

box. So results cannot be considered valid after that. Continuous expansion of rubble under shear 

causes higher confinement force than in experiment.   

 

Figure 7. Comparison of force displacement graphs obtained from different material models to 

corrected shear force obtained from Fransson and Sandkvist (1985). 

 

Unlike experiment setup, a constant normal pressure is applied from side and no movement is 

allowed of rubble in opposite direction of force. This causes additional pressure buildup.   

 

 



CONCLUSION 

Shear box experiment data can be analyzed based on shear modes. As discussed earlier, first peak 

 I (in Figure 2) corresponds to rearrangement of block, brakeage of freeze bond leads to denser 

packing. Hence rubble exhibits hardening. Initial slope of experiment curve matches with 

simulation curves, which means that the assumption of Young’s modulus (E=100 MPa) is 

reasonable. Mohr-Coulomb material model gives much higher first shear mode whereas CSCM 

gives lower first shear mode.  

 

However, this is not the case for second shear mode. As rubble expansion was expanding 

linearly, there was no distinct second shear mode observed.  There has been considerable 

difference between simulated and experimental confinement pressure.  Excessive hardening 

observed in simulation using Mohr-coulomb for rubble can be explained by simultaneous 

yielding of elements in the shear zone. Hardening observed between two shear modes, have been 

simulated in fairly good agreement by CSCM up till 60 mm displacement of box. Expansion of 

rubble during the shearing process can be explained by higher dilation.  
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ABSTRACT  

 

An attempt has been made to calibrate the material model parameters of the continuous 

surface cap model with data from punch through tests performed in the Northern Gulf of 

Bothnia. An axisymmetric finite element model has been used to simulate the field tests. The 

continuous surface cap model based on a combination of elastic-plastic and continuum 

damage mechanics formulation is used as constitutive model for ice rubble. Material 

properties such as internal friction angle, cohesion and Young’s modulus are evaluated in a 

parametric study and the response is compared to the experimental data for the chosen test. 

An optimization algorithm is used for determining the parameters used for describing the 

continuous surface cap model. The material model parameters are chosen to get best fit to test 

load displacement curve. Conclusion has been drawn based on the application of continuous 

surface cap model on ice rubble. 

 

INTRODUCTION 

Recent development of exploration and production of hydrocarbon has boosted research 

activities in arctic waters. To determine the design load levels of arctic offshore structures, it 

is important to know the strength of first year ridges. Sea ice ridges are common ice features 

in arctic and subarctic seas. Sea ice ridges form either by ice floes compression or by shearing 

each other. In ice ridge formation, ice blocks pile up below and above water line.  Sea 

currents and wind are main driving forces. Sea ice ridges mainly contain ice pieces. Ice ridges 

can be further divided into two parts by their position in the ridge. Consolidated part of ridge 

is above the water line and it is called the consolidated layer. The unconsolidated part of 

ridges lies below and above consolidated layer. The part above the consolidated layer is called 

ridge sail and the one below is called ridge keel.  When outside temperature is below the 

freezing temperature, consolidation starts at waterline and spreads towards to the bottom. 

Therefore, the consolidated layer has lowest degree of porosity and contains air pockets. As 

sea ice ridge is porous feature, all parts contain varying degree of porosity. Because of their 

location with respect to water line, ridge keel contains water and air in its pores, whereas 

ridge sail contains snow and air in their pockets. Rubble below water line already loaded with 

hydrostatic pressure due to the surrounding water. Because of hydrostatic equilibrium, 

volume of sail is approximately one tenth of volume of keel. Ice pieces in keel rubble can be 

loose block piled together or bonded together with cohesive bonds. Presence of cohesive bond 

restricts the individual movement of ice blocks. Therefore, it is important to know the 

contribution of these cohesive bonds in ridge keel load on marine structure. Once the cohesive 

bonds breaks (if there are any), frictional resistance and crushing strength of ice block gives 

the reaming of ridge keel load. It is clear that both initial and post failure behaviour of rubble 

will be affected by aging , thermal conditions, block shape, initial stress conditions of the 
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rubble and testing strain rate. So we need a material model capable to capture the behaviour of 

ice rubble deformation and failure at all stages.  In this paper, a continuous surface cap model 

(CSCM) MAT 145 in LS-Dyna is used to simulate ice rubble behaviour in punch through test 

event. This material model is developed by Schwer and Murray (1994) and implemented by 

Murray (2007). This model is coupled with continuum damage mechanics formulation to 

provide strain-softening feature. An axisymmetric 2D finite element model is created with 

Lagrangian finite element mesh formulation. Detailed description is given in coming sections. 

 

MECHANICAL PROPERTIES OF ICE RUBBLE 

Punch through was found to be extremely brittle in a 50 cm ice sheet in the gulf of Bothnia, 

Fransson (1985). Several laboratory and in-situ tests have been conducted to characterise 

mechanical properties of rubble in the past. The main focus of these tests was to understand 

different failure modes of ice rubble under different boundary condition and to estimate ice 

rubble strength. Several mechanisms have been proposed for ice rubble failure by Timco et al. 

(2000), Heinonen (2004), Liferov (2005c), Shafrova (2007). Ice rubble can fail by different 

mechanisms due to the complicated internal structure. As the rubble is loaded with hydrostatic 

pressure, main failure modes are shear and compaction as platen progresses into rubble 

Azarnejad and Brown (2001) , Heinonen (2004) and Liferov (2005c). Three different physical 

processes that can be identified during rubble deformation. They are as follows. 

1. Breaking of the freeze bonds between the ice blocks. 

2. Movement of the rubble blocks. 

3. Failure of the ice blocks.   

In other words, the strength and morphology of the freeze bonds, the size, shape, orientation 

and strength of the rubble blocks are all important for estimating the overall ice ridge strength 

Heinonen and Määttänen (2000a), Høyland (2002), Høyland (2004), Shafrova (2007). Based 

on these primary failure modes, several material models have been proposed by  Wong et al. 

(1990), Azarnejad, Frederking et al. (1999), Timco and Cornett (1999),Heinonen (2004), 

Liferov (2005a) and Serré (2011). Origin of these models is cohesive-frictional model 

proposed by Mohr-Coulomb. Considering similarities between ice rubble and sand like 

partials, Mohr-Coulomb proposes that cohesion falls out when plotting against shear strength. 

Smooth approximation of Mohr-Coulomb is used for better numerical stability proposed by 

Drucker-Prager. Similarities between cohesive frictional type material like sand or concrete 

have led to use geological cap models to simulate ice rubble.  A cap is added to simulate 

hardening by compaction of rubble. Dilation or volumetric expansion by shearing has been 

taken care by choosing combination of friction angle and cohesion.   These models are used to 

simulate pre-peak and peak behaviour of rubble. These models can give better results in limit 

load analysis. However, post peak behaviour cannot be modelled correctly with these models 

as they lack stain-softening feature. Given below are the details of proposed model. 

MATERIAL MODEL FOR ICE RUBBLE 

A continuous surface cap model (CSCM) which is proposed by Sandler et al. (1976) and 

further developed by Schwer and Murray (1994) is used to simulate punch through test event.  

Extensive calibration and validation of this model is given by and Murray, Abu-Odeh et al. 

(2007). The CSCM model combines the shear failure surface with hardening compaction 

surface smoothly and continuously by using a multiplicative formulation. The smooth 

intersection eliminates the numerical complexity of treating a corner region between the 

“failure surface” and the “cap”. Ice rubble shows softening in low to medium strain rate with 



low confinement. Softening is modelled via a damage formulation. The CSCM model 

controls damage using a strain based energy approach. The damage formulation models both 

strain softening and modulus reduction. Strain softening is decrease in strength during 

continuous deformation after yield strength. The damage formulation is based on the work of  

Simo and Ju (1987). Given below is the equation for damaged stress 

 vp
ij

d
ij d  )1(   (1)  

Where d is scalar damage parameter that transforms the stress tensor without damage denoted 

by σij
vp

, into the stress with damage, denoted by σij
d
. The damage parameter “d” ranges from 

zero for no damage to 1 for complete damage. Thus (1 – d) is a reduction factor whose value 

depends on the accumulation of damage. The effect of this reduction factor is to reduce the 

bulk and shear moduli isotropically (simultaneously and proportionally). A detailed 

theoretical description and comprehensive calibration procedure of CSCM is given in Murray 

(2007) and Murray, Abu-Odeh et al. (2007).  

SIMULATION OF PUNCH THROUGH TEST 

In punch through tests, a platen is pushed down through a pre-cut consolidated layer forming 

a plug in rubble underneath. Consolidated layer underneath the platen is separated from rest of 

rubble field to reduce the loading capacity and separate the contribution from consolidated 

layer. Several punch tests were done both in-situ and in laboratories since early 1990’s. After 

that extensive punch through tests conducted by  Croasdale (1995), Timco and Cornett 

(1999), Heinonen and Määttänen (2000b) , Azarnejad and Brown (2001), Lemee and Brown 

(2002) and Liferov (2005b). 

 

Figure 1. Principal sketch of the punch through test by Heinonen (2004) 

Often rubble behaviour in punch through test in keel is approximated based on force 

displacement plots. There are several phenomena associated with the typical force-

displacement curves. Roughly, force displacement plots can be interpreted in three parts: pre-

peak, peak, post peak and residual (As shown in Figure 2). The first peak is likely to be 

associated to breakage of the ice rubble skeleton. The initial strength of the skeleton is 

assumed to be controlled by freeze bonding between ice blocks inside the rubble. After the 

initial peak, the behaviour of broken, loose blocks in ice rubble is mainly dominated by 

contact friction, interlocking and strain rate.  In time history plot of chosen test, the force 

grows linearly with time and then it evens out and stays almost constant until failure. 

Heinonen (2004) reported that the load capacity of the system was almost reached and 

hydraulic flow was decreased due to higher internal leaks of the hydraulic system causing 

lower velocity. After the first peak there are subsequent peaks. So a reasonable assumption 

can be drawn here that cohesive type structure of ice rubble breaks at peak load and failure 



propagates further as loading continues forming a plug. At end constant force is recorded 

which is because of buoyancy of plug. 

 

Figure 2. Typical force vs displacement graph from punch through test 

To determine material model parameters  a punch through test has selected from series of tests 

performed by Heinonen and Määttänen (2000a). This punch through test is performed in year 

2000 at outside Marjaniemi, Gulf of Bothnia. To push the keel downwards cylinder-piston 

assembly is used. The reaction forces of piston are transmitted to nearby rubble field through 

approximately 9 m high mast and anchored steel wire ropes. To measure the displacement of 

keel rubble LVDT sensors and floating pipes were used at bottom and inside rubble. Figure 1 

shows the principal sketch of the punch through test. 

Table 1: Main values of the punch through test no. 0/2000 obtained from Heinonen (2004). Where hk= 

keel thickness, hr= effective rubble thickness, hcl=consolidated layer thickness, hFB= freeboard 

thickness, Wcut= width of cut, d= diameter of platen. All dimensions are in mm. 

Test # hk hr hcl hFB Wcut d ηr (%) 

0/2000 5200 4600 870 270 150 3000 41 

 

The material model parameters were calibrated by comparing numerical simulation results to 

full-scale punch through test performed by Heinonen (2004). To simulate this chosen test an 

axisymmetric model is used. The assumption of asymmetry is based on the observation that 

the direction of platen pushing is always perpendicular to consolidated layer. The shape of 

platen was circular giving axisymmetric loading and boundary condition. The keel geometry 

was approximated to be even and assumed homogenous. The keel geometry is made long 

enough to be far away from loading point.  Isothermal conditions were assumed. All material 

properties were assumed constant throughout the keel. 

Rate dependent deformation mechanics were not considered in material model. Main 

objective of this simulation is to simulate a pre-peak, peak and post-peak behaviour of rubble 

correctly. Lagrangian finite element mesh formulation is used to simulate punch through test. 

Given below are the details of both the formulations. 

Lagrangian finite element mesh formulation 

An axisymmetric finite element model was created using shell element. The essential 

geometrical dimensions were taken from Heinonen (2004). The keel was divided into three 

parts namely, consolidated layer above waterline, consolidated layer below waterline and 

rubble. All parts were modelled with shell element with axisymmetric formulation volume 

weighted (LS-Dyna, ELFORM 15). 



 

Figure 3. Axisymmetric Lagrangian mesh finite element model of Punch through test with dimensions 

in m. 

This finite element assumes to have no spatial variation within keel geometry. Hence, all 

material properties are homogenous. The keel geometry was created long enough in 

horizontal direction to support the assumption of continuous rubble. Nodes at edge of keel 

geometry were constrained any displacement in horizontal and out of plane direction. The 

reaction forces were transmitted to nearby consolidated layer through steel ropes attached to 

anchors. These anchors produce uneven boundary condition in consolidated layer. So 

consolidated layer is fixed from anchor location to outward horizontal direction. This allows 

the displacement of part of consolidated layer in vertical direction. To simulate buoyancy 

force on keel, a finite length beam elements were created. These beam elements have one 

translational and one rotational degree of freedom per axis.  

 
 

Figure 4. Illustrative sketch of beam elements employed 

to simulate buoyancy in finite element model 
Figure 5. Force vs. displacement diagram 

for springs attatched at bottom of shell 

element 

 

Attached to bottom nodes of keel, these beam elements were assigned a translational force 

resulting from force displacement curve. These force displacement curves were assigned to 

particular set of beam elements with respect to their location in keel. Given below is the 

sketch illustrating the beam elements for simulating the buoyancy force. The buoyancy force 

on rubble is calculated as  

 )1( rSWb gVF    (2)  

where Fb is buoyancy force, ρW is the mass density of the water (1005 kg/m
3
), g is 

gravitational acceleration (9.81 m/s
2
), Vs is the volume of strip of rubble (shown in red colour 

in Figure 4 ) submerged in water and ηr is the porosity of rubble. 



Additionally, translational forces in other two directions were also defined through force 

displacement diagram.  A damping force acting as water drag is also provided through force 

displacement diagram for axis along the length of beam element. Given below is the formula 

used to calculate the water drag force 

 
)1(

2

1 2
rWdd ACVF    (3)  

where Fd is the drag force, which is by definition the force component in opposite direction of 

movement of object, ρW is the mass density of the water (1005 kg/m
3
), V is the velocity of the 

object relative to the water, A is the cross sectional area perpendicular to direction of motion 

and Cd is the drag coefficient – a dimensionless coefficient related to the object's geometry 

and taking into account both skin friction and form drag.  

The platen is pushed down from per cut part of consolidated layer with linear displacement of 

10 mm/s. No friction is considered between platen and consolidated layer. Elastic plastic 

material model is used for consolidated layer. Mesh convergence study was not performed 

and same mesh size used for all the rubble part. To avoid hourglass modes in under integrated 

shell elements, hourglass type and coefficient is added as per recommendation of LS-Dyna 

Hallquist (2006). Gravity is defined by using GRAVITY_PART.  

CALIBRATION OF MATERIAL MODEL  

The CSCM material model parameters were calibrated based on comparison of simulation 

results with chosen test data.  For consolidated layer an elastic material model is used with 

material properties given in Table 2.  

Table 2. Parameters used in simulations for consolidated layer 

Parameter(unit) Symbol Value 

Density (kg/m
3
) ρcl 871 

Poisons ratio ν 0.3 

Elastic modulus (MPa) E 8000 

 

The density of rubble is calculated based on its porosity given by Heinonen (2004).  As 

shown in Figure 2, typical force displacement diagram of punch through test can be divided 

into three parts. First part is elastic region. Until peak or yield strength, force is linear to 

displacement of platen. This can attribute to elastic properties of rubble. Elastic modulus was 

chosen based on parametric study against best fit to linear part of force displacement curve 

before peak. The shear modulus (G) and bulk modulus (K) were calculated based on 

relationship given in equation 1 as direct input to CSCM material model. In those relationship 

poisons ratio (ν) assumed to be 0.3. Given below are the parameters used in these simulations.   

Table 3. Yield surface parameters of CSCM 

Parameter  Symbol Value 

Density (kg/m
3
) ρr 541 

Elastic modulus (MPa) E 45 

Shear modulus (MPa) G 17.31 

Bulk modulus (MPa) K 37.5 

Parameter  Symbol Value 

Torsion surface terms 

α1 0.737 

θ1 0 

λ1 0.16 

β1 0 



Triaxial compression 

surface terms 

α 0.016 

θ 0.182 

λ 0 

β 0 
 

Triaxial extension 

surface terms 

α2 0.66 

θ2 0 

λ2 0.16 

β2 0 
 

 

The triaxial compression parameters such as α and θ were calculated based on relationship 

given by Schwer and Murray (1994) to Mohr-Coulomb parameters cohesion (c) and 

international friction angle (φ). Parametric study ensures that chosen α and θ gives 

approximately same peak force.  Other two parameters λ and β, which represent nonlinear and 

exponent term of triaxial compression surface kept at 0.  

Table 4. Cap hardening parameters of CSCM 

Parameter Symbol Value 

Cap ellipticity ratio  R 9.44 

Initial intercept of the cap surface XD 0.595 

The maximum plastic volumetric strain W 0.05 

The linear shape parameters D1 0.001 

The quadratic shape parameters D2 0.65 

 

To define cap-hardening laws five input parameters (XD, W, D1, D2, and R) are selected from 

parametric study where simulated force displacement curve compared with modified test 

curve. Bottom displacement also compared.  

 
 

Figure 6. Plot of first invariant of stress tensor 

I1 verses plastic volumetric strain εv
p
 for 

chosen value of X0, W, D1, D2, and R 

Figure 7. 2D yield surface plotting of CSCM 

criterion and Mohr-Coulomb criterion fitted to 

data for ice rubble 

Softening part mainly controlled by Damage parameters. The CSCM model handles damage 

using a strain-based energy approach. When this energy exceeds a material damage threshold, 

damage is initiated and accumulated via the parameter D (refer equation 1). The damage 

threshold is determined using two different formulations for brittle and ductile damage. Brittle 

damage accumulates in the CSCM model only when the pressure is tensile. Ductile damage, 

on the other hand, accumulates when the pressure is compressive. Given below are the values 

for selected parameters. 



Table 5. Damage parameters of CSCM 

Parameter Symbol Value 

Ductile shape softening parameter  B 20 

Fracture energy in uniaxial compression (J/m
2
) Gfc 0.4 

Brittle shape softening parameter D 1 

Fracture energy in uniaxial tension (J/m
2
) Gfs 0.065 

Fracture energy in pure shear (J/m
2
) Gft 0.065 

 

A 2D yield surface plotted with chosen parameters for CSCM material model. Figure 7 shows 

2D yield surface plot of the model using chosen parameters. In this simulation damage 

parameters were selected based on fit to post peak part of experimental force displacement 

plot. 

RESULTS ANALYSIS 

Results are analysed based on failure modes described earlier. As platen moves down, the 

forces on platen increased with high rate and reached peak value for relatively small 

displacement. From simulation point of view this can be seen as failure of freeze bonding of 

ice blocks and peak value is direct indication of breaking those bonds. 

 

Figure 8. Force displacement diagram for test # 0/2000 compared with simulated with Lagrangian 

finite element. 

In Figure 8 comparison of test to simulation is shown.  As the peak force was seen clearly in 

actual force displacement plot, assumed peak from modified force displacement plot matches 

with simulated peak force. Internal friction angle and cohesion are adjusted to match the peak 

force. Also young’s modulus was chosen to fit the slope of initial loading phase in force 



displacement diagram. During initial phases of platen loading, failure progress downwards 

forms a plug. Field test results shows outward growing of a plug. In simulation also an 

outward growing plug forms but dimensions differs. This can be explained by continuum 

elements used in finite elements. The failure mode is determined by the stress state 

characteristic, which depends on both the loading and boundary conditions and on the keel 

geometry as well. The keel is supported by buoyancy force, due to its porous nature. During 

vertical loading keel fails by shearing and compression. 

 

 

Figure 9. Bottom displacement of keel recorded by different 

sensors plotted against platen displacement.  

Figure 10. Stress distribution in XY 

plane in finite element model at 350 

mm displacement of platen 

 

Figure 9 shows bottom displacement of keel. Simulation predicts constantly increasing 

displacement of X1 sensor, whereas a test shows somewhat lower displacement of 

corresponding sensor. Ductile damage is dominating in the simulation. Ductile damage occurs 

when the mean stress in compressive.  

 

 

(a) 
 

(b) 

Figure 11. Damage progression at (a) peak force and (b) at 350 mm displacement of platen 

Figure 11 it is clearly seen that damage starts at the edge of platen and progress towards the 

bottom. At 350 mm displacement of platen, elements in shear zone show the maximum 

damage. 



DISCUSSION AND CONCLUSIONS 

In total, 22 parameters were needed to define the proposed continuous surface cap model. 

However, some approximations and simplification can reduce that number to 15. Material 

parameters were calibrated based on response to the measured force displacement diagram. In 

the field tests load and deformation after peak load was insufficiently measured and therefore 

modelled post peak behaviour is somewhat uncertain. 

A 2D surface plotted for CSCM in compression, shear and extension meridian to ensure the 

validity of chosen values of material parameters. Those parameters are also plotted for Mohr-

Coulomb in compression and tension.  An axisymmetric model with plane strain assumption 

gives reasonably good result. Although to get the clear view of rubble deformation 3D model 

is required.  The displacement nodes at the bottom of keel were smaller than corresponding 

points in rubble obtained by sensors X1, X2 and X3, see Figure 9. 

The proposed finite element model simulates initial, peak and post peak behaviour. The 

simulation is in good agreement with the full-scale punch through test. In this simulation as 

for most other rubble simulations ductile damage was dominating over brittle damage.  

Since rate effect was not considered, strength surface remains constant in CSCM model.  
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ABSTRACT  

 

Recent trend in computational mechanics shows considerable development of numerical 

methods to simulate discrete materials such as ice rubble.  Ice rubble has highly nonlinear 

behavior and to simulate shear properties requires a new numerical method. An attempt has 

been made to simulate a punch through test using the Lagrangian mesh-free partial based 

method formulation known as smoothed particle hydrodynamics. A newly implemented 

material model in LS-Dyna called the continuous surface cap model has been used in this 

simulation. A continuous surface cap model based on a combination of elastic-plastic and 

continuum damage mechanics formulation is used as constitutive model for ice rubble. The 

material model parameters are chosen to get best fit to test load displacement curve. A brief 

overview of the smoothed particle hydrodynamics is given. Finally, the results from 

simulations have compared with experimental results. 

 

INTRODUCTION 

 

This paper is extension of work done paper by Patil et al. (2015). The main purpose of this 

paper is to simulate punch through test event by using continuous surface cap model (CSCM) 

and smoothed particle hydrodynamics (SPH) for ice rubble. This material model is developed 

by Schwer and Murray (1994) and implemented by Murray (2007) in LS-Dyna as a general 

purpose nonlinear finite element code. A detailed theoretical description and comprehensive 

calibration procedure of CSCM is given in Murray (2007) and Murray, Abu-Odeh et al. 

(2007).  For brief overview of mechanical properties of ice rubble material, model and 

simulation of punch through test, please refer Patil et al. (2015).  

 

LAGRANGIAN MESH-FREE PARTIAL BASED METHOD FORMULATION 

 

The advantage of the particle mesh free methods comparing to the conventional mesh-based 

methods are: (1) the analysed domain is discretised with particles that are not connected with 

a mesh, allowing for simple and accurate solution at large deformations; (2) the discretisation 

of complex geometries is less complicated; and (3) the physical values and paths of the 

particles are easy to follow and evaluate, consequently it is also simple to determine the free 

surface of movable interfaces or deformable boundaries Vesenjak and Ren (2007).  
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Mesh nodes 

Particles  

Figure 1: SPH particles with finite element 

mesh in the background 

Figure 2: Particle approximation of centre particle’ i’ 

within the influence area (S) of the  smoothing function 

W from Liu and Liu (2003) 

 

Smoothed particle hydrodynamics (SPH) is a mesh free Lagrangian method developed by 

Lucy (1977) , Gingold and Monaghan (1977). It was originally proposed as Monte Carlo 

approach to calculate the time evolution of gaseous systems. This method was extended to 

Solid Mechanics by Libersky and Petschek (1991). The method was developed to avoid the 

limitations of mesh distortion issues in large deformation problems in finite element method. 

The main difference between finite element methods and SPH is absence of a grid. In the 

Smoothed Particle Hydrodynamics method, the state of the system is represented by a set of 

particles shown in which possess individual material properties and move according to the 

governing conservation equations. 

It has some special advantages over the traditional mesh-based numerical methods. The most 

significant is the adaptive nature of the SPH method, which is achieved at the very early stage 

of the field variable (i.e. density, velocity, energy) approximation that is performed at each 

time step based on a current local set of arbitrarily distributed particles. Because of the 

adaptive nature of the SPH approximation, the formulation of the SPH is not affected by the 

arbitrariness of the particle distribution. Therefore, it can handle problems with extremely 

large deformations very well. Another advantage of the SPH method is the combination of the 

Lagrangian formulation and particle approximation. In Smoothed Particle Hydrodynamics 

(SPH), the particles have time-history variables such as density, displacement, velocity, 

acceleration, strain-rate, stress-rate, etc. and they act as interpolation points. The space and 

time dependent variable called smoothing length is used to determine the region of influence 

of the neighbouring particles. SPH formulation consists of the following general steps as 

given in Liu and Liu (2003):  

(1) Generation of the mesh free numerical model, (Hopkins)  

(2) Integral representation (kernel approximation),  

(3) Hopkins particle approximation (Sandler et al.)   

(4) Adaptation and Dynamic analysis 

The SPH method consists of two key tasks. The first represents the integral representation and 

the second is the particle approximation. The concept of the integral representation of the 

function f (x), used in SPH method, is based on the following presumption. 

 
  ')()()( dyyxyfxf    (1)  



Here f(x) is the function of three-dimensional position vector x and δ(x-y) is the Dirac delta 

function. Above function can be rewritten in integral form with smoothing length function 

substitute for Dirac delta function. 

 
  dyhyxWyfxf ),()()(   (2)  

W is the Kernel function and h is the smoothing length determining the influence domain of 

smoothing function. The Kernel function W is defined using the function θ by the relation 

given below. 
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d is the number of space dimensions and h is so called smoothing length which varies in time 

and space.  W(x,h) should be centrally peaked function. The most common smoothing kernel 

used by SPH community is cubic B-spline which is defined by choosing θ as: 
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where C is constant of normalization that depends on the number of space dimensions.  

This particle method is based on quadrature formulas on moving particles (xi(t),w(t))i∈ P , 
where P is set of particles, xi(t) is the location of particle i and w(t) is the weight of the 

particle. The weight of particle varies proportionally to divergence of flow. The particle 

approximation of function can now be defined by 
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In SPH method, the location of neighbouring particles is important. The sorting consists of 

find which particles interact with others at a given time. A bucket sort is used that consist of 

partitioning the domain into boxes where the sort is performed. With this partition the closet 

neighbours will reside in the same boxes where the sort is performed. With this partitioning 

the closet neighbours will reside in same box or in the closet boxes. This method reduces the 

number of distance calculations and therefore the CPU time.  

 

Figure 3: An axisymmetric SPH and equivalent shell element 

Axisymmetric SPH is defined on global X-Y plane, with Y-axis as the axis of rotation. An 

axisymmetric SPH element has a mass of Aρ where ρ is its density and A is the area of the 



shell element. The SPH element can be approximated by the area of its equivalent 

axisymmetric shell element, as shown in Figure 3. 

The SPH elements are created with solid centre method with 100% fill, which mean each 

shell element will be replaced by a SPH element with 100 % mass.  

 

Figure 4: Axisymmetric punch through test model with SPH elements and major dimensions 

in m. 

Now each shell element is having same mass as SPH corresponding element. Since no plastic 

deformation is assumed in consolidated layer, shell elements are used for consolidated layer. 

Node to node constrain is used to form coupling between shell and SPH elements. These 

constrains allow in plane movement only.  

 

 

Figure 5: Illustrative sketch of beam elements employed to simulate buoyancy in SPH Model 

Figure 4 shows axisymmetric punch through test model with SPH elements. Buoyancy force 

is applied same way as in Lagrange mesh model. Only difference is buoyancy force is applied 

to each SPH element and buoyancy force is calculated based on volume of corresponding 

shell element.  

 



 

Figure 6: Force vs. displacement diagram for springs attatched at each particle in SPH model 

CALIBRATION OF MATERIAL MODEL  

The CSCM material model parameters were calibrated based on comparison of simulation 

results with chosen test data.  For consolidated layer an elastic material model is used with 

material properties given in Table 1.  

Table 1: Parameters used in simulations for consolidated layer 

Parameter Symbol Value 

Density (kg/m
3
) 

cl  871 

Poisons ratio ν 0.3 

Elastic modulus (MPa) E 8000 

 

The density of rubble is calculated based on its porosity given in Heinonen (2004).  Typical 

force displacement diagram of punch through test can be divided into three parts. First part is 

elastic region. Until peak or yield strength, force is linear to displacement of platen. This can 

attribute to elastic properties of rubble. Elastic modulus was chosen based on parametric study 

against best fit to linear part of force displacement curve before peak. The shear modulus (G) 

and bulk modulus (K) were calculated based on relationship given in equation 1 as direct 

input to CSCM material model. In those relationship poisons ratio (ν) assumed to be 0.3.  

Given below are the parameters used in these simulations.   

Table 2: Yield surface parameters of CSCM 

Parameter  Symbol Value 

Density (Kg/m
3
) ρr 541 

Elastic modulus (MPa) E 45 

Shear modulus (MPa) G 17.31 

Bulk modulus (MPa) K 37.5 

Triaxial compression 

surface terms 

α 0.016 

θ 0.182 

λ 0 

β 0 
 

Parameter  Symbol Value 

Torsion surface terms 

α1 0.737 

θ1 0 

λ1 0.16 

β1 0 

Triaxial extension 

surface terms 

α2 0.66 

θ2 0 

λ2 0.16 

β2 0 
 



The triaxial compression parameters such as α and θ were calculated based on relationship 

given by Schwer and Murray (1994) to Mohr-Coulomb parameters cohesion (c) and 

international friction angle (φ). Parametric study ensures that chosen α and θ gives 

approximately same peak force.  Other two parameters λ and β, which represent nonlinear and 

exponent term of triaxial compression surface kept at 0.  

Table 3: Cap hardening parameters of CSCM 

Parameter Symbol Value 

Cap ellipticity ratio  R 9.44 

Initial intercept of the cap surface XD 0.595 

The maximum plastic volumetric strain W 0.05 

The linear shape parameters D1 0.001 

The quadratic shape parameters D2 0.65 

 

To define cap-hardening laws five input parameters (XD, W, D1, D2, and R) are selected from 

parametric study where simulated force displacement curve compared with modified test 

curve. Bottom displacement also compared.  

 
 

Figure 7: Plot of first invariant of stress tensor 

I1 verses plastic volumetric strain εv
p
 for 

chosen value of X0, W, D1, D2, and R 

Figure 8: 2D yield surface plotting of CSCM 

criterion and Mohr-Coulomb criterion fitted to 

data for ice rubble 

Softening part mainly controlled by Damage parameters. Given below are the values for 

selected parameters.  

Table 4: Damage parameters of CSCM 

Parameter  Symbol Value 

Ductile shape softening parameter  B 20 

Fracture energy in uniaxial compression (J/m
2 
) Gfc 0.4 

Brittle shape softening parameter D 1 

Fracture energy in uniaxial tension (J/m
2 
) Gfs 0.065 

Fracture energy in pure shear (J/m
2 
) Gft 0.065 

 



A 2D yield surface plotted with chosen parameters for CSCM material model. Figure 8 shows 

the plot. In this simulation damage parameters were selected based on fit to post peak part of 

experimental force displacement plot. 

RESULTS ANALYSIS 

Results are analysed based on failure modes described earlier. As platen moves down, the 

forces on platen increased with high rate and reached peak value for relatively small 

displacement. From simulation point of view this can be seen as failure of freeze bonding of 

ice blocks and peak value is direct indication of breaking those bonds.   

 

Figure 9: Force displacement diagram for test 0/2000 compared with simulated with Smooth particle 

hydrodynamics element and Lagrangian element. 

Figure 9 shows comparison of test to simulation. As the peak force was seen clearly in actual 

force displacement plot, assumed peak from modified force displacement plot matches with 

simulated peak force.  

Internal friction angle and cohesion are adjusted to match the peak force. Also Young’s 

modulus was chosen to fit the slope of initial loading phase in force displacement diagram. 

 



 

 

Figure 10: Bottom displacement of keel recorded by 

different sensors plotted against platen displacement.  

Figure 11: Stress distribution in XY plane 

at 350 mm displacement 

In Figure 10, simulated deformation of sensor X1 in keel is much larger and more linear than 

test. The mesh sensitivity study was not performed in Lagrangian finite element mesh. In SPH 

formulation shell elements were replaced by integration points having same mass. The SPH 

formulation gives semi discrete nature to keel geometry.  

DISCUSSION AND CONCLUSIONS 

In total 22 parameters were needed to define continuous surface cap model. However, some 

approximations and simplification can reduce that number to 15. Material parameters were 

calibrated based on response to measured force displacement diagram resulted in good 

agreement in the load displacement relationship.  

A 2D surface plotted for CSCM in compression, shear and extension meridian to ensure the 

validity of chosen values of material parameters. Those parameters also plotted for Mohr-

Coulomb in compression and extension meridian.  

An axisymmetric model with plane strain assumption gives reasonably good results. Although 

to get the clear view of rubble deformation 3D model is required.  The displacement nodes at 

the bottom of keel were smaller than corresponding points in rubble obtained by sensors X1, 

X2 and X3 in Figure 10.  

The major advantage of using SPH formulation over Lagrangian element is to avoid mesh 

tangling issues caused by large deformation. Despite using continuum definition of material 

model, SPH formulation can be used to simulate discrete nature of rubble. But other material 

properties like friction between particles cannot be introduced as the discretization domain is 

continuous. Therefore, all cohesive frictional material models like Mohr-coulomb cannot be 

used with this formulation.   
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Simulation of Brash Ice Behavior in the Gulf of Bothnia Using
Smoothed Particle Hydrodynamics Formulation

Aniket Patil1; Bjørnar Sand2; Lennart Fransson3; Victoria Bonath4; and Andrzej Cwirzen5

Abstract: The repeated passage of ships through ice-infested waters create a field of broken ice pieces. The typical size of the broken ice
pieces is generally <2.0 m. This area might be referred to as a brash ice field. The movement of ships and vessels leads to the transportation
and accumulation of broken ice pieces in a brash ice field. A better understanding of the properties and behavior of brash ice could improve
the estimates of ice load that are associated with shipping in a brash ice field. An in situ test referred to in this study as a pull up test will be
performed in Luleå harbor, Luleå, Sweden. An attempt will be made to estimate the mechanical and physical properties of a brash ice field
based on the in situ test results. The test setup, procedure, and test results will be described in detail. Furthermore, the test will be simulated
using the smoothed particle hydrodynamics (SPH) formulation. The numerical simulations will calibrate the numerical and material model
of brash ice using the pull up test measurements. In this numerical model, a discrete mass-spring-dashpot model will be used to simulate
buoyancy and drag. The continuous surface cap model (CSCM) will be used as a material model for the brash ice. The elastic modulus and
the fracture energy of brash ice as a material model input will be estimated by an ad hoc scaling formula. The parameters, such as void
fraction (Vf), cohesion (c), and angle of internal friction (φ) will be altered to assess their influence on the test data. The analysis of the in
situ test results and the simulation results provide a preliminary approach to understand the brash ice failure process that could be further
developed into modeling techniques for marine design and operations. DOI: 10.1061/(ASCE)CR.1943-5495.0000245. © 2021 American
Society of Civil Engineers.

Author keywords: Pull up test; Brash ice; Discrete beam element; Friction coefficient.

Introduction

New shipping routes are opening across the arctic and subarctic
areas, because of rising temperatures and a decline in the average
area of sea ice. This might increase the interest of merchant vessels
to choose arctic shipping routes (Melia et al. 2016). However,
knowledge of the load levels due to the ice resistance and ice accu-
mulation is required for safe and economic marine operations in
that area. Although the permanent sea ice cover is disappearing
and the severity of sea ice is decreasing, ice features at lower con-
centrations will still occur. Accumulations of broken ice can pose
challenges for ice engineering applications, such as rubble

accumulation around structures and brash ice in ports. Each winter,
ice breakers create channels to move and navigate in ice-infested
waters. These channels are often covered with broken pieces of
level ice, referred to as brash ice. The repeated passage of vessels
in subfreezing conditions is responsible for brash ice accumula-
tion in most channels (Greisman 1981). Brash ice can be found
between colliding ice floes. Brash ice properties are different
from solid sea ice, in particular, because brash ice is a slushy mix-
ture of ice pieces of varying sizes. The determination of the me-
chanical and physical properties of brash ice is required to obtain
a realistic prediction of its resistance and is, therefore, essential
for cost-effective shipping in ice channels. Along with the addi-
tional difficulties of navigation, pressure ridges, and consolidated
broken ice mass, brash ice makes the Gulf of Bothnia and the
Gulf of Finland two of the most challenging environments for
winter navigation. The Finnish Swedish Ice Class Rules guide
the power and strength requirements for ice-strengthened vessels
that operate in the area. The minimum requirement of main en-
gine power output is dependent on ice resistance. Some formulas
for the prediction of the brash ice resistance are given by Mellor
(1980), Kitazawa and Ettema (1985), Ettema et al. (1986), and
Ettema et al. (1998). The discrepancy between theoretically cal-
culated brash ice resistance and that of prototype model tests de-
mands in situ testing that can be costly and time-consuming.

Efforts are required to simulate brash ice under realistic boundary
conditions. Therefore, simulation of in situ or lab tests requires a nu-
merical model that can capture the brash ice behavior under loading
conditions. Brash ice is a complicated material to simulate, due to the
characteristics of freezing of ice blocks together (i.e., freeze bonds)
and the generally high porosity (>20%). Several numerical methods
have been employed for the simulation of brash ice interaction with
structures, that is, finite element method (FEM), discrete element
method (DEM), and smooth particle hydrodynamics (SPH). The
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discrete nature of brash ice makes DEM more suitable for the simu-
lation of ice blocks and structure interaction where separate noncon-
tinuum elements are considered. The application of DEM to model
ice rubble in ice ridges can be found in Hopkins et al. (1991), Hop-
kins et al. (1999), Polojärvi and Tuhkuri (2009), Polojärvi et al.
(2012), and Polojärvi and Tuhkuri (2013).

In this study, each ice block will be modeled as a particle and
spherical particles are typically used for three-dimensional (3D)
problems. The forces that act on each particle are then computed
from the initial properties and the relevant physical laws and con-
tact models. Sorsimo et al. (2014) modeled a brash ice channel with
discrete elements and reported a discrepancy between analytical
and simulated brash ice resistance that underlines the need for
more experimental investigations into brash ice properties. Luo
et al. (2020) used a numerical method by coupling computational
fluid dynamics (CFD)–DEM to study the resistance on ships by
brash ice in a channel. The DEM provides insights into complex
microstructural phenomena. In FEM, the domain of interest is mod-
eled with continuum elements, which gives sufficiently accurate re-
sults for small deformations, but in its conventional form, it is
unable to simulate larger deformations. To address this, Kim
et al. (2019) used finite element rigid blocks in an ice–structure col-
lision that used the coupled Eulerian–Lagrangian (ALE) method.
Another novel approach to simulate ship–ice interactions is
given in Li et al. (2020), where an extended finite element method
(XFEM) was used with linear elastic fracture mechanics to simu-
late crack growth in ice. There have been recent developments in
mesh-free formulation techniques, such as SPH, which give an ac-
curate solution for large displacements that remain in the contin-
uum domain of the Lagrangian framework. SPH is a fully
Lagrangian method that uses meshless discretization of the com-
putational domain (Monaghan 2005). However, Robb et al.
(2016) used an SPH–DEM combined model to simulate river ice
jams, which showed the potential to combine these two methods.
Cabrera (2017) used SPH to model the experimental work of brash
ice resistance on a cylinder in a tank of brash ice and implemented
Mohr–Coulomb as the material model for the brash ice. They in-
dicated the need for more experimental work as well as more ac-
curate material models. Recently, Zhang et al. (2019) used SPH
to study the ice failure process in ice–ship interactions. They
used the Drucker–Prager yield criterion as the material model
for ice. However, they did not consider the effect of water in
their model, and the SPH model overestimated the icebreaking
resistance.

The SPH method, originally developed for astrophysics pur-
poses, is an interpolation technique (Gingold and Monaghan
1977; Lucy 1977). A comprehensive review of this method is pre-
sented in Liu and Liu (2003) and Monaghan (1994). In SPH, the
computational domain is discretized into a finite number of parti-
cles (or integration points). These particles carry time–history var-
iables, such as density, displacement, velocity, acceleration, strain
rate, stress rate, which act as interpolation points and move with the

material velocity according to the governing equations. The SPH
formulation is preferred over the conventional FEM due to its abil-
ity to handle large deformation. Despite increased popularity, the
main drawbacks of SPH are associated with inaccurate results near
boundaries and tension instability (Swegle et al. 1995). In addition,
SPH can be computationally expensive, as shown by Korzani et al.
(2017). Therefore, it is essential to find efficient problem domain
sizes and to use proper boundary conditions. Table 1 summarizes
the numerical methods that are commonly used to simulate brash
ice–structure interactions.

To estimate brash ice resistance accurately, the mechanical and
physical properties of brash ice must be reliable. Many authors
have indicated the gaps in the material testing of brash ice and
the need for a suitable and robust numerical method to simulate
brash ice–structure interactions. The pull up test was part of the
brash ice testing campaign by Bonath et al. (2019) and Bonath
et al. (Forthcoming). This study aims to present the results of a
novel test for brash ice and simulate the test using SPH formulation.
A brash ice field is discretized with SPH particles and used to sim-
ulate the discrete nature of brash ice. A continuous surface cap
model (CSCM) is used to simulate the behavior of brash ice. To in-
clude the buoyancy and drag due to water, ALE and CFD were
used by various researchers. Although both approaches can give ac-
curate solutions, they can be central processing unit (CPU) inten-
sive and time-consuming. Therefore, a simple approach that
includes buoyancy and drag using a discrete mass-spring-dashpot
element coupled to each particle is presented (details are given in
the section “Buoyancy and Hydrodynamic Forces”). The accuracy
of the numerical model is judged based on the deformation behav-
ior observed in the pull up test and the degree of fit to the peak and
residual forces that are obtained in the pull up test. This study aims
to develop a new method and practices to measure brash ice prop-
erties and to calibrate the numerical and material model using test
measurement data. The following sections provide details of the
test results, numerical model, material model, and the test results
and simulation results are discussed.

Physical and Mechanical Properties of Brash Ice

As defined by Weeks (2010), brash ice is an accumulation of float-
ing ice that is made up of fragments ≤2 m across (small ice cakes),
which are the remnants of other forms of ice. However, in a brash
ice-covered shipping channel the ice piece size is rarely >1 m, due
to frequent ice breaking operations. During wintertime, ice chan-
nels are made by ice breakers that allow ships to navigate and ac-
cess port areas. If undisturbed the ice blocks tend to refreeze at the
surface due to subzero air temperature. Therefore, it is necessary to
rebreak the channel to maintain accessibility. However, Greisman
(1981) pointed out that frequent passage to rebreak the channel
to keep it unconsolidated could enhance the rate of accretion. Ice
pieces are pushed aside during the ice-breaking process, which

Table 1. Literature review of common numerical methods used to simulate brash ice structure interaction

Numerical method(s) Load event/test type Author(s)

DEM Ice resistance to ship in a channel with brash ice. Sorsimo et al. (2014)
SPH–DEM coupling Ice accumulation upstream of an obstruction. Robb et al. (2016)
SPH Experiment of a cylinder moving through brash ice in a tank. Cabrera (2017)
SPH Simulation of the ice failure process and ice–ship interactions Zhang et al. (2019)
Coupled Eulerian–Lagrangian method Ship–broken ice fields interaction. Kim et al. (2019)
CFD–DEM coupling Ship–brash ice interaction process. Luo et al. (2020)
XFEM Ship–ice interaction. Li et al. (2020)
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forms a ridge-like structure (Greisman 1981; and Sandkvist 1978).
This leads to increased lateral confinement. This lateral restraining
force is essential to balance the hydrostatic and gravity forces that
tend to act to spread the pieces in a uniform layer thickness. The
cross section of the brash ice channel is typically thickest at the
channel edge and thinnest in the middle. Therefore, a brash ice
channel differs somewhat from a brash ice field. The ice pieces
in the brash ice field are uniformly distributed and can be spread
across several square kilometers. Depending on the lateral confine-
ment or constraint, layers of blocks are stacked on top of each other.
The absence of any lateral confinement means that the blocks float
at the same level. A typical brash ice field profile is shown in Fig. 1.
In a brash ice field, voids between blocks are filled with water or
air, which depends on their position relative to the water level.
The ice blocks might be rounded or become spherical, because of
repeated passage. If the ice blocks do not refreeze, a brash ice
field does not have freeze bonds, and therefore, has no tensile
strength. However, the resistance created by the floating broken
ice pieces is higher than the open water. Some ships have difficulty
moving through this broken ice mass even though there is no sig-
nificant cohesion between the ice pieces. This is a common occur-
rence in port areas and brash ice channels. Formation, growth, and
accumulation of the brash ice depend on several factors, which in-
clude air temperature, channel passage frequency, ice block shape
and size, initial confinement conditions of the blocks, and the
strength and form of the freeze bonds (Mellor 1980; and Riska
et al. 2019). However, the strength of freeze bonds between ice
blocks is influenced by confinement pressure, contact time and
area, and salinity of the water in which bonding, or fusion, occurs
(Ettema et al. 1998). The brash ice does not behave in a mechani-
cally similar manner as the level ice. It can impede vessel motion
and trap low powered vessels. The brash ice resistance is different
from that of level ice. Based on some similarities between coarse-
grained soil and brash ice, it is possible to characterize the brash
ice as a Mohr–Coulomb solid. The behavior brash ice can be repre-
sented by Mohr–Coulomb yield criterion, due to large deformations
and compaction under normal loading characteristics (Kitazawa and
Ettema 1985; and Matala and Skogström 2019). Greisman (1981)
suggested that below a critical strain rate or ship speed the brash
ice behaves as a cohesive friction material. Above this speed, fluid-
ization of the medium occurs, and the resistance could be approxi-
mated to a viscous, laminar fluid.

The compressive strength of ice pieces is an ultimate limiting fac-
tor when estimating brash ice resistance. The brash ice resistance to
shearing increases with the confinement pressure. The stresses in-
volved in brash ice resistance problems are relatively low; therefore,
a linear Mohr–Coulomb criterion was suggested by ISO 19906 (ISO
2010) and Trafi (2010) to give the upper load levels. Therefore, the
major requirement for material modeling of brash ice is associated
with finding accurate values for the angle of internal friction (ϕ) to-
gether with the corresponding values of the unconfined shear strength
or cohesion (c). Several tests have been carried out in laboratories and
in situ, to understand the behavior and failure mechanics of brash ice.

In the literature, values of φ from 42° to 58° have been reported (Ta-
tinclaux et al. 1976; Keinonen and Nyman 1978; Prodanovic 1979;
and Fransson and Sandkvist 1985). The higher values of φ are
from results with no or negligible tensile strength. The cohesive
strength comes from the consolidation of ice blocks. The thermal
condition and confinement pressure or normal load are the main
factors that control the cohesive strength. When the external
force is applied to brash ice, rearrangement of ice pieces leads
to denser packing. This property of brash ice is called compress-
ibility. Further increases in external force might lead to the break-
ing of ice pieces that depend on the degree of confinement. The
linear Mohr–Coulomb criterion overestimates the load levels of
brash ice, because it does not take compressibility into account.
This behavior could be characterized in a material model by plac-
ing a limit (i.e., cap) on the compression side and allowing it to
grow or shrink based on loading.

Ice resistance to ships that sail in brash ice channels has been
investigated theoretically and experimentally by Keinonen and
Nyman (1978), Mellor (1980), Kitazawa and Ettema (1985),
Ettema et al. (1998), Hu and Zhou (2015), Jeong et al. (2017),
and Dobrodeev and Sazonov (2019). One of the important factors
when navigating through brash ice channels is the frictional resist-
ance between ice blocks and a ship’s hull. When going through the
channel, each vessel passage moves, rolls, and grinds the individual
ice blocks against one another and the ship’s hull. According to
Ettema et al. (1986), the total resistance to the ship hull motion
in a brash ice channel is the sum of separate resistance components.
These components are generally associated with the shearing or
compression of the brash ice layer, rearrangement, or movement,
or both of ice blocks and friction between the ship’s hull and ice
blocks. These resistance terms are interdependent. For example,
the compaction of ice blocks by the hull increases the confinement
of nearby ice blocks that leads to higher ice to ice frictional resist-
ance. Tatinclaux et al. (1976) concluded in their experiment, which
pushed a vertical plate through the ice, that the crushing resistance
was inversely proportional to the pushing speed and the resistance
was insensitive to the shape of the ice blocks. Dobrodeev and
Sazonov (2019) demonstrated that the ice to hull friction coefficient
had a minimal effect on the resistance magnitude. Most of the ice
blocks in brash ice channels are either completely or partially sub-
merged in water. Therefore, this is primarily a wet friction process.
Furthermore, the frictional force decreases with an increasing void
fraction (Vf) due to the corresponding decrease in confinement and
contact area. Various authors that include Fransson and Sandkvist
(1985) and Sukhorukov and Løset (2013) reported friction coeffi-
cients as low as 0.01 for the wet friction process.

Test Setup and Results

The test site was in a vast area of brash ice in Luleå harbor, Luleå,
Sweden. The tests were conducted using novel equipment that was
fabricated in-house. The test equipment consisted of a nylon net

Fig. 1. Typical cross section of a brash ice field.
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supported by an octagonal structure (which has a closing and lock-
ing mechanism) and resembled an upside-down umbrella (referred
to as the collector). The collector had eight arms that were con-
nected at the central hub and the hub was joined to a pole
(Fig. 2). The pole was connected to an on-board crane from a tug-
boat. Before starting the test, the collector was lowered into the
brash ice. The weight of the collector enabled relatively easy pen-
etration of the ice. In addition, the arms of the collector were folded
to an acute angle during entry then unfolded under the brash ice and
pulled up vertically until completely lifted above the water. A load
cell, which was placed between the pole and the crane, was used to
record the force–time graph. The ship crane was used to lower and
pull up the collector with almost constant velocity.

The underlying assumption of the test was that the collector
would lift (pull up) the ice blocks out of the water, and therefore,
ice resistance to deform was registered. Due to bad weather and a

faulty folding mechanism several unsuccessful attempts were car-
ried out to obtain reasonable data. In this study, a single test data
was selected for further investigation. The force–time graph that
corresponds to the selected test is shown in Fig. 3, where an initial
stage (denoted by 1) revealed the contact between the collector
and the ice, before the start of the test. Then, the collector was
pulled up with constant velocity that resulted in a fast increase
in the force, up to the peak (denoted by 2). A subsequent peak (de-
noted by 3), shown in Fig. 3, which occurred after 58 s of testing,
was attributed to the rearrangement of ice blocks. After the second
peak, the force declined and remained constant. The force de-
creased slightly due to small pieces of ice falling and water drain-
ing. Then, the force decreased to a constant level (denoted by 4),
which indicated all the water had drained out. This load level rep-
resented the dry weight of ice pieces that hung in the collector. It is
noted that the low point (between 2 and 3) was >4.

(a)

(b)

Fig. 2. Showing: (a) schematic of the pull up test; and (b) parts of the collector.

Fig. 3. Force–time plot for pull up tests.
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The force required to lift the collector out of the water was de-
composed (Fig. 4) into the following components: (1) the frictional
force (Ff) that arose from the interaction between loose blocks; and
(2) the effective force that acted on the brash ice blocks due to grav-
ity (Fg) and buoyancy (Fb). Therefore, in this scenario, ice blocks
interacted with each other and the load applied to one block was
transmitted by contact forces developed between adjacent blocks.

The Ff were further divided into normal and tangential compo-
nents as shown in Fig. 4. The tangential force component depends
on the normal force. These force components depend on the shape
and size of blocks and the existence of freeze bonds. Therefore, the
effective force was registered as the summation of gravity, buoy-
ancy, and friction forces in the absence of freeze–bonding.

The undisturbed thickness of the brash ice and other environ-
mental parameters were measured and are listed in Table 2. The
measurement accuracy is limited due to the human factor, because
some of the measurements were taken manually. As the collector
moves upward, deformation started at the bottom, which resulted
in the upward movement of the ice blocks and the formation of a
failure plane. At the start of pulling, a wider area than the collector
moved, which resulted in the formation of an upward conical-type
plug. The conical-type plug, which was a result of the interlocking
of the blocks, became more cylindrical with the upward movement
of the collector. Pieces at the edges of this plug started falling when

the plug came out of the water. The plug formed at the end of the
test is shown in Fig. 5.

Based on a video clip and the force–time plot shown in Fig. 3,
approximately 20 s were needed to move the collector from the ice
bottom to the water surface. The pull up speed was not measured
directly; therefore, estimated based on the force–time graph.

Numerical Model of Pull Up Test

The pull up test was simulated using SPH formulation and CSCM
as the material model for brash ice. LS-DYNA, a general purpose
multiphysics explicit finite element analysis code, was used. In ad-
dition, a parametric study was conducted via massively parallel
processing where eight separate CPUs ran in parallel. A finite di-
mensioned, 3D brash ice field was generated with specially written
code in MATLAB 2018b. The SPH elements were created using a
solid center method with 100% fill, which meant an SPH element
with 100% mass. The particle renormalization approximation
theory and the default smoothing length were used for all simula-
tions, (LSTC 2017). For a theoretical explanation of SPH imple-
mentation in LS-DYNA refer to Tran (2018), Yreux (2018), Patil
et al. (2015b), and Xu and Wang (2014). A snapshot at t= 0 of
the numerical model in the z-x plane that shows SPH particles,
the collector, and the pole, is shown in Fig. 6.

Because the ice block size distribution is not measured in this
study, the SPH particle size chosen was representative of the ice
block size. The uniform particle spacing was used to discretize
the geometry of the brash ice field. The buoyancy force on each
particle was simulated by the mass-spring-dashpot model. The
workings of the mass-spring-dashpot model are described in the
section “Buoyancy and Hydrodynamic Forces”. The overall size
of the numerical model remained large enough to ensure that the

Table 2. Environmental parameters

Parameter Symbol (unit) Value

Temperature of water Tw (°C) 0
Temperature of ice Ti (°C) −1
Temperature of air Ta (°C) −1
Salinity S (ppt) 0.3
Undisturbed thickness of the brash ice hi (m) 1.2

Fig. 4. Decomposition of forces on ice block.

(a) (b)

Fig. 5. Photos of test: (a) plug formed after collector was completely removed from the water and was hanging in the air; and (b) ice blocks collected
by the collector after the test.

Fig. 6. Numerical model at the start of the test.
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boundary conditions of the numerical model of a brash ice field did
not affect the simulation results. Table 3 gives particle spacing and
model size dimensions. In addition, particles at the edge of the
brash ice model were fixed in all directions, and therefore, re-
strained. The collector was modeled with shell elements of rigid
material based on the assumption that the collector resisted any de-
formation. The pole was discretized with eight beam elements in
the length direction. The top node of the top beam element was
pulled with constant velocity in the z-direction (V= 0.052 m/s). It
was fixed in the other two directions (i.e., x and y) and all rotational
degrees of freedom were constrained. These boundary conditions
gave the same movement of the pole as was observed in the field
test. As suggested by Mellor (1980), if the thickness of brash ice
(hi) was significantly greater than the average ice block size (t), lat-
eral confinement of the layer must be assumed for cohesionless
brash ice, otherwise, ice blocks would spread out until the layer be-
came one ice block thick. In the absence of externally applied
forces or displacements, the internal stresses in the brash ice field
were induced by gravity, buoyancy, and frictional forces, as
shown in Fig. 4. To give lateral confinement, all the SPH particles
at the edge of numerical brash ice field were fixed in all directions.
Table 3 gives the numerical model geometrical parameters.

The following assumptions were made in the numerical model
for the brash ice field:
1. All material properties were considered to be constant through-

out the brash ice field.
2. The temperature of the ice blocks in the brash ice field was con-

sidered to be constant.
3. The pole and collector were considered as rigid bodies.

Buoyancy and Hydrodynamic Forces

In this study, buoyancy and drag forces were included in the nu-
merical model that used a discrete mass-spring-dashpot model.
The buoyancy and drag on the brash ice field were simulated
using finite length beam elements. In this setup, each SPH particle
was then connected to a discrete mass-spring-dashpot model, as

shown in Fig. 7(a). In addition, a simple drag model was added
to the spring element equation [Eq. (3)]. The total force (FT,i) for
the mass-spring-dashpot system in the global z-direction is given as

FT ,i = Fb,i + Fd,i + ρi(1 − Vf )glxlylz (1)

where Fb,i and Fd,i = buoyancy and drag forces that act on each
SPH particle; g= acceleration of gravity; ρi= density of ice; and
Vf= void fraction.

The buoyancy force (Fb,i ) is a function of the displacement
(uZ,i ), relative to the waterline as shown in Fig. 7(b) and is ex-
pressed as

Fb,i=

0 uz,i ≥ −Zi +
lz
2

−ρW (1 − Vf )glxly uz,i + Zi −
lz
2

( )
−Zi −

lz
2
≤ uz,i ≤ −Zi +

lz
2

−ρW (1 − Vf )glxlylz uz,i ≤ −Zi −
lz
2

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(2)

where ρW= density of the water. The Fd,i can be estimated by a
basic viscous damping equation for an object that moves with ver-
tical velocity (u̇z,i) through a liquid

Fd,i =
1

2
u̇2z,iCdρW (1 − Vf )lxly (3)

where Cd= drag coefficient. In all simulations, the value of the drag
coefficient Cd= 1.05 was used, that is, it assumed the shape of a
cube moving through a fluid.

A penalty-based, node-to-surface contact formulation was em-
ployed to simulate contact between SPH particles and the collector.
In LS-DYNA, the frictional coefficient (μ) was assumed to be de-
pendent on the relative velocity (Vrel) of the nodes and surfaces
in contact and calculated as follows:

μ = μD + (μS − μD)e
(−Dc|Vrel|) (4)

where, μs, μD, and DC= the static, dynamic, and exponential decay
coefficient of friction, respectively. To model the ice to collector
friction, the values of 0.57, 0.06, and 0.02 were chosen for static,
dynamic and decay coefficient, respectively.

Table 3. Numerical model geometrical parameters

Parameter Symbol (unit) Value

Length of brash ice field in x-y direction Lx, Ly (m) 15
Thickness of brash ice field z-direction
(i.e., undisturbed brash ice field thickness)

Lz (m) 1.2

SPH particle spacing in x, y, and z-direction lx, ly, lz (m) 0.3

(a) (b)

Fig. 7. Showing: (a) mass-spring-dashpot model for SPH particles; and (b) the force versus displacement diagram for springs attached to SPH.
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Estimation and Scaling of Material Model Parameters

As previously mentioned, the material model used for brash ice was a
CSCM. The CSCM was developed by Schwer and Murray (1994)
and implemented by Schwer and Murray (2002). In addition, the
CSCMwas used to simulate the behavior of ice rubble in the keel sec-
tion of a first-year ridge in a punch through test by Patil et al. (2015a).
The CSCM requires a relatively large number of input parameters.
Based on test results from pull up tests, described herein, some of
the necessary input data for simulation was estimated. However,
the material model parameters required for input into the CSCM,
could not be obtained directly in the current test setup. Therefore, as-
sumptions were made regarding shear surface, cap surface, and dam-
age parameters. Later a parametric study was conducted to determine
the values of the parameters that gave the best fit to the test data.

Similar to any other granular material, Vf has a significant effect on
the material properties of brash ice. The Vf of brash ice affects buoy-
ancy, compressibility, and the contact area between the interacting
structure and the ice blocks. In the pull up test, Vf affected dry
brash ice weight directly. Because the Vf of brash ice in the pull up
test was not measured, estimation is required. The Vf of brash ice
could be estimated in the test by measuring the dry brash ice weight
divided by the gross volume of the ice blocks of varying sizes. That
estimate was not accurate, because many of the blocks fell off the col-
lector; therefore, decreasing the actual control volume. Bonath et al.
(2019) conducted similar tests, which obtained Vf values from 57%
to 77%, which were high compared with other values reported in
the literature. Therefore, due to uncertainties in the estimation, para-
metric analyses were conducted to study the effect of Vf.

The mechanical properties of brash ice depended on the properties
of the parent ice sheet. According to Fransson and Stehn (1993), most
of the porosity in low saline ice originates from trapped air and the
strength of warm ice decreases proportionally with an increase in po-
rosity. Therefore, as a preliminary approach, the properties of a parent
ice sheet were scaled by a factor 1 −

���
Vf

√( )
to obtain the properties of

brash ice. A scaling formula was used to estimate the effective elastic
modulus (Ebr), which is based on the Vf

Ebr = Eice 1 −
���
Vf

√( )
(5)

where Eice= elastic modulus of parent level ice. Then, the follow-
ing relationships were used to calculate the bulk modulus (Kbr) and
shear modulus (Gbr):

Gbr =
Ebr

2(1 + υ)
, Kbr =

Ebr

3(1 − 2υ)
(6)

The brash ice behavior was modeled using a CSCM that was
proposed by Sandler et al. (1976). A detailed theoretical de-
scription and comprehensive calibration procedure of the
CSCM is given in Murray (2007) and Murray et al. (2007).
The CSCM model combines the shear failure surface with cap
hardening surface compaction smoothly and continuously by
using a multiplicative formulation. The multiplicative formulation
is used to combine the shear failure surface with the isotropic
hardening compaction cap surface smoothly and continuously;
therefore, avoiding any numerical instability associated. The ge-
neral shape of the yield surface in the meridional plane is shown
in Fig. 8.

The failure surface of the smooth cap model is defined as

Ff (J1) = α − λ exp−βJ1 +θJ1 (7)

where J1=first invariant of the deviatoric stress tensor; and α, θ, λ,
and β=model parameters used to match the triaxial compression.
The isotropic hardening or cap surface of the model is based on a
nondimensional functional form

(a) (b)

Fig. 8. Showing: (a) general shape of the CSCM model yield surface in meridional plane (data from Murray et al. 2007); and (b) single smooth cap
failure function (data from Schwer and Murray 1994).

Fig. 9. Comparison of hardening function.
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Fc(J1, κ) = 1 −
[J1 − L(κ)] · [|J1 − L(κ)| + J1 − L(κ)]

2[X (κ) − L(κ)]2
(8)

where κ= hardening parameter that controls the motion of the cap
surface; and L(κ) and X(κ) define the geometry of the cap surface.
The smooth cap model, shown in Fig. 8(a), is formed by multiply-
ing together the failure and hardening surface functions to form a
smoothly varying function given by

f (J1, J ′2, κ) = J ′2 − F2
f · FC (9)

where J ′2 = second invariant of the deviatoric stress tensor. The
CSCM parameters were divided into three categories: yield surface
parameters, cap parameters, and damage parameters. To define the
yield surface, triaxial material model parameters, α, θ, λ, and β that
were estimated by fitting to triaxial experimental data. Due to ab-
sence of this experimental data, the triaxial compression parame-
ters, such as α and θ were calculated based on the relationship in
the following equation, given by Schwer and Murray (1994) to
Mohr–Coulomb surface:

α =
6c cosφ�������������
3(3 − sinφ)

√ , θ =
2 sinφ�������������

3(3 − sinφ)
√ (10)

where c= cohesion; and ϕ= angle of internal friction. According to
the recommendation of Murray (2007), other yield surface param-
eters were defined based on triaxial compression (λ, β), deviatoric
state of torsion (α1, θ1, λ1, and β1), and triaxial extension (α2, θ2, λ2,
and β2). This ensured a smooth transition between the tensile and
compressive pressure regions. The following values were used in
all simulation:

λ = 0, β = 0,

α1 = 0.7373, θ1 = 0, λ1 = 0.17, β1 = 0,

α2 = 0.66, θ2 = 0, λ2 = 0.16, β2 = 0 (11)

The cap moves to simulate plastic volume change. The cap ex-
pands [X(κ) and κ increase] to simulate plastic volume compaction
and the cap contracts [X(κ) and κ decrease] to simulate plastic volume
expansion, which is called dilation (Fig. 8). The motion (expansion
and contraction) of the cap is based on the cap hardening function

εPv =W (1 − e−D1(X1−X0)−D2(X1−X0)
2

) (12)

where εPv = plastic volumetric strain; W=maximum plastic volu-
metric strain; X0= initial intercept of the cap surface; R= cap as-
pect ratio; and D1 and D2= linear and quadratic shape parameters,
respectively. The five input parameters (X0, W, D1, D2, and R) are
required to define the cap surface. Heinonen (2004) has used a
hardening rule to calibrate the Drucker–Prager cap model based
on a punch though test for first-year ice rubble. As a preliminary ap-
proach, due to the similarities between first-year ice rubble and brash
ice, the cap hardening parameters in CSCM were chosen so that a fit
was obtained to the hardening function defined by Heinonen (2004).
The comparison between the pressure–volumetric strain curves of
simulation B-1 (Table 6) based on Eq. (12) and to that of hardening
function defined by Heinonen (2004), is shown in Fig. 9.

The damage formulation is based on the work of Simo and Ju
(1987) and Murray et al. (2007). Two main types of damage are in-
cluded in CSCM; (1) ductile damage that degrades stress when the
mean stress is compressive, and (2) brittle damage that degrades
stress when the mean stress is tensile. The damage parameter was
used to degrade the undamaged stress. The mesh size sensitivity
was regulated by maintaining constant fracture energy regardless
of the element size. This was carried out by including the element
length [L (cube root of the element volume], a fracture energy type

Table 7. Damage parameters for all simulations

Name of variable Symbol (unit) A-1, A-2, A-3 B-1, B-2, B-3, B-4, B-5 C-1 D-1

Ductile shape softening parameter B — 1 1 1 1
Fracture energy in uniaxial compression Gfc,br[MPa (mm)] 3.27 × 10−03 4.51 × 10−03 5.86 × 10−03 8.00 × 10−03

Brittle shape softening parameter D — 1 1 1 1
Fracture energy in uniaxial tension Gft,br[MPa (mm)] 3.72 × 10−04 5.13 × 10−04 6.66 × 10−04 9.10 × 10−04

Fracture energy in pure shear stress Gts,br[MPa (mm)] 3.72 × 10−04 5.13 × 10−04 6.66 × 10−04 9.10 × 10−04

Table 6. Shear surface parameters (α and θ) and cap surface parameters for all simulations

Name of variable Symbol (unit) A-1, B-1, C-1, D-1 A-2, B-2 A-3, B-3 B-4 B-5

Shear surface constant term (compression) α (MPa) 2.0 × 10−04 1.0 × 10−04 1.0 × 10−03 2.0 × 10−04 2.0 × 10−04

Shear surface linear term (compression) θ (rad) 0.396 0.396 0.396 0.315 0.469
Cap aspect ratio R — 8.957 8.957 8.957 17.205 8.957
Cap initial location X0 (MPa) 0.002 4.5 × 10−04 0.009 0.004 0.004
Maximum plastic volume compaction W — 0.093 0.093 0.093 0.093 0.093
Linear shape parameter D1 — 86 386 23 43 386
Quadratic shape parameter D2 — 0.030 0.030 0.030 0.030 0.030

Table 4. Base value for material model input estimation

Parameter Symbol (unit) Value

Poisson’s ratio ν — 0.3
Density of ice Pice (kg/m

2) 900
Elastic modulus of level ice Eice (MPa) 4,000
Fracture toughness of reference level ice KC

I (kpa
��
m

√ ) 100
Fracture energy of reference level ice in
compression

GC
f [MPa (mm)] 2.0 × 10−05

Table 5. Simplified input to the parametric study

Variables

Simulation no.

A-1 A-2 A-3 B-1 B-2 B-3 B-4 B-5 C-1 D-1

Vf (%) 70 70 70 60 60 60 60 60 50 36
c (kPa) 0.2 0.05 1 0.2 0.05 1 0.2 0.2 0.2 0.2
φ (°) 50 50 50 50 50 50 40 60 50 50
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term (Gf ), and softening parameters. The detailed formulation can
be found in Murray (2007). Three types of fracture energies and
two softening parameters were required as user input, as given in
Table 7. The fracture energy (GC

f ,br) for the brash ice in uniaxial
compression was scaled based on Vf and calculated using

GC
f ,br = GC

f 1 −
���
Vf

√( )
(13)

where GC
f = fracture energy in uniaxial compression for parent

level ice. Similarly, fracture toughness for brash ice (KC
I ,br) was

scaled based on the reference fracture toughness (KC
I ) using Vf

KC
I ,br = KC

I 1 −
���
Vf

√( )
(14)

The fracture energy in uniaxial tension (Gft,br) and in pure shear
(Gfs,br) stress state were treated as identical and calculated as follows:

Gft,br = Gfs,br =
(1 − ν2)K2

ic,br

Ebr
(15)

Table 4 gives the parent ice sheet properties used in the material
model parameter calculations.

The shear surface constant term in compression (α) and the shear
surface linear term in compression (θ) were calculated based on the
relationship to c and φ, as given by Eq. (10). In all simulations only
one parameter was varied and the others were constant. Table 5
gives a summary of the simplified input to parametric study in
terms of Mohr–Coulomb strength parameters, for example, c and φ.

Fig. 10. Comparison of Vf: (c= 0.2 kPa, φ= 50°).

Fig. 11. Comparison of φ: (Vf= 60%, c= 0.2 kPa).
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The CSCM parameters input are given in Tables 6 and 7. Of note, all
the values are in a consistent system of units required for LS-DYNA.

Analysis of Numerical Simulation Results

The stage that encompassed t= 40–80 s of the test was selected for
the simulations, since the lifting of ice mass started at approximately
t= 40 s, as shown in Fig. 3. The Vf, cohesive strength, and φ were the
variables in this parametric study. The values of these variables were
selected with an ad hoc approach (Table 5). The influence of each var-
iable on the simulated force–time graph comparison with a measured
force–time graph is shown in Figs. 10–13. The influence of Vf in
brash ice on the simulations results was compared with the test results
shown in Fig. 10.

Simulation A-1 had a 70% Vf and a peak force closer to the
measured peak force but gave a lower residual force. Simulation
B-1 that had a 60% Vf gave a residual force close to that of the
measured results. However, the peak force for this simulation
was somewhat higher than that of the measured value. The
other two simulations C-1 and D-1 had much higher peak force
and residual force values. Simulation D-1 registered the highest
force of all, due to the high density of the lifted volume of
brash ice. The influence of φ and c were compared for a Vf of
60%, as shown in Figs. 11 and 13, respectively. The variation
in φ did not exert a significant change in peak force and residual
force (Fig. 11). This indicated that the major component of force
was shear strength. But differences were observed between the
initial part of the numerical simulation curves, which indicated
breaking of the initial cohesion to form a plug.

Fig. 12. Comparison of c: (Vf= 70%, φ= 50).

Fig. 13. Comparison of c: (Vf= 60%, φ= 50).
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The c values were altered to examine their influence on the mea-
sured force–time history (Figs. 12 and 13). Simulation series A had
a 70% Vf and B had a 60% Vf. In simulations A-1, A-2, and A-3 c
values of 0.2, 0.05, and 1 kPa were used, respectively.

In simulations B-1, B-2, and B-3 c values of 0.2, 0.05 and 1 kPa
were used, respectively. As the c value increased, a higher force was
needed to lift the same number of brash ice blocks. For all the sim-
ulations in series A, the predicted residual forces were lower than the
measured values. As shown in Fig. 13, simulation B-3 registered the
highest force, which had the highest cohesion in that series. There-
fore, this indicated that the force required to lift brash ice mass is pro-
portional to cohesion.

Ice block movement, failure mode, and plug formation in the sim-
ulation showed similarities to the experimentally observed ones. As the
simulation progressed, particles were pushed into the cavity that was
formed by the collector, then the plug shape narrowed down. Finally,
a constant force level was achieved because the collector was above the
rest of the brash ice layer. Neighboring particles quickly filled the hole
that was created by the collector. This trend was observed in all the
simulation series with varying peak and residual forces.

To compare the measured peak (Fpeak) and residual (Fres) force
to simulated forces, a bar chart was plotted (Fig. 14). The test data

was plotted at the left side of the chart, which was compared with all
simulation data. Based only on the values of peak and residual force,
numerical simulation B-1 and B-2 were the closest matches. All the
simulations registered smaller peak forces, which suggested that
there was an initial force required to start the movement of the col-
lector. To demonstrate the deformation of brash ice at different times
during the simulation, snapshots are shown in Fig. 15. After 5 s into
the simulation, a bulge formed at the top surface of the SPH brash ice
field [Fig. 15(a)]. Then, the plug formation process started. First, a
wider plug was formed, as shown in Fig. 15(b), followed by a trans-
formation into a conical shaped plug, as shown in Fig. 15(c). The
final shape of the plug was revealed at approximately 40 s, as
shown in Fig. 15(d). The hole created by the collector was filled
by neighboring particles. In this simulation few particles that were
at the edge of the collector fell off during the final plug shape forma-
tion, that is, the interval between Fig. 15(c) and Fig. 15(d).

Discussion

An attempt was made to test brash ice properties that used a pull up
test. The test setup performed well enough. However, earlier unsuc-
cessful attempts highlighted the weakness of the test mechanism. In
addition, the issue of test repeatability and the number of test data
points suggested that this study requires more investigation. The ice
block shape and size were the limiting factors to the effectiveness
of this test equipment. The brash ice field where ice block sizes
were >1 m could not be tested using this method. Factors, such
as the movement of ships and speed of pulling by crane might in-
troduce errors. Therefore, the test should be carried out under calm
and stable conditions to obtain accurate results. The test results,
such as the force–time graph provided valuable input for the vali-
dation of the numerical model. Despite the drawbacks of the test
methodology, the strength of brash ice was estimated from the
force–time graph, on site observations, and the deformation pattern.
The maximum recorded force depended on breaking the freeze
bonds (if any), friction between the blocks, and weight of the ice
blocks. Furthermore, at the start of the test, an area larger than
the collector was moved. This indicated that ice blocks in brash

Fig. 14. Peak force and residual force for test and each simulation.

(a) (b)

(c) (d)

Fig. 15. Screenshots of simulation of brash ice deformation: (a) t= 5 s; (b) t= 15 s; (c) t= 25 s; and (d) t= 40 s.
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ice fields are interlocked that causes an upward expanding plug.
Friction between, and rearrangement of, the ice blocks constituted
the dominant processes during the pulling of the collector. The test
force versus time plot (Fig. 3) showed that after an initial peak force
there was a subsequent peak force followed by an almost constant
residual force. It was observed that two large blocks of approxi-
mately 1 m diameter at the edge of the collector, fell off after the
first peak (approximately 55 s). Due to uniform particle spacing,
it was not possible to simulate that type of rearrangement of the
blocks using this simulation method. This might result in the higher
residual forces than were observed experimentally. The SPH
method was shown to be useful to simulate large displacements
of ice blocks in the pull up test. Although uniform spacing limited
the arbitrary movement of ice blocks. Due to the lack of data related
to ice block size distribution, the particle spacing in SPH was cho-
sen randomly that was based on visual observations.

It was shown that the discrete mass-spring-dash pot model could
be used to simulate buoyancy and drag. The strength of the brash ice
field could be estimated based on the peak force and certain assump-
tions of the plug volume. The scaling formulas, based on Vf, estimated
values for the elastic modulus, fracture toughness, and fracture energy
of a brash ice field. The yield surface parameters α and θwere esti-
mated based on their relationship to the Mohr–Coulomb criterion.
All other yield surface input parameters in the CSCM were based
on the recommendations given in Murray et al. (2007). A parametric
study was conducted to observe the effect of Vf, c, and φ. This study
showed that simulation B-1 that had a 60% Vf, c= 0.2 kPa, and φ=
50° gave the overall best fit to the measured force–time curve. Fig. 15
shows the deformation of brash ice blocks at different times in simu-
lation B-1. Due to the uneven movement of the pole in the x-y plane, a
nonuniform plug formed during the simulation that coincided with
the test observations.

The discrepancies between the simulated and measured force–
time series indicated the need for further fine tuning of the numer-
ical and assumed material model parameters. It is noted that the
physical background of the parameters (e.g., elastic modulus and
fracture energy) should be investigated because of brash ice defor-
mation. In this study, some of the parameters that defined the shape
of the failure envelope were selected based on recommended val-
ues. However, the numerical model captured different deformation
patterns, such as a plug that was wider than the collector and that
filled a hole quickly with neighboring particles. The simulation
of the brash ice failure process corresponded realistically to the full-
scale field observations. The numerical results obtained captured
the general trend of brash ice behavior in the test. This study
could be used as a basis for future investigations of brash ice defor-
mation and the development of a numerical model.

Summary and Conclusions

In this study, the results of a novel test for a brash ice field were pre-
sented. The results were interpreted and used to estimate brash ice
field properties. The test was numerically simulated using an SPH
method and CSCM as the material model for brash ice. The test
equipment functioned well enough, but some weaknesses and limita-
tions of the test equipment were identified. However, the study at-
tempted to understand the physics behind the deformation behavior
of a brash ice field. The presented SPH model presented the opportu-
nity to study brash ice structure interactions under realistic boundary
conditions. Modeling brash ice with CSCM presented opportunities
and challenges. Identifying suitable input parameters for CSCM is
a time-consuming task. The presented model of a brash ice field,
with some modifications, could be used to simulate ship–brash ice

interactions. Based on the results of the test and numerical simula-
tions, the following conclusions were drawn:
1. The collector arm folding mechanism was crucial to work the

test setup.
2. Future testing must include on site measurement of void ratio

and ice blocks size distribution.
3. The presented test method could be employed in laboratories

where environmental parameters, such as pulling speed and sta-
ble platform could be more tightly controlled.

4. The CSCM can capture the different failure modes of the brash
ice, such as compaction and dilation under loading. However,
further experimental investigation is needed on the material
model parameters. The procedure to calibrate CSCM particles
requires extensive sets of experimental data, such as triaxial
compression, tension and shear strength, and fracture toughness
tests. The absence of this type of experimental data means that
assumptions need to be relied on.

5. The scaling formula that was used to estimate brash ice field
properties, was based on a linear scaling factor of 1 −

���
Vf

√( )
.

The depth-dependent brash ice field properties could not be
scaled with this formula. Therefore, more investigations are
needed to identify an appropriate scaling formula.

6. The presented SPH model, with the discrete mass-spring-dashpot
model to simulate buoyancy and drag, has the potential to simulate
ship–brash ice interactions. Therefore, this representation of
abrash ice field could be developed to estimate the resistance to
shipping in brash ice fields.

7. With moderate success, the numerical simulations captured the
behavior of brash ice in a brash ice field.
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Numerical prediction of ice rubble field loads on the Norströmsgrund 
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A B S T R A C T   

An attempt has been made to predict the ice rubble field load on Norströmsgrund lighthouse by using Cohesive 
Element (CE) formulation. Two sub-load events were selected to validate the numerical and material model used 
in simulation of interaction of the ice rubble field and lighthouse. A literature review of simulation of rubble field 
structure interaction methods is also included in order to illustrate the knowledge gaps and highlight short-
comings of existing techniques. A description of chosen ice rubble field load events and signal post processing is 
added. A linear Mohr-Coulomb material model was used for the bulk element. For the cohesive element 
formulation, a material model was chosen which is based on three irreversible mixed-mode interaction with an 
arbitrary normalized traction-separation law governed by a load curve. The elastic modulus and fracture 
toughness for the ice rubble field were scaled using the ice rubble field porosity. A parametric study was con-
ducted, and effects were documented. The numerical model predicted similar values for maximum total force, 
but average and standard deviation values of total force were higher than measured. The observed load drops in 
measured force time histories were reproduced with reasonable accuracy in simulated force time histories.   

1. Introduction 

The term ice rubble field can be used as generalised term for ice ridge 
fields where vast area of sea covered with ice blocks packed together. 
The sea ice ridges are common ice feature in the Arctic and Subarctic sea 
which are the major load contributor on offshore and marine structures, 
if icebergs are not present in that area. The ice rubble is an integral part 
of ice ridges. The ice rubble field is made up of piles of ice blocks and can 
be fully or partially consolidated. The ice rubble field can be found in 
between colliding ice floes and can cover large areas. The in-situ testing 
gives opportunities to understanding the properties and failure of ice 
rubble in actual environmental conditions. The ice rubble has always 
been considered as a granular material and can be described by the 
Mohr-Coulomb criterion, see ISO19906 (2010). Therefore, efforts have 
been devoted in the past to find reasonable values of the cohesion and 
the angle of internal friction, see Cornett and Timco (1996), Løset and 
Sayed (1993), Timco et al. (1992), Sayed et al. (1992), Urroz and Robert 
(1987), Gale et al. (1987), Heinonen (2004) and Liferov and Bonnemaire 
(2005). Literature reviews of test methods and analysis of results can be 
found in Ettema and Urroz (1989), Timco and Cornett (1999), 
Kulyakhtin and Høyland (2014) and Boroojerdi et al. (2020). But 

numerical simulation methods have an advantage over laboratory and 
in-situ testing of ice rubble as they offer a greater number of (design) 
parameters to be tested under controlled conditions. Therefore, interest 
in developing numerical simulation methods is increasing. Additionally, 
simulation methods help to increase the accuracy of the analytical 
methods used to estimate the design loads. 

The numerical simulations enable us to separate and identify the 
contributions from various parameters controlling the ice rubble field 
structure interaction process. The ice rubble field is anisotropic material. 
The ice rubble field presents challenges in terms of constitutive model-
ling due to, for example, the simultaneous presence of freeze bonds and 
discrete nature of the ice blocks. The failure behaviour of ice rubble, 
often called the failure mode, is important information for the esti-
mating of ice loads. The ice rubble failure is dominated by mixed mode 
failure and the rubble deformation process is controlled by several fac-
tors including compressive strength, cohesive strength, fracture tough-
ness and the ice to ice friction. Thus, a robust and reliable numerical 
method is required to predict realistic load levels created by unconsol-
idated or partially consolidated ice rubble. The local pressure data can 
be linked to global ice load, see Bjerkås (2004). However, Fransson and 
Lundqvist (2006) have proposed a statistical approach to determine the 
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correlations of segmental loads. The failure process is extremely sensi-
tive to the initial conditions. For example, two different failure modes 
can be observed with and without the ice rubble present at the inter-
action zone, see Määttänen and Hoikkanen (1990). The failure process 
of ice rubble is also affected by the parent ice thickness, rubble pile 
height, ice blocks sizes, the temperature, salinity and the strain rate. 
Interacting structural properties such as its inclination, width and stiff-
ness, also affects the failure process. 

The numerical simulations can be used to study the ice rubble field 
loads on structures. The challenges involved in the application of nu-
merical methods in ice mechanics are well documented in Bergan et al. 
(2010). In the simulations of ice rubble field structure interactions, it is 
necessary to consider a complicated process of fragmentation of ice, 
formation and motion of ice blocks, and interactions between the blocks 
as well as between the blocks and the structure. The Discrete Element 
Method (DEM) has been used to simulation of “fracture prone” and 
“discrete” material such as ice rubble, see Evgin et al. (1992a), Evgin 
et al. (1992b), Hopkins (1997) and Paavilainen et al. (2011). In DEM, 
each ice block is modelled as separate non-continuum element, usually 
spherical. The forces acting on each element are then computed from the 
initial properties and the relevant physical laws and contact models. The 
combined FEM-DEM approach was proposed to eliminate the rigidity 
issue of bulk element in the simulation of ice rubble structure in-
teractions, see Polojarvi and Tuhkuri (2009), Paavilainen et al. (2011) 
and Polojarvi and Tuhkuri (2013). In their approach, DEM was used to 
model the contact interactions and finite elements were used as 
constitutive relation which dictates the behaviour and the ice fracture. 
Therefore, it is clear that without solving mesh entanglement problem, 
conventional FEM cannot be used to simulate ice rubble structure 
interaction. In contrast, Wong and Brown (2018) have proposed a model 
of the interaction between ice and conical bridge pier based on FEM 
where ice sheet is modelled as linear elastic model and considers loads 
from ice rubble build-up. The recent development in mesh-free formu-
lation techniques of SPH gives an accurate solution for large displace-
ments that remain in continuum domain of Lagrangian framework. For 
application of SPH formulation to simulate a behaviour of ice rubble in 
the punch through test, see Patil et al. (2015). The same technique has 
been used to simulate behaviour of brash ice in an in-situ test by Patil 
et al. (2020). 

A numerical technique called the cohesive zone model (CZM) has 
been used for analysis of fracture in brittle and ductile materials, see 
Barenblatt (1962) and Dugdale (1960). The implementation of the CZM 
into numerical analysis has been termed the Cohesive Element Method 
(CEM). The CEM requires the insertion of inter-elements between bulk 
elements in the conventional finite element mesh. Upon reaching the 
threshold limit stress, the inter-elements (cohesive elements) fail and are 
removed from the calculation thus enabling the simulation of a “crack” 
in ice. These newly formed finite element surfaces are then free to 
interact with each other. The CEM is based on the robust mathematical 
framework of conventional FEM and is capable of explicitly simulating 
the fracture process zone (FPZ) which is confined by finite element 
boundaries. The cohesive element does not have any significant physical 
mass, thus removing them does not violate any mass conservation law. 
The cohesive elements describe the cohesive forces in the material when 
a fracture occurs. The cohesive element method is not new when it 
comes to simulating interaction between level ice and structure, see 
Gürtner (2009), Konuk and Yu (2010a), Konuk and Yu (2010b), Daiyan 
and Sand (2011), Kuutti et al. (2013), Lu et al. (2014), Wang et al. 
(2018), Wang et al. (2019). The limitations and difficulties associated 
with the application of Cohesive element method are highlighted by 
Pang et al. (2015). 

In this paper, a numerical model is used to simulate the ice rubble 
field structure interaction process, using Cohesive Element Method 
(CEM). The details of constitutive material models used for bulk ele-
ments and cohesive elements are given. Both material models are well 
described and implemented in the LS-DYNA finite element code. A 

special purpose MATLAB (2019) script was written to post process the 
load event acquired/measured data, as well to create numerical model 
and post-process the simulation results. This numerical model is used in 
two separate parametric studies to investigate the effect of influential 
parameters such as cohesive strength, angle of internal friction, fracture 
toughness and exponential decay coefficient. The numerical results are 
compared with the load event time series and the conclusions are drawn 
based on merit and drawbacks of the material model and numerical 
method. 

2. Ice rubble field load event data 

Full-scale measurements of the ice loads at Norströmsgrund light-
house were obtained in two measurement campaigns, “Validation on 
Low Level Ice Forces on Coastal Structures” (LOLEIF) and “Measure-
ments of Structure in Ice” (STRICE) from 1999 to 2003. The ice forces 
acting on panels mounted on the lighthouse at water level and envi-
ronmental variables such as ice thickness, wind speeds, air tempera-
tures, water stage, etc were recorded and documented. Accelerometers, 
tiltmeters and inclinometers were also used to determine the structural 
response under ice loading. Additionally, continuous video recording 
from four different cameras, was done for later interpretation of the data 
and analysis. A detailed logging of ice condition observations and failure 
modes was conducted during the measurement periods. The detailed 
description of the experimental setup at the Norströmsgrund lighthouse 
is given elsewhere, see Jochmann and Schwarz (2000), Haas and Joc-
hmann (2003) and Bjerkås (2006). Therefore, only a brief introduction 
will be presented herein. In this paper, two load events were selected 
from STRICE 2002 measurement campaign data for further study. The 
selected load events were further post processed to extract and visualise 
the valuable information. 

The Norströmsgrund lighthouse was instrumented with 9 (nine) 
panels to measure the ice contact forces at the waterline. The panels 
covered a span of 162◦; capturing ice loads from the North to the 
Southeast. The panel no. 9 was oriented to the East and divided into 8 
subpanels, which permitted the detection of ice forces at different 
depths. Subpanels 9-1 and 9-2 make up the top row, followed by sub-
panels 9-3 and 9–4 in the second row, 9–5 and 9–6 in the third row and 
9–7 and 9–8 in the bottom row. In the actual measurement setup, the 
original panel numbers were not in sequence. To maintain the continuity 
and to avoid any confusion, in later force analysis new panel numbers 
(shown in squares) were assigned, see Fig. 1 (a). The ice conditions were 
monitored as well. The waterline diameter of the lighthouse pier was 
7.5 m and the height of base on which the lighthouse is 7.5 m, see Fig. 1 
(b). The measured force-time data is used for further analysis and 
visualization of load events as follows. 

2.1. Signal processing 

Since the load panels were measuring the normal forces only, the 
resultant force acting on the lighthouse was resolved from the individual 
total forces measured by the panels. These forces were split into two 
components referring to a fixed N-E coordinate system of the force 
measurement system. One of the purposes of this study was to calibrate 
numerical and material model for these type of load events. Thus, from 
the simulation point of view, it was better to have a coordinate system 
which corresponded to the ice drift direction. So, further data processing 
was done to generate two force components in a X–Y coordinate system, 
where the Y axis was parallel to the ice drift direction. In this way, ice to 
structure friction contribution could be added later into force analysis, 
see Sand and Fransson (2017). This was achieved as follows. The panel 
forces were split into components referring to a X–Y coordinate system 
based on ice drift direction angle θ. In this X–Y coordinate system, 
x-direction was normal to ice drift direction and y-direction was parallel 
to ice drift direction. The following equations were used to calculate the 
total resultant force. The vector sum of the load panels normal to the 
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drift direction Px and parallel to the drift direction Py, were defined as: 

Px =
∑nP

i=1
Px, i , Py =

∑nP

i=1
Py, i , i = 1, 2..., nP (1)  

where, np = 9is the total number of active panels. The contribution from 
each load panel to the vector sum Px and Py is: 

Px,i = − pi
cos β
|cos β|

(|sin αi| + μ sin αi|cos αi|) Py,i =

− pi(max(0, cos αi)+ μmax(0, sin αi)) (2)  

where pi(i= 1,2...np) are the measured panel forces acting normal to the 
face of the panel and μ is the ice to structure friction. Angles αi are 
measured from the drift direction to centre of each panel as defined in 
Fig. 1 

αi =ϕ+α0|n − i|, i= 1, 2..., np (3)  

wherenp = 5is the panel number normal to the drift direction, α0 =

18◦is panel coverage angle and φ is the angle measured from centre of 
panel n to the drift direction: 

ϕ= θ −

(

n −
1
2

)

α0 (4) 

Angles βi are introduced to keep track on the sign of the contributing 
forces to the vector sum acting normal to the drift direction: 

β=
(

5np

3
− n+ i

)

α0 + ϕ (5)  

where, np = 9is the total is number of active panel and n = 5is the panel 
number normal to drift direction. The total global ice load,Pt is calcu-
lated from the forces Pxand Pyacting in x-direction and y-direction. 

2.2. Sub-load events 

Two load events were identified, from the STRICE 2002 database, for 
further analysis. The load event 1 (identified as 0603_0600 in the 
measurement database) is from March 6, 2002 database, which starts at 
07:24:00 and ends at 07:58:54. The load event 2 (identified as 
2103_0900 in the measurement database) is from March 21, 2002, 

which starts at 20:29:00 and ends at 21:03:00. The vector sum of the 
load panels in X–Y coordinate system is shown in. 

Fig. 2 and Fig. 4 for load event 1 (0603_0600) and 2 (2103_0900), 
respectively. For the simulation purposes, a span of 120 s from force 
time history was selected for comparison. The sub-load event 1 
(0603_0600) is a span of 0–120 s and the sub-load event 2 is a span of 
60–180 s. Figs. 3 and 4 gives the summary of ice force distribution on 
each individual panel for sub-load event 1 and sub-load event 2, 
respectively. In case of load event 1, despite the ice drift was from 45◦at 
0.25 m/s, maximum force was recorded at panel 1 (North). This might 
be due to pre-existing ice accumulation around the structure. The water 
stage/level recorded was 0.3 m which means local forces from thinner 
ice might be missing. This confirms by looking at segmented load panel, 
see Fig. 3b. In case of load event 2, maximum force was recorded at 
panel 5 (see Fig. 5a). The load event has avg. ice thickness equals to 0.5 
m. The major environmental data recorded for these sub-load events are 
shown in Table 1. The summary of ice pressure acting on each individual 
panel for sub-load event 1 (0603_0600) and sub load event 2 
(2103_0900) is given in Table 2 and Table 3, respectively. 

3. Constitutive relationships for the ice rubble field 

At freezing temperature, varying degree of porosity and freeze bond 
strength or cohesive strength can exist across the depth of ice rubble 
field. Often, ice rubble, as a material, has been characterized using 
properties from soil mechanics such as shear strength, friction angle and 
cohesion. The shear strength of the ice rubble has four components 
namely interlocking, frictional contacts, freeze-bonding and failure of 
the ice blocks, Hopkins (1991). The interlocking and frictional resistance 
are macro-level phenomena and affected by the shape and the size of the 
ice blocks. Whereas, the breaking of the freeze bonds and failure of the 
ice blocks are considered as micro-level phenomena, controlled by 
tensile, compressive and shear strength. Therefore, both phenomena 
should be addressed adequately in the material model. A study of 
Repetto-Llamazares et al. (2011) suggests that a Mohr–Coulomb like 
failure model can be appropriate for the representation the freeze-bond 
shear strength as a function of the normal confinement. The 
Mohr-Coulomb criterion can be used to estimate the strength of ice 
rubble, see ISO19906 (2010). In the Mohr-Coulomb yield criterion, the 
ice rubble behaves as an elastic, ideal plastic material. For representative 

Fig. 1. (a) Channel arrangement for winter 2002 and orientation of the ice load panels. Panel 9 is subdivided as shown in the table adjacent. (b) Profile of lighthouse 
showing elevation of panels. The sketch is not to scale. 
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volume for bulk elements, an isotropic elastic-plastic material model 
was proposed by Hilding et al. (2012) and Hilding et al. (2011). Wang 
et al. (2018) has reported a decrease in the mean loads when using a 
linear softening plastic model compared to the perfect plastic model and 
concluded that contact forces decrease with cohesive softening of bulk 

elements. However, Kulyakhtin and Høyland (2015) have shown that 
the Mohr-Coulomb criterion cannot be used to define shear strength of 
ice rubble where high values of angle of internal friction involved. 
Despite these limitations, a Mohr-Coulomb yield criterion, linear elastic 
and ideal plastic constitutive model, can be utilized as bulk elements to 

Fig. 2. Time series of the global force of sub-load event 1 (0603_0600) in X–Y coordinate system, at top and electromagnetic data i.e. surface elevation and draft, 
at bottom. 

Fig. 3. The sub-load event 1 (0603_0600) (a) the panel force distribution at the time of maximum global force, at left and average panel force distribution, at right. 
(b) segmented panel force distribution at the time of maximum global force, at left and average segmented panel force distribution, at right. 
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simulate the microscopic failure at a macroscopic level in CEM 
formulation. 

In this study, rubble field geometry was discretized with bulk ele-
ments connected to each other by cohesive elements. A material model 
based on Mohr-Coulomb criteria was used for bulk elements, whereas 
mixed mode cohesive element formulation was used for cohesive ele-

ments, see LS-DYNA (2017). The Mohr-Coulomb criteria was used for 
solid elements only and intended to represent the ice blocks. This cri-
terion describes the dependence of shear stress τ on the normal stress σn 
and is given as: 

τmax = c − σn tan φ (6) 

Fig. 4. The global force Time series of sub-load event 2 (2103_0900) in X–Y co-ordinate system, at top and electromagnetic data i.e. surface elevation and draft, 
at bottom. 

Fig. 5. The sub-load event 2 (2103_0900) (a) the panel force distribution at the time of maximum global force, at left and average panel force distribution, at right (b) 
segmented panel force distribution at the time of maximum global force, at left and average segmented panel force distribution, at right. 
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Where, c and φ are the cohesion and the angle of internal friction, 
respectively, which controls the fracture stress in mode I and mode II 
respectively. The compressive Cx, tensile Tx and shear strength τ are 
given as follows 

Cx =
2 c cos φ
(1 − sin φ)

, Tx =
2 c cos φ
(1 + sin φ)

, τ= c (7) 

In the parametric study, the values of cohesion c and angle of internal 
friction φ were altered to determine their effect on load levels and failure 
pattern. The Mohr-Coulomb criterion considers effective shear strain as 
a deformation measurement, which is also in accordance with the 
assumption of volume preservation. 

3.1. Cohesive element formulation and constitutive relationships 

Granular material such as ice rubble can be effectively analysed for 
its cracking behaviour by using the cohesive zone method. It involves a 
gradual reduction of stress or strain in tension or shear loading during 
crack propagation. In this method parameters describing the crack tip 
are used to the study of instability phenomena of cracked bodies. These 
parameters include the strain energy release rate, the fracture tough-
ness, and the crack tip opening displacement (i.e. separation). In the 
present research, the tension softening is used to analyse the behaviour 
of ice rubble. For the cohesive element, a material model (*MAT_186) 
based on three general irreversible mixed-mode interaction cohesive 
formulations with arbitrary normalized traction-separation law given by 
a load curve (TSLC), was used to connect bulk elements, see LS-DYNA 
(2017). This material model was chosen due to the flexibility it provides 
for the traction separation law. The tabulated traction separation can be 
defined directly for both fracture modes i.e. I and II, see Fig. 6 (a). The 
interactions between fracture modes (I and II) are considered and irre-
versible conditions are enforced through a damage formulation 
(unloading/reloading path pointing to/from the origin). The Ta
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Table 2 
Summary of ice pressure acting on each individual panel for sub-load event. 1 
(0603_0600).  

0603- 
0600 
Panel no. 

Panel 
width Li 

[m] 

Mean 
value 
Pmean 

[kN/m] 

Max 
value 
Pmax [kN/ 
m] 

St.dev. 
Pst.dev 

[kN/m] 

PressureP(Pmax
t )

[kN/m]  

1 1.21 37 613 45 22 
2 1.21 21 332 32 77 
3 1.21 23 270 23 234 
4 1.21 24 543 26 284 
5 1.21 17 512 29 408 
6 1.21 19 386 23 158 
7 1.21 19 425 39 87 
8 1.21 18 530 43 103 
9 1.21 0 5 1 0  

Table 3 
Summary of ice pressure acting on each individual panel for sub-load event. 2 
(2103_0900).  

2103- 
2029 
Panel 
no. 

Panel 
width Li 
[m] 

Mean 
value 
Pmean 
[kN/m] 

Max 
value 
Pmax 
[kN/m] 

St.dev. 
Pst.dev 
[kN/m] 

PressureP(Pmax
t )

[kN/m]  

1 1.21 21 346 31 61 
2 1.21 12 254 24 0 
3 1.21 19 204 25 3 
4 1.21 12 437 39 183 
5 1.21 17 666 57 551 
6 1.21 30 660 40 39 
7 1.21 30 245 49 14 
8 1.21 29 441 62 2 
9 1.21 0 0 0 0  
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traction-separation curve governs the deformation of cohesive elements 
subjected to tensile or shear stresses. When the force or deformation 
reaches a critical value, the cohesive element is deactivated or deleted, 
resulting in crack formation and dissipation or release of the fracture 
energy GF. A crack can grow via deformation and failure of neighbouring 
cohesive elements. 

The traction separation behaviour of this model is mainly controlled 
by the energy release rate and peak traction. The energy release rateGc

I 
and peak traction T in normal direction defines mode I, while, the energy 
release rate Gc

II and peak traction τ in tangential direction defines mode 
II. The maximum separation δF

I and δF
II in mode I and mode II are given 

respectively as: 

δF
I =

Gc
I

ATSLCT
, δF

II =
Gc

II

ATSLCτ (8)  

whereATSLC is the total area of the normalized traction-separation curve, 
as shown in Fig. 6 (b). In the current research, for mixed mode formu-
lations of cohesive element, the effective separation parameter TES and 
exponent of the mixed mode criteria XMU were set to 0 and 1, respec-
tively. The ultimate mixed-mode displacement δ F (i.e. total failure) for 
this formulation of cohesive element is given as: 

δF =
1 + β2

ATSLC

[(
T
Gc

I

)XMU

+

(
τ + β2

Gc
II

)XMU]− 1
XMU

(9)  

where β = δII/δI is the ratio of mode mixity. In this model, damage of the 
interface was considered, i.e. irreversible conditions are enforced with 
loading or unloading paths coming from or going to the origin. The total 
mixed-mode relative displacement δm is defined as 

δm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δ2
I + δ2

II

√

(10)  

where δI = δ3 is the separation in normal direction (i.e. mode I) and 

δII =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δ2
I + δ2

2

√

(11)  

is the separation in tangential direction (i.e. mode II). 
To determine the shape of the traction separation curve (TSLC), a 

three-element setup was used. The detailed description of calibration 
procedure was given in Sand and Fransson (2017). In this setup, two 
bulk elements are joined together by a cohesive element. Then, the bulk 
elements are subjected to uniaxial tensile loading (i.e. pulling away from 
each other). This causes the tensile softening of cohesive element as 
crack is assumed to occur between two elements. The 
traction-separation curve as shown in Fig. 6 (b) is based on damage 
formulation that accounts for strain softening. The damaged traction tdi 
in mode I vary with the nominal tractionti in i-direction(i= x, y, z) as 

follows: 

td
i =(1 − di) ti (12) 

The damage parameter di increases from an initial value of zero to a 
maximum value of dmax = 0.99. Moreover, damage in the cohesive el-
ements accumulates with traction ti in mode I, in accordance with the 
following function: 

di =
dmax

D

(
1 + D

1 + Dexp− Ci(ti − Ti)

)

(13)  

where Ti is the threshold value for damage in mode I in ith- 
direction(i= x, y, z) and D is a softening parameter set to 1.0. The mesh 
size sensitivity of these elements was controlled by maintaining constant 
fracture energy, regardless of the element size. This was achieved by 
including the equivalent element length ‘Leqv’ (cube root of the hex-
ahedral element volume). Similarly, the shape of the traction separation 
curve in mode II can be obtained by assuming the same fracture 
toughness as in mode I (i.e.KC

I = KC
II) and threshold fracture stress τ. The 

effective elastic modulus Eeff for cohesive elements and is set equal 
to5/6E. In this way, a cohesive element stiffness will always be lower 
than for a bulk element. The cohesive elements are act as a potential 
crack plane and deformation occurs according to a given traction- 
separation curve, when cohesive elements are subjected to tensile or 
shear stresses. Higher cohesive element stiffness can lead to numerical 
instability in explicit time stepping schemes. In the mixed mode fracture 
where loading is both in normal and tangential directions, a failure 
envelope type criterion that considers all stress and damage components 
can be utilized for more accurate fracture predictions. 

3.2. Estimation and scaling of material properties 

In the rubble field structure interaction, the value rubble porosity 
affects the magnitude of rubble load. The rubble porosity ηr is not 
measured, and value varies between 0.2 and 0.5 in various literature 
including Høyland (2000). Assuming value of porosity close to 0.5 will 
underestimate the load as much of energy is absorbed by rubble itself. 
Whereas, value close to 0.2 will results in higher load due to local 
crushing and shearing at the interaction zone. For this analyses purpose 
ice rubble density ρr is assumed to be 700 kg/m3 which gives porosity 
value of 0.24. The mechanical properties of ice rubble field are strongly 
dependent on the properties of the parent level ice sheet. Therefore, it is 
likely to develop a relationship between properties of parent level ice 
sheet and ice rubble field. Fransson and Stehn (1993), has shown the 
effect of porosity ηr on the elastic modulus and the fracture toughness of 
the warm ice. Using same the analogy, as a preliminary approach, 
properties of parent ice sheet were scaled by factor of (1 −

̅̅̅̅ηr
√

) to obtain 
properties of the ice rubble field. The stiffness depends on the pressure 

Fig. 6. (a) Mixed mode traction-separation curve. (b) Normalized traction-separation law, see LS-DYNA (2017).  
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rate in granular materials with high porosity such as the ice rubble field. 
In this study, following scaling was used to estimate the elastic modulus 
of the ice rubble field Er based on elastic modulus of ice Eice. 

Er =Eice

(
1 − ̅̅̅̅ηr

√ )
(14) 

Mulmule and Dempsey (1997) have studied mode I fracture of sea ice 
by using a fictitious crack model. The behaviour of TSLC is mainly 
controlled by fracture energy (Gc

I for mode I failure and Gc
II for mode II 

failure), fracture stress (T for mode I failure and τ for mode II failure) 
and the shape of TSLC. The fracture energies (Gc

I &Gc
II) are defined as the 

energy release rate to create a unit crack and can be obtained from 
fracture mechanics tests for level ice. Based on in-situ tests, Dempsey 
et al. (1999) estimated fracture toughness for ice as between 0.170 
MPa

̅̅̅̅
m

√
for small ice specimen and 0.25MPa

̅̅̅̅
m

√
for large ice floes. 

Furthermore, according to Dempsey et al. (2004) and Dempsey et al. 
(2012), the size-independent fracture energy of first year ice is 15 J/m2, 
and for multi-year (MY) ice the value is in the range of 23–47 J/m2. 
However, the uncertainty related to scale effect of test specimen is re-
ported by Timco and Weeks (2010). In the simulations, the fracture 
toughness varied between 0.100 and 0.250 MPa

̅̅̅̅
m

√
. It should also be 

noted that by using a relatively low value of fracture toughness the 
numerical model will become too brittle and too weak. 

The critical fracture energy of the ice rubble field, GF
r , can be 

expressed in terms of fracture toughness, Kc
Ir, poison’s ratio, ν and elastic 

modulus Er as follows 

GF
r =

(1 − ν2) Kc 2
Ir

Er
(15) 

Similarly, scaling of the fracture toughness for the ice rubble field 
based on its porosity can be done as follows. 

Kc
Ir =Kc

I

(
1 − ̅̅̅̅ηr

√ )
(16) 

So, by using Eqs. (14) and (16) the fracture energy in Eq. (17) can be 
rewritten as follows 

GF
r =

(
1 − ̅̅̅̅ηr

√
)

GF
ice (17) 

As the fragmentation of rubble field depends on complete dissipation 
of the fracture energy, the fracture energy will be one important 
parameter that needs to be estimated as accurately as possible. In the 
case of the rubble field, the yield strength is very low compared to the 
level ice, which means the failure of the ice rubble field mainly depends 
on the cohesive element properties. A parametric study on the cohesive 
strength and fracture energy was performed to investigate the effects on 
load level, failure mode and behaviour of ice rubble field. The proposed 
scaling for properties of ice rubble field can be basis for further 
investigations. 

In CEM, the TSLC is used to define the relationship between traction 
(T for mode I and τ for mode II) and separation δ, as given in Eq. (8). The 
failure type (ductile or brittle) is mainly dependent on the shape of TSLC. 
Two factors affect the shape of TSL, namely, the fracture stress and 
fracture energy. The fracture stress is defined as the threshold stress to 
initiate a crack. The three most common types of cohesive laws, linear, 
exponential and trapezoidal softening, are commonly used in engi-
neering practices. To model the ductile type fracture, a trapezoidal 
softening curve is used. This type of curve has a softening behaviour 
with a significant plateau region after the peak. To model brittle crack 
growth, linear and exponential models are often used. They give less 
fracture energy than the trapezoidal softening law, as the area under the 
TSLC represents the fracture energy per unit area, i.e. the amount of 
energy dissipated when the crack was fully developed. However, based 
on experimental investigation of elastic-plastic solids such as 
aluminium, Tvergaard and Hutchinson (1992) and Cornec et al. (2003) 
have concluded that the effect of the TSLC shape is insensitive to the 

resulting fracture behaviour as long as the fracture energy of the model 
is correct. There are not any fixed and definitive criteria to select the 
shape of TSLC as the CEM is only an approximate mathematical repre-
sentation of the physical fracture process. Modelling of the fracture 
process of ice rubble field is complicated due to high porosity and 
presence of cohesive bonds. The TSLC shape is affected by the change in 
fracture toughness of level iceKc

I , shear strength τ and angle of internal 
friction φ. The TSLC used in the parametric study associated with 
sub-load event 2 are given in Fig. 7 to Fig. 9. The TSLC with three 
different values of level ice fracture toughness used in scaling for mode I 
is given in Fig. 7. The TSLC with two different values of fracture stress (i. 
e. Ti) for mode I is given in Fig. 8, whereas, the TSLC for mode II with 
three different values of fracture stress (i.e. τ), are given in Fig. 9. 

4. Numerical modelling of ice rubble field interacting with the 
Norströmsgrund lighthouse 

The finite element method with Lagrangian element formulation was 
chosen to simulate the lighthouse ice rubble field interaction load event. 
The commercially available explicit finite element software LS-DYNA, 
version R10, was used for modelling of ice rubble field and lighthouse. 
The finite element model used to discretise the rubble field geometry 
had two different parts; cohesive and non-cohesive, as shown in Fig. 10 
(b). The cohesive elements were only used to discretise the middle part 
of ice rubble field, termed as the cohesive part. The cohesive part was 
supported by bulk elements with coarser mesh densities, termed as non- 
cohesive part. This arrangement is useful in saving computational time 
as the number of nodes in the non-action area are reduced. Also, the 
purpose of the non-cohesive part was to provide a confinement for the 
cohesive part. The cohesive part was discretized with standard solid 
finite element e.g. hexahedral elements. Each individual solid element 
was connected to its neighbouring solid element using cohesive ele-
ments. As finite thickness cohesive elements were found to perform 
better numerically than zero-thickness elements, see Kuutti et al. (2013), 
a very small thickness (=10− 4 mm) is given to cohesive elements. 

The shear strength of ice rubble is highly dependent on the boundary 
conditions, see Fransson and Sandkvist (1985), Ettema and Urroz 
(1989), Hopkins (1991) and Timco and Cornett (1999). Therefore, 
realistic boundary conditions are necessary to simulate load levels 
accurately. The dimensions of ice rubble field used in simulations are 
shown in Fig. 10 (b) and are given in multiples of the diameter of 
structure (D = 7.5 m) at water line. The dimensions in X and Y directions 
were kept five and six times the diameter of structure, respectively. The 
global axis system is shown in Fig. 10. The dimension in Z direction was 
equal to the average thickness of the load event. The outer nodes of ice 
rubble field were fixed in Y and Z direction. The nodes at the edge of the 
opposite side of structure and side edges of ice rubble field geometry 
were fixed in X and Y directions, respectively. The preliminary studies 
confirmed that the chosen dimensions of ice rubble field were not 
affecting the interaction process and load levels. The lighthouse struc-
ture was modelled with 1:1 ratio using shell elements as per dimensions 
from STRICE 2002 database. The bottom nodes at foundation of the 
lighthouse structures were fixed in all directions. The general geometry 
and simplified finite element model used in the parametric analysis are 
shown in Fig. 10. The basic properties associated with ice rubble field 
are given in Table 4. The elastic material model is used for lighthouse 
parts and the material properties used are given in Table 5. Furthermore, 
ice rubble field was moved toward the structure with constant drift 
speed of the load event. The model generation process was automated by 
using a special purpose MATLAB script. The following assumptions were 
made in the finite element model.  

1. Temperature variation in ice rubble is neglected i.e. ice rubble is 
assumed to have constant temperature.  

2. No spatial variation is considered in ice rubble i.e. ice rubble is 
assumed to have same material properties throughout. 
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3. The volume of the ice element is conservative during the 
deformation.  

4. The strength of the rubble is uniform which means there is no spatial 
variation in the strength of the rubble field.  

5. Thickness of the ice rubble field is equal to the average ice thickness 
of the load event. 

The fully integrated solid hexahedral element formulation was used 
for a bulk element, while, 8-node cohesive element formulation 
(ELFORM = 19) was chosen for a cohesive element. The main drawback 
of hexahedral element type of mesh is “zig-zag” crack pattern, see Wang 
et al. (2019), Wang et al. (2018), Lu et al. (2014), Konuk and Yu 

(2010b). In this type of mesh, regardless of any mesh refinement, a crack 
travel path is about √2 times longer than the intended crack path, 
leading to an extra energy consumption. The total error should be close 
to 1 −

̅̅̅
2

√
. The error can be reduced by using triangular-shaped or tet-

rahedron mesh but with an increased computational time. Also, it was 
reported by Wang et al. (2018) that the mean load increased with mesh 
refinement and convergence was not achieved. In order to obtain real-
istic global horizontal loads, Lu et al. (2014) suggested that, mesh size 
preferably be twice the ice sheet thickness and has also shown that the 
fragmentation size is largely dependent on the element size. A suffi-
ciently small mesh size is required to simulate microcracks. However, 
computational time increases rapidly with smaller mesh size. So, it is 

Fig. 7. Traction separation load curve (TSLC) for sub-load event 2 (2103_0900) for tensile failure (mode I) with three different fracture toughness for ice.  

Fig. 8. Traction separation load curve (TSLC) for sub-load event 2 (2103_0900) for tensile failure (mode I) with two different threshold fracture stress.  
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Fig. 9. Traction separation load curve (TSLC) for sub-load event 2 (2103_0900) for shear failure (mode II) with three different threshold fracture stress.  

Fig. 10. Geometry and element mesh of the ice rubble field and Norströmsgrund lighthouse, (a) Side view, (b) Top view.  
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impractical to use very small mesh size with cohesive elements to 
include the microcrack effect. To address this issue some other tech-
niques must be implemented for example an adaptive mesh refinement. 
The crack pattern in ice rubble field and structure interaction is some-
what unknown and to keep the computational cost down, hexahedral 
elements were used. The mesh size was kept constant i.e. mesh sensi-
tivity was not part of this study. In this paper, bulk element size for load 
event 1 (0603_0600) was 200, 200 and 190 in X, Y and Z direction 
respectively and for load event 2 (2103_0900), bulk element size was 
200, 200 and 125 in X, Y and Z direction respectively. In the numerical 
analysis, the contact forces acting on the load panels were extracted by 
using force transducers. Note that the contact forces on the load panels 
were written in the global coordinate system and were transformed in 

direction normal and tangential to the load panels. 

4.1. Hydrodynamic forces 

The buoyancy and drag forces of water are very important compo-
nents in ice structure interaction simulation. There are several methods 
available to include the buoyancy and drag into the numerical model, 
for example the arbitrary Lagrangian–Eulerian (ALE) and CFD, in which 
the water is represented as an explicit body in simulations. But this 
explicit representation is very time consuming hence costly. In the 
present study, a cost effective way to include the buoyancy and the drag 
forces of water, is presented by using a discrete mass-spring-dashpot 
system, shown Fig. 11. The same method is used by Sand and Frans-
son (2017) to simulate level ice structure interaction with a lighthouse 
using cohesive element method. A spring-dashpot is connected to each 
node of the eight nodes of hexahedral element. The buoyancy force Fb,i is 
a function of the displacement Zt relative to waterline as shown in 
Fig. 11(b) and (c). The buoyancy force on each fully submerged node of 
hexahedral bulk element of length Lex, Ley and Lez in X, Y and Z direction 
respectively, was calculated as follows: 

Fb,i = ρW g
(
LexLeyLez

)

8
(18)  

where, Fb,i, ρWand gare buoyancy force, density of the water and grav-
itational acceleration, Lx, Ly and Lz is the length of the hexahedral 
element in X, Y and Z-, direction, respectively. 

The drag force Fd,i is defined by a basic viscous damping equation for 
an object moving with a vertical velocity V through a liquid: 

Fd,i =
1
2
ρwV2CD

LexLey

8
(19)  

where CD is the drag coefficient and in all simulations the value of 1.05 

Table 4 
Load event data.  

Parameter Symbol Unit Value 

Density of water ρw  kg/m3 1005 
Density of pure ice ρpice  kg/m3 917 
Density of ice ρice  kg/m3 900 
Density of ice rubble field ρr  kg/m3 700 
Elastic modulus of level ice Eice  MPa 4000  

Table 5 
Material properties of numerical lighthouse.  

Parameter Symbol Unit Value 

Density of concrete ρconcrete  kg/m3 2700 
Density of steel ρsteel  kg/m3 7200 
Elastic modulus of concrete Econcrete  GPa 28.6 
Elastic modulus of steel Esteel  GPa 21  

Fig. 11. (a) Discrete mass-spring-dashpot system for hexahedral bulk elements. (b) Force vs. displacement diagram for springs attached on the four nodes at top face 
of hex. elements. (c) Force vs. displacement diagram for springs attached on the four nodes at bottom face of hex. Elements. 
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was used which is equal to a drag coefficient of cube moving through a 
fluid. Then, the total forceFT,i on each node for the discrete mass-spring- 
dashpot system in global Z-direction is given as 

FT,i =Fb,i + Fd,i +
ρrgLexLeyLez

8
(20)  

where, ρr is density of ice rubble. 

4.2. Frictional forces 

When the force or deformation reaches a limit value the cohesive 
element is deactivated (deleted) from calculation. Once they are deleted, 
free solid elements may interact with each other with pre-defined con-
tact condition. In LS-DYNA, the frictional coefficient μ is assumed to be 
dependent on the relative velocity Vrel of the surfaces in contact and 
calculated as follows 

μ= μD + (μS − μD)e
(− DC |Vrel |) (21)  

where, μS, μD and Dc are the static, dynamic and exponential decay 
coefficient of friction, respectively. The friction of saline ice was 
measured in a laboratory by Kennedy et al. (2000) and Frederking and 
Barker (2002) and in the field by Sukhorukov and Løset (2013). The 
laboratory measurements by Kennedy et al. (2000) were done at low 
sliding velocities and with both saline and freshwater ice. However, the 
results of those experiments were for low sliding velocities only and do 
not indicate significant differences between the friction coefficients of 
saline and freshwater ice. Fortt and Schulson (2007) suggested that 
peaked shape of friction curves versus sliding velocity was due to a 
change in sliding behaviour. Sukhorukov and Løset (2013) studied the 
friction of sea ice on sea ice performed in the Barents Sea and fjords at 
Spitsbergen. The presence of sea water in the sliding interface had very 
little effect on static and kinetic friction coefficients. The measurement 
conducted in the field by Sukhorukov and Løset (2013) give much higher 
friction coefficients than those obtained in the laboratory by Kennedy 
et al. (2000). This might be due to the fact that in the field the envi-
ronment conditions are not easy to maintain, and there might be addi-
tional processes like ploughing involved due to a higher roughness of the 
ice surface. Fransson et al. (2011) showed that surface roughness, speed 
and temperature, play an important role in deciding the friction coef-
ficient on ice surfaces. Similarly, Tikanmäki and Sainio (2020) 
concluded that the surface roughness is the most influential parameter 
regarding the friction coefficient based on laboratory experiments. The 
ice temperature was not measured for load events. Therefore, an average 
of air temperature and water temperature values was used to estimate 
the ice temperature of ice for the sub-load event. For the sub-load event 
1 (0603_0600) and for sub-load event 2 (2103_0900), the ice tempera-
ture Tr was estimated to − 6 ◦C and − 0.65 ◦C, respectively. Based on 
estimated ice temperature, the decay coefficients were selected in such 
way that, a fit was obtained to reported values of test data. The static, 
dynamic and decay friction coefficients used in simulations are given in 
Table 6. Modelled ice-to-ice friction coefficient vs values reported by 
others are shown in Fig. 12. 

Two types of penalty contact formulations were defined. An eroding 
single surface contact formulation was used for ice block to ice block 
contact due to failure of the ice sheet. The ice block-to-ice block friction 
model mimics sea ice to sea ice friction, as described in Eq. (21). For ice 
block to lighthouse contact, an eroding surface-to-surface contact was 

used. For this contact, the static friction μS, the dynamic μD, and the 
decay Dc coefficient were set to 0.1, 0.05 and 0.02 respectively. 

4.3. Damping 

When modelling ice structure interaction with CEM the contact 
stiffness in the contact definition cannot be ignored, see Feng et al. 
(2016). The kinetic energy of impacting ice sheet is converted into ice 
fragmentation which lead to bulk elements being expelled at high ve-
locity. This is a non-physical phenomenon and results in predicting 
higher forces. To obtain a stable model, the viscous damping coefficient 
VDC was used in contact definition. The VDC damps out unwanted os-
cillations normal to the contact segment. The VDC should be an integer 
and expressed in percentage of critical damping. The value of 20% 
(recommended by LS-DYNA for impact simulation) was applied in all 
performed simulations. 

The lighthouse structure was modelled with the ratio of 1:1 and used 
material properties for steel, concrete and sand. Consequently, an 
appropriate damping force is needed to mimic the real-world structural 
response to external forces such as collision with ice. For the numerical 
lighthouse structure, the damping frequency range deform method was 
chosen. The user must input three parameters to define this damping. 
For all numerical simulations, 2% of the critical damping and the lowest 
(flow) and highest (fhigh)frequencies were set to 2.5 Hz and 200 Hz 
respectively. Also, the mass-weighted damping was used to damp out 
the unrealistic motion of fragmented bulk elements. As a preliminary 
approach, the lowest eigenfrequency of the structure (flow = 2.5Hz) was 
used in calculation of the damping coefficient as follows 

Dmass = ζ4πflow (22) 

The damping ratio ζ was chosen to be 0.75% and 0.5% for sub-load 
event 1 (0603_0600) and 2 (2103_0900), respectively. 

5. Analysis of numerical simulation results 

The series of numerical simulations in the parametric study were 
conducted to identify and to quantify the influence of the parameters on 
simulation results. The most important aspects of simulation results 
were the deformation of the ice rubble field, failure pattern (i.e. crack 
pattern), the transportation of ice pieces from the crushed zone, ice 
rubble formation process, the piling of ice in front of the lighthouse, the 
simulated force level and nature of force. Two parametric studies were 
performed, one for each load event, showing the effects of cohesion c, 
angle of internal friction φ, fracture toughness and friction (decay co-
efficient in particular). The measured force time history of two full scale 
sub-load events were simulated using the CEM. The simulation time 
span was 60 s and was sufficient to capture the overall trend. All the 
computations are done using double precision solver provide by LS- 
DYNA© R10.0 with 8 cores (CPUs) running in parallel on a server and 
supervised by a real-time monitor. The explicit time integration scheme 
was applied. The mass scaling was applied to increase the stable time 
increment. No significant increase of the mass of the model was 
observed due to the small thickness of the cohesive elements. Bulk ele-
ments experienced plasticity while being compacted in the failure re-
gion. For sub-load events 1 and 2 the data were sampled at frequency of 
50 Hz and 30 Hz, respectively. The sampling frequency for all simula-
tions was kept at 50 Hz. 

At the start of simulation (t = 0) the recorded force was zero, as there 
was no contact between ice and lighthouse. This differs from reality as a 
measured load event may begin with extra load on lighthouse due to 
unknown initial condition. Also, the reported water level for load event 
1 (0603_0600) was above the load panels and initially ice was hitting 
only part of panels, which makes the ice load highly sensitive to initial 
conditions Consequently, it is very difficult to mimic the initial condi-
tions in simulations. In simulation, the initial condition is always zero 

Table 6 
Friction coefficients used in simulation in connection with Eq. (21)  

Friction coefficients (ice to ice) Symbol Set 1 Set 2 Set 3 

Static μS  0.56 0.56 0.56 
Dynamic μD  0.06 0.06 0.06 
Decay DC  10.4 6.61 2  
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loads or no contact, while the measured load events always begin with 
load that has already built up on structure. Despite this limitation, the 
simulation 1-1 was able to capture the dynamic nature for forces as well 
as ice accumulation behaviour. The load event 2 has smaller average ice 
thickness than load event 1 (0603_0600) which lead to lower panel 
loads. In simulation 2–1, estimated material properties (i.e. cohesion, 
angle of internal friction and fracture toughness) has yielded load peaks 
that match to the measured ones, see Fig. 14. 

As the simulation progressed, more and more ice came in contact 
with lighthouse, which caused an increase in the force, eventually 
reaching a stable level. The load panels no. 5 and 6 were showing 
highest force levels as they were aligned to the drift direction, see Fig. 17 
and Fig. 18. The frequent force drops can be seen in total panel force- 
time figures (Figs. 13, Figs. 14 and 19–25). The hexahedral elements, 
used for bulk elements, acted as small cantilever beams due to finite 
length and stiffness. As deformation continued these small cantilever 
beams bended and buckled due to contact and friction. The compressive 
crushing process was a cyclic process which causes these load drops. The 
ice edge at the contact surface was moving either upwards or down-
wards during the loading and unloading phases. The repeated vertical 
motion of the ice edge was caused by an imbalance in the counteracting 

forces that arise from the rubble pile formed above and below the ice 
sheet. The ice rubble tends to form under the ice sheet, near the crushed 
zone until it clears out. 

Two separate parametric studies were conducted for each sub-load 
event. In each simulation only one parameter was changed at a time 
thus enabling identification of the effect of that parameter both quali-
tatively and quantitatively. Input parameters of parametric studies for 
simulating the sub-load event 1 (0603_0600) and 2 (2103_0900) are 
given in Table 7 and Table 8, respectively. The comparison between 
measured and simulated global forces Pt for sub-load event 1 
(0603_0600) and 2 (2103_0900) are presented in Figs. 13 and 14, 
respectively. Partially enlarged screenshots of the ice rubble field 
deformation in the front of the lighthouse for simulations 1-1 and 2–1 at 
t = 2, 12, 20, 37, 50 and 60 s are shown in Figs. 15 and 16, respectively. 
Both simulations 1-1 and 2–1, captured the dynamic nature of the 
measured forces as well as the ice rubble formation process. The detailed 
input to simulation 1-1 and 2–1 is given in Table 9. The force drops near 
the end of simulation 1-1 (see Fig. 13) which could be linked with 
clearing of rubble in front of lighthouse foundation. In the simulation of 
sub-load event 1 (0603_0600), the lighthouse penetrated 15 m into the 
ice sheet at the end of the numerical analysis. In simulation 2–1, the 

Fig. 12. Friction law implemented in LS-DYNA and fitted to data for sea ice to sea ice friction.  

Fig. 13. Comparison between the total panel forces of the sub-load event 1 (0603_0600) with the numerical simulation 1-1 (c = 67kPa, φ = 40◦, Kc
I = 0.175MPa −

̅̅̅̅
m

√
). 
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force drops were not as high as simulation 1-1, and the relatively narrow 
scatter of force was registered. The occurrence of peaks and drops of the 
force can be associated with compressive failure, contact friction and 
clearing of rubble in front of load panels. 

Initially, the edge of the ice rubble field hits the structure, which 
developed a local stress zone thus causing the ice to fail by crushing 
failure. As the structure penetrated the ice rubble field, ice load built up 

on several load panels and loose rubble started to form in front of the 
structure. Once the cohesive elements are deleted, which further leads to 
further crushing failure, the process of ice rubble formation starts. As the 
simulation progressed, ice rubble accumulated above and below water 
line. The rate of ice rubble accumulation was different in the simulations 
of the two sub-load events due to difference in ice drift speeds. As a 
result, at the end of 60 s the simulation 1-1 produces more ice rubble 

Fig. 14. Comparison of total panel forces of load event 2 (2103_0900) with numerical simulation 2–1. (c = 36kPa, φ = 40◦, Kc
I = 0.175MPa −

̅̅̅̅
m

√
).  

Fig. 15. Snapshots of ice rubble field deformation in front of structure for simulation 1-1. (at t = 2, 12, 20, 37, 50 and 60, c = 67kPa, φ = 40◦, Kc
I = 0.175MPa −

̅̅̅̅
m

√
). 
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than simulation 2–1. The formation of crushing failure is a cyclic process 
and causes a cyclic loading response. The continuous crushing failure of 
the ice sheet and clearing of ice rubble leads to the drops and rises of 
forces. The vertical and horizontal motion of ice rubble was influenced 

by dynamic forces from friction and the ice rubble pile above and below 
the ice sheet. 

The measured individual load event panel force data was also 
compared with numerical simulation 1-1 and 2–1 in Figs. 17 and 18 

Fig. 16. Snapshots of ice rubble field deformation in front of structure for simulation 2–1. (at t = 2, 12, 20, 37, 50 and 60, c = 36kPa, φ = 40◦, Kc
I = 0.175MPa −

̅̅̅̅
m

√
). 

Fig. 17. Comparison of simulated time history of panel loads with measurement of sub-load event 1 (0603_0600).  
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respectively. At the start of the numerical analysis, panel pressure 
normal to panels 5 and 6 increased rapidly. This pressure fluctuation 
corresponds to the repetitive occurrence of the crushing failure. The 
panel 1 was nearly inactive during the simulated time. The measured 
panel load distribution was somewhat different from the performed 
numerical simulations. The maximum panel pressure occurred on the 
panels facing the drift direction i.e. panel 5 and panel 6, while the panel 
pressure was considerably lower on the panels at the outer edge. In case 
of simulation of load event 1 (0603_0600), the actual measured load 
applied on the panel no. 1 was significantly higher than the simulated. It 
can be related to the unknown initial condition of the load event. 

5.1. Effect of change in cohesion and internal angle of friction 

In the present material model for cohesive elements, the threshold 

fracture stress, in mode I and II, are based on relationships given in Eq. 
(7) which are functions of cohesion c and angle of internal friction φ. It is 
assumed that the ice sheet representing the ice rubble field is elastic 
before reaching the threshold fracture stress. After the first crack, the ice 
rubble field is more prone to develop cracks in the vicinity of the initial 
crack. Once the crack is complete i.e. fracture energy is reached, the ice 
rubble field behaves more like a viscous fluid. When threshold fracture 
stress (in mode I or mode II) decreases, keeping same fracture energy, 
the traction separation curve tends to exhibit ductile type fracture. This 
results in narrow scatter of forces. In the case of the decrease in the 
fracture stress in mode II (i.e. shear strength), “cracks” go sideways as 
opposed to the case of decrease in fracture stress in mode I (i.e. tensile 
strength). The values used for cohesion and angle of internal friction 
were arbitrary and chosen to fit the peak load levels from load event. A 
comparison of total panel forces of load event 1 (0603_0600) and 

Fig. 18. Comparison of simulated time history of panel loads with measurement of sub-load event 2 (2103_0900).  

Fig. 19. Comparison of total panel forces of load event 1 (0603_0600) with numerical simulation 1-1 and 1–2.  
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numerical simulation 1-1 and 1–2 is shown in Fig. 19. The decrease in 
cohesion from 67 kPa to 36 kPa (46% decrease) resulted in a decrease of 
total panel forces by 27% for sub-load event 1 (0603_0600), Fig. 19. 
Whereas, the comparison of total panel forces of load event 2 
(2103–0900) to numerical simulation 2–1 and 2-2 is shown in Fig. 20. 
While, increase in cohesion from 36 kPa to 67 kPa (86% increase), mean 
forces increase by 124% as shown in Fig. 20, for sub-load event 2 
(2103_0900). 

The angle of internal friction φ controls the tensile strength T and 
thus the fracture stress in mode I. As the angle of internal friction φ is 
inversely proportional to tensile strength, its decrease results in an in-
crease of the tensile strength. The effect of a change in the angle of in-
ternal friction on the total panel force for the sub-load event 1 
(0603_0600) and 2 is shown in Figs. 21 and 22. Three input values of 
20◦, 40◦ and 60◦ were used. In simulation of sub-load events 1 and 2, a 
wider scatter of forces is registered with increase in angle values. In 
comparison, the simulation 1–4, registered highest peak forces, shown 

in Fig. 21 and the simulation 2–4 in Fig. 22, registered the highest peak 
forces. Whereas, the lowest value of angle of internal friction (i.e. 20◦) 
registered a narrow scatter of total forces. 

5.2. Effect of change in fracture toughness 

The effects of changes in the fracture toughness on the numerical 
results compared with the load event were investigated. The scaling of 
fracture toughness of level ice was done by using scaling formula pre-
sented in Eq. (16). The range for fracture toughness of level ice used was 
from 0.100 to 0.250MPa

̅̅̅̅
m

√
. Then the fracture energy was estimated 

based on Eq. (17). The comparison of different values of fracture 
toughness for level ice used in scaling in terms of total force time his-
tories is shown in Figs. 23 and 24. The fracture toughness has a signif-
icant effect on the TSLC. The increase in fracture toughness, keeping 
elastic modulus same, the total fracture energy is also increased, see Eq. 
(15) This means that the TSLC will get a comparatively longer tail (i.e. 

Fig. 20. Comparison of total panel forces of load event 2 (2103_0900) with numerical simulation 2–1 and 2-2.  

Fig. 21. Effect of change in the angle of internal friction φ in comparison with simulation 1-1, 1–2 and 1–4 with (a) sub-load event 1 (0603_0600).  
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model will exhibit ductile behaviour). In Fig. 23, simulation of load 
event 1 (0603_0600), narrow scatters can be seen for Num. sim. 1–6 (Kc

I 
= 0.250). Whereas, in Fig. 24, simulation of load event 2 (2103_0900), 
higher force was registered for Num. sim 2–7 (Kc

I = 0.250), 
comparatively. 

5.3. Effect of change in decay coefficient 

When cohesive elements are deleted, bulk elements become sepa-
rated from the parent ice sheet. Then the contact condition can be 
applied to implement the frictional forces. The frictional coefficient was 
assumed to be dependent on the relative velocity Vrel of the surfaces in 
contact, see section 4.3. The input values used in parametric study for 
static μS, dynamic μD and decay Dc coefficients are shown in Table 6. 
Two sets of input values of exponential decay coefficients are used in 
parametric study number. 2, associated with load event 2 (2103_0900). 
By changing the decay coefficient Dc, the range of dynamic friction 

coefficient can be changed. The values of decay coefficients used in set 1 
and set 2 equals to 6.61 and 2. The effect of change of the decay coef-
ficient was only investigated for sub-load event 2, while for sub-load 
event 1 (0603_0600), the value was kept constant at 10.4. Fig. 25 
shows the effect of two different values of decay coefficient on the 
modelled total force time history for the sub-load event 2 (2103_0900). 
In addition to the shortcomings of the hexahedral element mesh, 
described in section 4, this type of mesh has also a larger contact surface 
area leading to a higher frictional force component. In comparison with 
the measured sum of panel forces plotted in Fig. 25, the simulation 2–5 
yielded higher dynamic friction coefficient, which resulted in higher 
frictional forces. 

5.4. Panel line load 

The comparison of the spatial distributions of panel load for the load 
event 1 (0603_0600) and 2 (2103_0900) with numerical simulations is 

Fig. 22. Effect of change in the angle of internal friction φ in comparison of simulation 2–1, 2–3 and 2–4 and sub-load event 2 (2103_0900).  

Fig. 23. Fracture toughness comparison for load event 1 (0603_0600).  
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shown in Figs. 17 and 18, respectively. The peak load, mean load and 
standard deviation for each simulation in the parametric study is pre-
sented in Table 10 and Table 11. The distribution of average, maximum 
and standard deviation of the panel load values for load event 1 

Fig. 24. Fracture toughness comparison for load event 2 (2103_0900).  

Fig. 25. Comparison of sum of panel forces of load event 2 (2103–0900) to that of simulation (a) effect of change in decay coefficient.  

Table 7 
Major input parameter used in parametric study 1 to simulate load event 1 
(0603_0600).  

Parameter Simulation No. 

1_1 1_2 1_3 1_4 1_5 1_6 

Cohesive strength(c) [kPa]  67 36 67 67 67 67 
Angle of internal friction (φ) [◦]  40 40 20 60 40 40 
Decey coefficient (Dc) [-]  10.4 10.4 10.4 10.4 10.4 10.4 
Level ice fracture toughness 
(Kc

I )[kPa
̅̅̅̅
m

√
]  

175 175 175 175 100 250  

Table 8 
Major input parameter used in parametric study 2 to simulate load event 2 
(2103_0900).  

Parameter Simulation No. 

2–1 2–2 2–3 2–4 2–5 2–6 2–7 

Cohesive strength (c)
[kPa]  

36 67 36 36 36 36 36 

Angle of internal friction 
(φ) [◦]  

40 40 20 60 40 40 40 

Decey coefficient (Dc) [-]  6.61 6.61 6.61 6.61 2 6.61 6.61 
Level ice fracture 

toughness(Kc
I ) [kPa

̅̅̅̅
m

√
]  

175 175 175 175 175 100 250  
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(0603_0600) and 2 (2103_0900) showed local minimum on panel 1 and 
maximum on the panel 5. The overall distribution of the panel load had a 
parabolic like shape, with maximum values on panels facing the drift 
direction and lower values on the panels located at edges of the panel 
spectrum. The obtained numerical panel line load differed from the 
measured values which could be related to variable ice thickness and 
uncertainty in measurement of the water stage (water level) and drift 
angle. Wong and Brown (2018) have reported that, for the same ice 
properties, a variation of 5 cm in thickness can result in a difference as 

high as 1 MN in horizontal load. Four different comparisons have been 
made for each load event, namely (a) Average panel line load (b) 
Maximum panel line load (c) Standard deviation of panel line load (d) 
Panel line load at maximum global load Pt,max, see Fig. 26 and Fig. 27. 
Due to higher sampling rate, despite the fact that the individual regis-
tered peak lasted for very short time, it can give much higher load than 
the measured one. 

6. Summary and conclusions 

The cohesive element method (CEM) was used to simulate the 
interaction between the ice rubble field and Norströmsgrund lighthouse. 
An explicit scheme was used to solve the finite element model in LS- 
DYNA. The ice sheet was modelled using hexahedral elements (bulk 
elements) with the Mohr-Coulomb (linear elastic-ideal plastic) material 
model and the cohesive elements were inserted in between the bulk 
element mesh by duplicating nodes along all internal mesh boundaries. 
The measurement data of selected sub-load events was post processed to 
enable their comparison with simulation results. A parametric study of 
simulations was performed and the effects of change in various pa-
rameters were documented. The identification of the ice rubble structure 
load event was crucial. The load events were chosen to be simulated 
based on logbook description, drift angle and fairly constant ice thick-
ness. The drift angle was 45◦ (with respect to North direction) for both 
load events. The measured average ice thickness and the drift speed 
were 0.760 m & 0.25 m/s for load event 1 (0603_0600) and 0.5 m & 
0.15 m/s for load event 2 (2103_0900). 

The objectives of this study were to model the ice rubble field 
lighthouse interaction with cohesive element method and to study the 
effects of the various influential parameters on simulation results. The 
numerical model used in the parametric study consists of hexahedral 
bulk element mesh connected by the cohesive elements and beam ele-
ments connected to each node of ice rubble field for buoyancy and drag. 
The procedure of calibrating material models for bulk and cohesive el-
ements require extensive sets of experimental data for example 
compressive strength tests, shear strength tests and fracture toughness 
tests. The absence of such experimental data requires the reliance on 
assumptions. Thus, scaling of level ice material properties such as elastic 
modulus and fracture toughness was done to find suitable material 
properties for the ice rubble field. The chosen scaling yielded reasonable 
material properties for the ice rubble field. The average ice sheet 
thickness was estimated from laser and EM measurements. Therefore, 
the chosen ice thickness did not represent the natural variations in the 
ice sheet thickness correctly which may affect the accuracy of the model. 
The assumption of homogeneity of material properties of ice rubble field 
may not be valid as ice sheet properties vary from within the ice rubble 
field. 

Based on the comparison of the time series for the global loads the 
influence of simulation parameters was shown. However, the presented 
numerical model has certain shortcomings regarding simulation of the 
nature of forces, panel load levels and the fracture behaviour of the ice 
rubble field. The general conclusions drawn here are based only on the 
cases studied in this paper and given below.  

• The discrete mass-spring-dashpot model is proposed to simulate the 
buoyancy and drag of ice blocks in water. However, accuracy of the 
discrete mass-spring-dashpot model is the subject of discussion. The 
use of cohesive elements only for cohesive zone part of numerical 

Table 9 
Material parameters for bulk and cohesive elements.  

Parameter Symbol Unit Num. Sim. 
1-1 

Num. Sim. 
2-1 

Bulk element 
Elastic modulus of ice rubble 

field 
E  MPa 2054 2054 

Cohesive strength τ  MPa 0.067 0.036 
Angle of internal friction φ  ◦ 40 40 
Dilation angle ψr  

◦ 0 0 
Cohesive element 
Softening parameter D  [-] 1 1 
Critical damage value dmax  [-] 0.99 0.99 
Fracture toughness KIcr  MPa

̅̅̅̅
m

√ 0.09 0.09 

Effective elastic stiffness Eeff  MPa 1864 1864 
Uniaxial tension horizontal Tx = Ty  MPa 0.062 0.034 
Critical fracture energy mode 

I 
Gc

Ix = Gc
Iy  J/m2 7.659 8.101 

Separation at failure in mode 
I 

δF
Ix = δF

Iy  mm 0.457 0.916 

Shear strength τxy = τyz  MPa 0.067 0.036 
Critical fracture energy mode 

II 
Gc

IIxy =

Gc
IIyz  

J/m2 8.416 8.292 

Separation at failure in mode 
II 

δF
Ixy = δF

Iyz  mm 0.468 0.874 

Normalized separation for 
onset of damage 

λ1  [-] 0.005 0.001 

Normalized separation at 
failure 

λ2  [-] 1 1 

Uniaxial tension vertical Tz  MPa 0.062 0.034 
Critical fracture energy mode 

I 
Gc

Iz  J/m2 7.276 5.787 

Separation at failure in mode 
I 

δF
Iz  mm 0.434 0.654 

Shear strength τxy  MPa 0.067 0.036 
Critical fracture energy mode 

II 
Gc

IIzx  J/m2 7.995 5.923 

Separation at failure in mode 
II 

δF
Izx  mm 0.445 0.625 

Normalized separation for 
onset of damage 

λ1  [-] 0.005 0.001 

Normalized separation at 
failure 

λ2  [-] 1 1  

Table 10 
The Peak, Mean and St. Dev. of forces in parametric study 1.  

Simulation No. Measured 1–1 1–2 1–3 1–4 1–5 1–6 

Peak loads [MN] 0.43 0.40 0.27 0.29 0.60 0.39 0.34 
Mean Loads [MN] 0.09 0.22 0.16 0.19 0.17 0.20 0.21 
StDev [MN] 0.07 0.06 0.03 0.03 0.06 0.05 0.04  

Table 11 
The Peak, Mean and St. Dev. of forces in parametric study 2.  

Simulation No. Measured 2–1 2–2 2–3 2–4 2–5 2–6 2–7 

Peak loads [MN] 0.36 0.33 0.70 0.41 0.50 0.42 0.44 0.48 
Mean Loads [MN] 0.18 0.21 0.47 0.23 0.31 0.30 0.29 0.29 
StDev [MN] 0.07 0.04 0.12 0.04 0.08 0.05 0.05 0.06  
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model can reduce computational time without losing simulation 
accuracy.  

• The damping of the lighthouse was necessary to give realistic 
structural response under ice loading. In the present study, the 
damping method was applied with an ad hoc approach. Therefore, 
the influence of the damping method on the failure mode of ice 

rubble field is not investigated here. The damping effect of water on 
lighthouse is not modelled. Thus, its contribution towards failure 
modes and load levels of ice rubble field is unknown.  

• The mixed mode formulations for cohesive element is successfully 
implement in this model to simulate ice rubble field structure 

Fig. 26. Comparisons of panel line load to sub-load event 1 (0603_0600) to simulations (a) Average panel line load (b) Maximum panel line load (c) Standard 
deviation of panel line load (d) Panel line load at maximum global load Pt,max. 

Fig. 27. Comparisons of panel line load of load event 2 (2103_0900) to simulations (a) Average panel line load (b) Maximum panel line load (c) Standard deviation 
of panel line load (d) Panel line load at maximum global load Pt,max. 
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interaction. Also, the two-element setup for calibration of cohesive 
elements is proposed.  

• The scaling used to estimate the ice rubble field properties, was based 
on linear scaling factor of (1 −

̅̅̅̅ηr
√

). The ice rubble field can have 
different porosity profile along the depth. Therefore, the depth 
dependent material properties cannot be scaled in this way, espe-
cially that the dependency between the fracture toughness and 
porosity is unknown. Consequently, more research is needed for 
finding an appropriate scaling factor.  

• The used bulk element material model (i.e. Mohr–Coulomb criteria) 
did not have any softening feature implemented, which may lead to 
an overestimation of the predicted forces.  

• The presented numerical model was able to capture the features of 
force time history such as load drops and peaks. The rubble accu-
mulation around the structure was also reasonable. However, 
measured data was not available to compare the rubble pile-up 
dimensions.  

• The finite element size used in simulations is small enough to capture 
the macro-cracking. However, to capture the micro-cracking phe-
nomena, finer mesh size would be required. Furthermore, hexahe-
dral mesh tends to predict a higher load indicating the need of mesh 
shape and size reconsideration. Thus, a tetrahedral element mesh can 
be adopted for future research to simulate realistic crack pattern.  

• The cohesion (c) value has direct effect on load levels. Higher 
cohesion values tend to give higher load levels. Whereas, change in 
angle of internal friction has opposite trend. The lower values of 
angle of internal friction (ϕ) produced higher load levels. The nature 
force scatter is also changing with higher values of cohesion (c) 
giving wide scatter. In contrast, narrow force scatter was observed 
with higher values of angle of internal friction (ϕ).  

• No general trend was observed with change of fracture toughness. In 
case of load event 1, higher values of fracture toughness results in 
narrow scatter of force. Whereas, in case of load event 2, higher 
values of fracture toughness registered highest forces with wider 
scatter of forces.  

• The decay coefficient used in set 1 (Dc = 6.61) yielded lower dynamic 
friction coefficient which registered lower forces compared to set 2 
(Dc = 2). 

However, it should be mentioned that the presented model is at a 
preliminary stage. Further developments, as already suggested above, 
are needed. The simulation results showed potential to use this method 
to simulate ice interaction with other types of structures such as ships or 
marine vessels. Also, this is a promising first step in showing the po-
tential to simulate other types ice features for example ice ridge- 
structure interaction. The efforts to simulate various other ice load 
events will be furthermore be pursued. 
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Abstract 6 

A large-scale shear apparatus has been originally developed and built to test the mechanical 7 

properties of coarse-grained material. It was used to evaluate the shear behaviour of brash ice. 8 

The brash ice blocks were collected at Luleå harbour in two separate measuring campaigns in 9 

March 2020 and March 2021. The shear cylinder was loaded with brash ice in Luleå port in 10 

two different locations for the two test campaigns, and the displacement-controlled simple 11 

shear tests were conducted. A vertical actuator was used to set a constant normal load and then 12 

a horizontal actuator was used to move the shear swing. In this setup, time, forces, and 13 

displacements were recorded at the forward and return stroke of the horizontal actuator. In total 14 

6 shear cycles on two brash ice samples with axial stress of 4.8kPa, 2kPa and 1kPa were 15 

performed. The test data was analysed to determine the relationship between shear stress and 16 

shear strain. The macro-porosity and confining axial force were found to be the most influential 17 

factors in determining the strength and deformation of the brash ice. Furthermore, an attempt 18 

has been made to estimate a few parameters of a material model known as the Continuous 19 

Surface Cap Model. 20 

Keywords: large-scale, simple shear, brash ice, rubber membrane, volumetric strain 21 

  22 
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1. Introduction 23 

The ice channels in ice-covered waters are made and maintained by icebreaking 24 

operations. These channels are filled with ice floes and broken ice blocks often called brash 25 

ice. To ensure safe navigation in brash ice channels, vessels must be constructed to overcome 26 

the ice resistance, and they must comply with the ice class rules. The Finnish-Swedish ice class 27 

rules (FSICR) define the requirement of a vessel for a certain ice class based on brash ice 28 

channel thickness and width. The ice-class rules define ice conditions and the minimum engine 29 

power requirements which ensures that the vessel can withstand and overcome the ice 30 

resistance. The brash ice accumulation causes increased vessel resistance and impedes access 31 

to ports and harbours. As defined by Mellor (1980) and Greisman (1981), brash ice is a granular 32 

material and generally, no significant cohesion is found between the ice blocks. The ice blocks 33 

are mainly less than 2m. With repeated vessel passage the ice blocks are milled and become 34 

rounder. The reported macro-porosity for brash ice is usually above 20%, see Bonath et al. 35 

(2019) and Matala (2021). After every vessels passage, some ice blocks are pushed sideways 36 

and may form ridge-like structures. The negative air temperatures and the presence of water-37 

filled pores complicate further the nature of brash ice. The consequences of which are initially 38 

the formation of freeze bonds and subsequently the brash ice consolidation. The brash ice 39 

accumulations make the winter navigation in Gulf of Bothnia and the Gulf of Finland 40 

challenging and unsafe. Hence, understanding the properties and failure mechanics of brash ice 41 

is crucial to essential maritime activities. 42 

In the past majority of research related to the brash ice was focused on: macro-porosity, 43 

cohesion, angle of internal friction, compressive strength, and ice block’s size and distribution. 44 

The aim has been to define and to understand brash ice formation and its failure mechanics, 45 

see Tuovinen (1979), Sandkvist (1981). The ice channel resistance developed on hulls of 46 

passing vessels can be broken down into three major components: [1] energy needed to move 47 
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the ice blocks [2] compaction of loose ice mass [3] friction between vessels and ice [4] speed 48 

dependency component, see Kitazawa and Ettema (1985), Ettema et al. (1985), Ettema et al. 49 

(1986), Ettema et al. (1998), Hu and Zhou (2015) and Matala and Skogström (2017). Full-scale 50 

measurements performed on brash ice channels have been reported by Riska et al. (2019), 51 

Bonath et al. (2019), and Zhaka et al. (2020). Due to the similarity between ice rubble and 52 

brash ice, the brash ice testing is often interchangeable with ice rubble testing. However, the 53 

ice blocks in ridge keels have a more angular shape while the size of ice blocks can be larger.  54 

The shear box tests are often used to study the shear properties of ice rubble. They enable 55 

to study of the relationship between the cohesion and the internal friction angle. However, to 56 

represent realistic ice conditions and to interpret the results, tests require a considerable 57 

understanding of the failure process. As shown by Polojärvi et al. (2015), the peak loads 58 

measured in the shear box experiments are due to force chains that form during shear 59 

deformation. These peak load values are limited by the buckling of the force chains. The shear 60 

box test data can be fitted to Mohr-Coulomb failure criterion based on peak forces but cannot 61 

cover the post-peak behaviour, e.g. compaction. Small scale shear box tests have been 62 

performed using scaled-down ice blocks, see Pustogvar et al. (2014). The shear box tests have 63 

been used to determine the role of angle of internal friction, cohesion formed due to freeze-64 

bond, and normal pressure on shear properties, Fransson and Sandkvist (1985) and Serré et al. 65 

(2011). Whereas, the in-situ tests like the punch through tests showed the influence of cohesion 66 

in the first shear failure mode, see Heinonen and Määttänen (2001). The interpretation of those 67 

test results can be found elsewhere, see Liferov and Bonnemaire (2005). The triaxial 68 

compression tests were performed to investigate the strength and the deformation behaviour of 69 

crushed ice by Singh and Jordaan (1996). It was concluded that the strength is depended on 70 

macro-porosity, loading rate and confining pressure. However, Gale et al. (1987) showed that 71 

peak strength is unaffected by loading rate whereas Spencer et al. (1991) underlined the 72 
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importance of volumetric strain measurements in their triaxial compression tests. All the above-73 

mentioned triaxial tests were performed on broken or crushed ice sample sizes having 74 

diameters 65-75 mm and lengths 75-150 mm. Therefore, appropriate scaling laws should be 75 

used to extrapolate the ice strength. Timco et al. (1992) have examined the influence of block 76 

sizes, block shapes and condition of rubble (wet or dry) using the bi-axial compression 77 

apparatus. In order to study the mechanical properties of model ice rubble, Serré (2011) has 78 

carried out oedometer tests, piling tests, and punch tests. Furthermore, Matala (2021) studied 79 

porosity, block size and distribution, the angle of repose, compressibility, and angle of internal 80 

friction of brash ice by using different measurement devices, including the shear box device 81 

and the compressibility measurement device. 82 

The broken ice blocks form an interfacial layer between the parent ice sheet and the 83 

structure, due to extensive cracking and fragmentation of the parent ice sheet. This zone of 84 

broken ice blocks has high macro-porosity, see Jordaan and Timco (1988). The total force on 85 

the structure is mostly controlled by mechanical and physical properties of this broken ice mass, 86 

structure stiffness, ice inhomogeneity, and velocity of the interaction. Often the failure process 87 

of this high porosity ice layer begins with collapsing of pores and continues with microcracks 88 

formation at the grain boundaries. These two failure processes often give two distinctive peaks 89 

observed in strength tests, see Jordaan and Singh (1994), Jordaan (2001) and Dempsey et al. 90 

(2001). A layer of broken ice can form between a parent ice sheet and a ship's hull when a ship 91 

passes through a brash ice channel, which creates similar boundary conditions mentioned 92 

above. Therefore, it is necessary to study the volumetric response of broken ice mass under 93 

compressive and shear stress state.  94 

The tests listed above are rare and infrequent. Many authors have acknowledged the 95 

knowledge gaps in brash ice testing including Sorsimo et al. (2014) and Li et al. (2018). Also, 96 

the tests are highly dependent on the apparatus used. The stiffness of the apparatus and 97 
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resistance of the loading mechanism should be carefully dealt with while post-processing test 98 

data. Furthermore as shown by Matala (2021), the model ice can be softer and consist of slush. 99 

This may deviate from real brash ice properties. Therefore, the testing of the behaviour of brash 100 

ice in large scale shearing apparatus is proposed. A large-scale triaxial shear testing apparatus 101 

used in current testing was built and developed at Luleå University of Technology (LTU). The 102 

large-scale shear apparatus is an up-scaled direct simple shear apparatus. The equipment is 103 

designed for testing coarse soils and crushed rock materials. One of the advantages of the large-104 

scale shear test is that the measurement of volume changes is more accurate than the direct 105 

shear test. Two separate measuring campaigns in March 2020 and March 2021 were conducted 106 

to estimate the properties of brash ice using a large-scale shear testing apparatus. The testing 107 

procedures were essentially the same for both years except for sampling areas. This paper 108 

describes large-scale shear tests conducted on brash ice. The main objectives of these tests were 109 

to assess the experimental techniques, and to study the behaviour of brash ice in a large-scale 110 

shear test. 111 

2. Test setup and procedure 112 

The large-scale shearing apparatus consists of a vertical actuator attached to the loading 113 

frame at the top part. Whereas the horizontal actuator is attached to a shear swing which is 114 

suspended with four rods. The rods carry the weight of the sample body when mounted. The 115 

steel wire reinforced rubber membrane is attached to the top and bottom mount ring. A simple 116 

sketch for the apparatus is given in Fig. 2. The sample body consists of a rubber membrane 117 

which is attached at the bottom to the shear swing and the top part is fixed to a rigid frame. The 118 

diameter of the membrane cylinder is 1m and it has an effective height of 1m. The brash ice 119 

blocks were collected at Luleå harbour and then loaded into a shear cylinder. All tests were 120 

conducted on the same day to avoid any change in ice properties due to exposure to 121 

temperatures above zero. The testing procedure can be divided into four stages. The first stage 122 
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was the loading of ice blocks into the membrane cylinder. The membrane cylinder was filled 123 

with ice blocks collected from the Luleå harbour by crane. The harbour was not navigated the 124 

last 9 hours before the collection. The ice blocks were broken intensively inside the cylinder to 125 

uniformly distribute the ice mass, see Fig. 1 (c). Then shear cylinder was transported back to 126 

LTU with an open truck.  127 

 128 

Fig. 1 Photos taken during brash ice sampling show, (a) the sampling area in March 2021 (b) 129 

filling of the membrane by using crane (c) crushing of ice blocks while filling (d) the ice-130 

filled membrane. 131 

In the second stage, the rubber membrane cylinder was filled with ice blocks and mounted 132 

in the shear swing. The side heights of the cell were registered. The top of the rubber membrane 133 

was carefully adjusted to have a rather flat surface. In the third stage, a vertical load was applied 134 

to set the constant level of the vertical force. Although the tests were conducted in a relatively 135 

shorter time window, the possibility of the formation of freeze bonds due to sintering cannot 136 

be ruled out. The experimental study by Boroojerdi et al. (2020) showed that the sintering-137 

creep mechanism can lead to the development of freeze bond strength. All tests were carried 138 
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out in dry condition meaning air was the only pore fluid. Lastly, the horizontal actuator was 139 

moved to a certain displacement and then returned to its original position with constant speed. 140 

The force was registered in the forward and return stroke of the horizontal actuator. The chosen 141 

shearing speed was assumed to be slow enough not to generate any pore pressure, enabling the 142 

blocks to rearrange during the shearing. The rubber membrane is reinforced with steel wires 143 

and has some resistance which needed to be retracted from each test’s results. 144 

 145 

Fig. 2 Sketch of large-scale shear test apparatus (not to the scale) 146 

The horizontal force, vertical forces and associated displacements of actuators were 147 

registered. In the measuring campaign of March 2021, a change in circumference was measured 148 

by a wire gauge placed around the membrane cylinder. The circumference was measured in the 149 

middle of the membrane, see Fig. 3 (c). It is assumed that the change in circumference at the 150 

ends is unaffected by the testing. The photographs of the large-scale shear apparatus in action 151 

are shown in Fig. 3. Due to logistic constraints, only one brash ice sample was used in each 152 
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test campaign. The axial stress was calculated by dividing the axial force by the area of the 153 

sample. The change in height of the sample was estimated based on the vertical stroke of the 154 

piston and circumferential measurements were used to calculate the change in radius of the 155 

sample. Both measurements were used to estimate the volume change. Two thermocouples 156 

were mounted on the surface and depth of 55 cm. The macro-porosity was calculated using the 157 

final volume of the test cylinder and weight before shearing. 158 

 159 

Fig. 3. Photos showing (a) the large-scale shearing apparatus (b) compaction prior to shearing 160 

(c) the placement of wire gauges to measure the circumference and length of the rubber 161 

membrane at the deformed position. 162 

Additionally, few ice blocks were collected for further testing. Fig. 4 shows the 163 

sampling areas and the brash ice microstructure from the different campaigns. The brash ice 164 

accretion in year 2020 was lower than in year 2021. The frequently used ports contain smaller 165 

blocks with rounder shapes. The microstructure of ice samples was determined by examining 166 
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thin sections under cross-polarized light, see Fig. 4. There was mainly columnar ice with a c-167 

axis oriented both vertically and horizontally. In addition to snow ice, a mix of columnar and 168 

granular ice was observed in smaller fractions. In the year 2020, columnar ice or ice with larger 169 

crystals dominates the microstructure as the brash ice still retains the characteristics of the 170 

parent ice sheet. While in year 2021, the ice consists of small randomly oriented crystals that 171 

represent the breaking and refreezing of ice. 172 

 173 

Fig. 4. Photos showing the sampling area [left side] and examples of the microstructure [right 174 

side] of ice blocks collected in year 2020 and 2021. 175 

2.1. Post-processing of test data 176 

A MATLAB script was written to import and post-processes the raw test data. As the 177 

sampling rate was not high enough, linear interpolation was performed. Before the application 178 

of the horizontal force, the vertical force was applied and held constant at the set value. When 179 

the brash ice sample was subjected to vertical force, it went through a deformation process 180 

which resembles that of a confined uniaxial compression. This information can be exploited 181 

further to estimate the secant elastic modulus. The brash ice sample, being a granular material, 182 

goes through volumetric expansion or dilation as sheared. The cross-sectional area A at any 183 
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stage during shear can be determined assuming that the sample remains cylindrical. Let Δh0 be 184 

the change in height and ΔV0 be the volume change. The volume of the sample at any stage is 185 

given by V0 ± ΔV0. A simplified sketch showing test mechanics is illustrated in Fig. 5, where 186 

FH and FV are the horizontal and vertical force components, d and d0 are the final and initial 187 

sample diameter measured at the middle of the membrane and h0 and Δh are the initial height 188 

and change in height respectively. 189 

 190 

Fig. 5 A Simplified sketch showing three phases of test mechanics, [0] initial, [1] compaction 191 

and [3] shearing. 192 

The following equation can be used to calculate the shear area A of the brash ice sample 193 
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Where, 0A is the initial cross-sectional area and 1 is the axial (vertical) strain in the brash ice 194 

sample. The change in circumference is later used to calculate volumetric strain as:  195 

 

2 2
0 3 0

2
0 0

V

V V V r r

V V r


 − −
= = =  (2)  

Where, V and V0 are the final and initial volumes of the brash ice sample, 0r  is the initial radius 196 

and 3r is the equivalent radius used in volume calculation. The assumptions included in the 197 
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calculation of the radius of the deformed shape of the membrane are shown in Fig. 6. The 198 

change in circumference must be measured to calculate the volumetric strain and can be 199 

measured by a string potentiometer. Spencer et al. (1991) have highlighted that the fluid flow 200 

method is more reliable than the diametral and axial strain measurement method. In the current 201 

test setup, the brash ice sample size (i.e., rubber membrane cylinder volume) is so large that 202 

the fluid flow method would be impractical. The change in circumference was instead 203 

measured with a potentiometer, i.e., wire gauge. The assumptions were made to estimate an 204 

equivalent radius of the deformed shape, as the wire gauge can only measure the change in 205 

circumference at the middle of the sample, see Fig. 6. 206 

 207 

Fig. 6 The assumptions included in the calculation of the radius of the deformed shape 208 

The equivalent radius 3r can be calculated as follows 209 
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Where, Ctot is the total circumference, tm is the membrane thickness=14mm, d0 is the initial 211 

sample diameter and r2 is the measured radius in the middle of the sample. The uncorrected 212 

shear stress uc  is calculated using the following equation 213 

 H
uc

F

A
 =  (5)  

Where, FH is the force registered by the horizontal actuator. To obtain the corrected shear stress, 214 

a rubber membrane resistance must be reduced from the uncorrected shear stress. The shear 215 

strain  of the sample can be evaluated as follows  216 

 
x

h
 =  (6)  

Where, x is the horizontal (shear) displacement and h is the height of the sample. The 217 

circumferential change in the sample was not measured during the March 2020 test campaign, 218 

so an isotropic consolidation was assumed for further calculations. The normal load causes the 219 

brash ice sample to consolidate and dimensions differ from its original dimensions as the 220 

volume of the sample changes. These dimensions can be determined approximately assuming 221 

that the sample remains cylindrical and it behaves isotropically. For isotropic consolidation, 222 

the volumetric strain ( )V  is three times the normal strain ( )zz . Then, eq. (2) can be rearranged 223 

to estimate volumetric change ( )V as follows 224 

 0
3

zzV V


 =  (7)  

The axial strain is expressed as: 225 
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Where, 
VF is the axial force exerted on brash ice sample, r1 is the initial radius of the sample and 226 

iceE  is the elastic modulus of brash ice. The radial strain
rr  is the change in the circumferential 227 

measurement of the sample, and the hoop strain   is a change in the radius of the sample. 228 

Whereas, the axial stress 
zz in the brash ice sample is given by 229 

 2
1

V
zz

F

r



=  

(9)  

The lateral constraining pressure bP  applied horizontally on the side of the sample can be 230 

calculated as  231 
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So, the axial, radial, and hoop stresses can be calculated as follows 232 

 rr b bP P = − = −  (11)  

Please refer to Appendix A for the derivation of the above equations. All stress and strains were 233 

calculated in cylindrical coordinates and a transformation to the cartesian coordinate system 234 

was performed. The expression used in transformation is given below: 235 
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 (12)  

3. Results and analysis 236 

The test matrix is given in Table 1. The brash ice sample parameters are given in Table 2. 237 

Before the application of normal loading, the blocks were compressed manually to get a flat 238 

surface on the top, and then the normal load was applied to set a constant level. This ensured 239 
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the proper loading of the sample. The calculated macro-porosity for sample ice collected in the 240 

year 2020 was higher than in the year 2021. In the year 2020, the brash ice was compressed 241 

further after filling the rubber membrane. This resulted in a stronger sample. As the crane was 242 

used to collect the brash ice, smaller blocks have likely to fall off. The ice block size 243 

distribution inside the rubber membrane is mostly uniform. The manual crushing of brash ice 244 

samples affected the block size distribution causing lower macro-porosity in the year 2020. 245 

The block size distribution was not measured in the year 2020. However, from the 246 

measurements of the ice blocks stored in the freezing box, the ice size before crushing was 247 

around 1m (as limited by the crane's scoop size). After crushing, the ice block size varied 248 

between 20 and 200 mm in both years. 249 

Table 1. Test matrix 250 

Year 
Cycle 

# 

Stroke 

Direction 

Normal Force 

(constant level) [kN] 

Sampling rate 

[Hz] 

Speed of horizontal 

actuator [mm/s] 

2021 

1-1 
Forward 7 1 0.33 

Return 7 1 0.33 

1-2 
Forward 7 1 0.33 

Return 7 1 0.33 

1-3 
Forward 3 1 0.33 

Return 3 1 0.33 

1-4 
Forward 3 25 0.33 

Return 3 25 3.3 

1-5  Forward 3 10 3.3 

2020 

2-1 
Forward 15 1 0.33 

Return 15 1 0.33 

2-2 
Forward 15 1 0.33 

Return 15 1 0.33 

 251 

Table 2. Test parameters 252 

year 

Macro-

porosity 

[%] 

Height of 

sample  

[mm] 

Air temperature 

[ᴼC] 

Brash ice Temp. 

during testing  

[ᴼC] 

Block 

sizes* 

[mm] 
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2021 29 815 -5 -0.3 to -1 
70 to 

8701 

2020 20 936 -15 -0.5 to -2.5 
50 to 

1000 

* These measurements were taken before crushing the blocks. 253 
 254 

In the year 2021 measuring campaign, the first three cycles of horizontal stroke were 255 

registered together. The lower temperatures were observed before shearing and the higher 256 

temperatures after the cycles were completed. Fig. 7 shows the evolution of forces, actuator 257 

strokes (displacements), sample height, circumference, and stress-strain over the entire 258 

duration of cycles # 1-1, 1-2, and 1-3. The vertical force has negative values due to the 259 

downward direction of stroke. It is considered that compaction leads to denser packing, thus 260 

resulting in higher interarticular contact forces. The vertical force was changed in the third run 261 

(i.e., cycle # 1-3) from 7kN to 3kN. The change in sample height and circumference during test 262 

runs is shown in Fig. 7 (c) and Fig. 7 (d) respectively, where a negative value indicates a 263 

reduction and a positive value indicates a gain. 264 
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 265 

Fig. 7 Showing the evolution of (a) force, (b) actuator strokes (displacement), (c) change in 266 

height, and (d) circumference during cycles # 1-1, 1-2, and 1-3. 267 

In the fourth run (i.e., cycle # 1-4) the vertical force was set to 3kN and the sampling rate 268 

was increased to 25Hz. But due to some technical problems, data was not registered, so it is 269 

not reported in this paper. In the fifth cycle, data for the forward stoke was registered, see Fig. 270 

8. In this cycle, the sampling rate was lowered to 10Hz and the horizontal actuator speed was 271 

3.3 mm/s. 272 
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 273 

Fig. 8 Showing (a) the evolution of force, (b) actuator strokes (displacement), (c) change in 274 

height, and (d) circumference during forward stoke of cycle # 1-5. 275 

In the measuring campaign of the year 2020, two cycles were performed on the same 276 

sample of ice. In both cycles (i.e., cycle # 2-1 & 2-2), a vertical force was held constant at 15kN 277 

during shearing, the speed of the horizontal actuator was 0.33mm/s and the sampling rate was 278 

1Hz. Fig. 9, shows the evolution of forces, stroke, and change in height for cycle # 2-1. Towards 279 

the end of this cycle, the vertical force was not constant due to pressure inside the cylinder, the 280 

top plate was backing up. All runs in this cycle didn’t register force plateau. So, it is safe to 281 

assume that the peak in shear force does not represent the maximum shear stress. However, if 282 
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a further horizontal displacement had been applied under constant vertical force, it may have 283 

been possible to achieve a maximum shear force. Both, vertical and horizontal forces kept 284 

rising, see Fig. 9 (a). This caused a deviation from the constant vertical force and the test was 285 

stopped. The shear cylinder was moved back to its original position by applying horizontal 286 

force in opposite direction. The measured temperature of ice was -0.5ᴼC and melting was 287 

observed. 288 

 289 

Fig. 9 Showing force vs time, actuator strokes (displacement) vs time and change in height 290 

vs. time for the forward stroke of cycle # 2-1. 291 

The evolution of forces, stroke and change in height for the forward stroke of cycle # 2-2 292 

are shown in Fig. 10. In this run, a 100kN vertical force was applied for 200s to compress the 293 

brash ice sample. Then the vertical force was lowered to zero by creating space between the 294 

platen and the ice. Before the application of the horizontal force, the vertical force was set at a 295 

constant level of 15kN. The test was stopped before failure could occur or reached maximum 296 

horizontal force to prevent any damage to the loading mechanism.  297 
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 298 

Fig. 10 Showing force vs. time, actuator strokes (displacement) vs. time, and change in height 299 

vs. time for the forward stroke of cycle # 2-2. 300 

3.1. Stresses and strains 301 

Further, post-processing was done to calculate shear area, shear stress, shear strain, 302 

axial strain, and volumetric strain, based on equations presented in an earlier section of this 303 

paper. The time between shearing started and until a peak in the forward stroke was selected to 304 

plot the stress-strain curve. The corrected and uncorrected shear stresses were plotted along 305 

with axial stress, see Fig. 11. The shear stress response is nonlinear to the shear strain. In Fig. 306 

12 response of shear stress for all forward cycles is shown. In cycles # 1-3 and 1-5, the vertical 307 

force was set to 3kN, which has been reflected in registering the lowest shear force in this test 308 

campaign. In the triaxial compression test, as stated by Singh and Jordaan (1996), the peak 309 

stress is a function of competing mechanisms related to pore collapse and brittle failure. 310 

Similarly, the shear stress in the current tests can be a function of the breaking of freeze bonds, 311 

the frictional sliding mechanism, and the crushing of ice blocks. In each testing cycle the brash 312 

ice sample went through loading and unloading phases, which caused the formation of sliding 313 

planes. 314 
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 315 

Fig. 11 Shear stress vs. shear strain curve during the forward stroke of cycle # 2-1.  316 

 317 

Fig. 12 The corrected shear stress-shear strain curve for forward strokes of cycle #1-1, 1-2, 1-318 

3, 1-5, 2-1, and 2-2.  319 

Initially, there was a decrease in the volume due to compaction at low strains, but an 320 

almost linear increase in the volume due to shearing was registered at large strains, see Fig. 13. 321 
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The change in height is not equal to the change in circumference. This anisotropy is believed 322 

to be due to the method of sample preparation and the way the change in the circumference 323 

was measured. The ice sample is likely to get stronger in the vertical direction than in lateral 324 

direction due to arrangements of ice blocks.  325 

 326 

Fig. 13 (a) Change in height and (b) change in circumference vs. shear strain for forward 327 

stokes of cycle # 1-1, 1-2, and 1-3  328 

Similarly, the change in height versus shear strain for the forward stroke of cycle # 2-1 329 

and 2-2 is given in Fig. 14. The effect of compaction before shearing is visible. During cycle # 330 

2-1, the vertical force is not constant towards the end of the cycle. So that part is excluded in 331 

the performed post-processing. In cycle # 2-2, the brash ice sample was compressed for 200s 332 

with a 100kN vertical force, so it was able to withstand higher strain in further testing. 333 
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 334 

Fig. 14 Change in height vs. shear strain for forward stokes of cycle # 2-1 and 2-2 335 

The percentage of the volumetric strain against axial strains of forward strokes of cycle 336 

# 1-1 and # 2-1 is given in Fig. 15. The difference between volumetric strain can be associated 337 

with the difference in macro-porosity. As the brash ice sample in cycle # 2-1 was compressed 338 

before the test, resulting in the denser packing of ice blocks. Therefore, the volumetric strain 339 

in cycle # 2-1 was smaller than in cycle # 1-1 for the same axial strain. 340 
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 341 

Fig. 15 Percentage volumetric strain vs. percentage axial strain of forward strokes of cycle # 342 

1-1 and 2-1. 343 

3.2. Estimation of material model parameters 344 

One of the goals of this experimental investigation was to calibrate a material model which 345 

represents the brash ice in the simulation of its interaction with structures. The behaviour of 346 

brash ice under load depends on both individual ice blocks and the collective/aggregate 347 

behaviour of ice blocks. The major obstacle in the development of an accurate and reliable 348 

material model of brash ice is the complexity involved in constitutive behaviour. Traditionally, 349 

the Mohr-Coulomb yield criterion and the Drucker–Prager yield criterion were the choices for 350 

the material model for ice rubble. But Kulyakhtin and Høyland (2015) have shown that the 351 

Mohr-Coulomb yield criterion cannot be used to define the shear strength of the ice rubble 352 

where high values of the angle of internal friction are involved. In addition, cohesion-less ice 353 

rubble exhibits a volumetric change behaviour which cannot be explained by the Mohr-354 

Coulomb criterion. Wong et al. (1990) have proposed a constitutive model for broken ice based 355 

on triaxial compression test data. They have identified the need for yield surface limiting the 356 

strength along the hydrostatic axis, often termed as a Cap. They also highlighted that the initial 357 
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strength of broken ice is dependent on the void ratio. Singh and Jordaan (1999) have 358 

investigated various aspects of constitutive modelling of crushed ice using triaxial compression 359 

test data. Furthermore, Heinonen (2004) have proposed a shear cap material model for the first 360 

year ridge keel and calibrated the same based on the in-situ punch through the test.  361 

In this paper, the material model parameters of the Continuous Surface Cap Model (CSCM) 362 

are estimated based on presented large-scale shear test data. The CSCM was developed by 363 

Schwer and Murray (1994) and implemented by Schwer and Murray (2002). The CSCM was 364 

implemented to simulate the behaviour of ice rubble in the keel part of a first-year ridge in 365 

punch through test by Patil et al. (2015) and to simulate the behaviour of brash ice in pull-up 366 

test by Patil et al. (2021). A detailed theoretical description and comprehensive calibration 367 

procedure of CSCM are given elsewhere, see Murray (2007) and Jiang and Zhao (2015). The 368 

CSCM model combines the shear failure surface with isotropic cap hardening surface smoothly 369 

by using a multiplicative formulation. The general shape of the yield surface in the meridional 370 

plane is shown in Fig. 16. 371 

 372 

Fig. 16 General shape of the CSCM model yield surface. 373 

This smooth cap surface provides a reduction in computational time and an advantage over 374 

numerical instability. Detailed formulation can be found in Murray (2007), so only a brief 375 

description is given here. The smooth cap model, shown in  376 
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Fig. 16, is formed by multiplying together the failure and hardening surface functions to form 377 

a smoothly varying function given by 378 

 2( , , ) .1 2 2f I J J F FCf
 = −  

(13)  

Where J2 is the second invariant of the deviatoric stress tensor. The shear failure surface ( )Ff  379 

is defined as  380 

 1( ) exp1 1
I

F I If
  −

= − +  
(14)  

where I1 is the first invariants of the stress tensor, and α, θ, λ and β are model parameters used 381 

to match the triaxial compression. The isotropic cap hardening surface ( )Fc of the model is 382 

based on a non-dimensional functional form, given below  383 
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(15)  

where κ is a hardening parameter that controls the motion of the cap surface and L(κ) and 384 

X(κ) define the geometry of the cap surface, see  385 

Fig. 16. Eq. 15 represents the elliptical cap that intersects the shear surface at ( )1I L = . The 386 

cap expands (i.e. ( )X  and  increases) when plastic volume compaction occurs, and the cap 387 

shrinks (i.e. ( )X  and  decreases) when plastic volume dilation occurs. The evolution of the 388 

cap’s motion is defined by the isotropic hardening rule, given below 389 

 
( ) ( )21 0 2 01

D X X D X Xp
v W e

− − − − 
= − 

 
 (16)  

Where p

v  is the plastic volumetric strain, W is the maximum plastic volumetric strain, X0 is 390 

the initial intercept of the cap surface, R is the cap aspect ratio and D1 and D2 are the linear and 391 

quadratic shape parameters respectively and determine the shape of the pressure volumetric 392 
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strain curves. So, CSCM requires the five input parameters, i.e., X0, W, D1, D2, and R, to define 393 

hardening function and can be determined from hydrostatic compression and uniaxial strain 394 

tests. In addition to the inclusion of the volumetric hardening of the cap surface, the CSCM 395 

includes kinematic hardening of the shear surface. As shown by Urroz and Robert (1987), 396 

Heinonen (2004) and Serré et al. (2011), that ice rubble becomes soft during the shearing 397 

process due to dilatation. Furthermore, the hardening or softening behaviour of the material 398 

depends on the volumetric plastic strain. The hardening of the ice rubble can be observed in 399 

between first and second shear mode, see Fransson and Sandkvist (1985). The granular material 400 

such as soil exhibits nonlinearity and dilation prior to the peak under shear loading, which can 401 

be described by the kinematic hardening. The kinematic hardening is assumed to occur only in 402 

shear. Therefore, this behaviour is modelled into CSCM by introducing a multiplication factor 403 

for the shear surface. The initial shear yield surface (Ff) is multiplied by factor NH, which 404 

assumes hardening of the surface until it coincides with the ultimate shear yield surface, see 405 

Fig. 17. 406 

 407 

Fig. 17. Original failure surface and translating yield surface. 408 

Fig. 17 shows the working of NH where 2FJ  is the final location of the yield surface 409 

whereas 2HJ  is the initial location of the yield surface. When kinematic hardening 410 

formulation is used, Eq.14 is modified as follows: 411 
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 (17)  

The value of NH is the distance between the failure surface and the initial yield surface 412 

along the 2J axis. The value of NH can be estimated as follows  413 

 
2 2H F HN J J= −  

(18)  

One additional parameter, CH needed to be defined to include kinematic hardening in the 414 

CSCM. This parameter determines the rate of hardening and is an implicit function of the slope 415 

of the plastic shear stress-strain curve. The values of parameters (NH and CH) must be found by 416 

trial and error and requires a good judgment of the user to identify elastic and plastic regions 417 

of the stress-strain curve, see Isenberg et al. (1978). Further, the shear modulus (G) and elastic 418 

modulus (E) can be estimated based on the following relationship. 419 
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, 
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(19)  

Where  is the Poisson's ratio and set equal to 0.3. During the first stage of sample preparation, 420 

the sample was compressed axially, which is similar to triaxial compression. The end of this 421 

compression was postulated to be the yield point of the brash ice sample, see Fig. 18. Thus, the 422 

initial rapid rise was assumed to be representative of elastic behaviour. The bulk modulus (k) 423 

was then adjusted to fit the linear elastic part of the pressure-volume curve. 424 
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 425 

Fig. 18. The volumetric hardening function of CSCM is fitted to forward stroke of cycle # 1-1  426 

 427 

The triaxial compression surface constant term (α) and linear term (θ) were estimated 428 

based on fit to the laboratory shear box tests on brash ice data presented by Fransson and 429 

Sandkvist (1985). The initial location of the cap (X0), determines the pressure at which 430 

compaction initiates in isotropic compression. The cap aspect ratio (R), combined with the 431 

initial location of the cap (X0), determines the pressure at which compaction initiates in uniaxial 432 

strain. So, the initial location of the cap (X0) is the position on I1 axis where the outer edge of 433 

the ellipse intersects. The maximum plastic volume strain (W) sets the limit strain at which all 434 

the voids will compact fully. Based on the estimation given by Wong et al. (1990) and 435 

Heinonen (2004), a value of 0.03 was selected for W. However, this estimation is highly 436 

dependent on the type of ice, loading condition and blocks shape and size distribution. Thus, 437 

numerical simulations are needed to study the effects of W. The D1 and D2 are material 438 

parameters determining the shape of the pressure volumetric strain curve. They were adjusted 439 

to fit the volumetric compression part of the pressure volumetric strain curve. The CSCM yield 440 

surfaces can be plotted based on the parameters estimated above. In Fig. 19, yield surfaces for 441 



29 

two samples of cycle # 1-1 and cycle # 2-1 are shown with fitted laboratory shear box tests 442 

data, assuming that shear is the predominant failure mode.  443 

 444 

Fig. 19 The CSCM yield surface in shear meridian based on cycle # 1-1 and cycle # 2-1.  445 

The cyclic loading response of ice sample in 2021 test campaign under constant axial 446 

force was plotted in Fig. 19 for cycle # 1-1 and 1-2. The ice blocks inside the sample go through 447 

a shearing and crushing process during each loading-unloading cycle, eventually leading to 448 

compaction. For modelling this complex response of brash ice under cyclic loading, kinematic 449 

hardening parameters are needed. The kinematic hardening coefficient (NH) was estimated 450 

based on the stress state at points marked in Fig. 20. In order to calculate kinematic hardening 451 

parameter (NH), stress state at a first plateau point after the shear force was used as initial 452 

location of yield surface and stress state at the end of each forward cycle was used as the final 453 

location of yield surface, see Eq. 18. To estimate the hardening rate parameter (CH), the slope 454 

of the shear stress versus plastic shear strain curve was used, see Fig. 11. The parameters 455 

estimated as input to the CSCM from test data are given in Table 3. The difference in the 456 
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strength of the sample was reflected in estimated CSCM parameters. The test sample in cycle 457 

# 2-1 was stronger than the test sample used in cycle # 1-2 on account of lower macro-porosity. 458 

The difference in the strength of the sample was reflected in estimated CSCM 459 

parameters. The test sample in cycle # 2-1 was stronger than the test sample used in cycle # 1-460 

2 on account of lower macro-porosity. For a 7kN axial loading, the secant elastic modulus was 461 

about 2MPa and for a 15kN axial loading, it was about 5MPa. The reported values of elastic 462 

modulus for model ice rubble, based on the oedometer test and calculated as a function 463 

volumetric strain, were ranging from 0.7MPa to 1.14 MPa, see Serré (2011). So, the values of 464 

the elastic modulus obtained through the current test setup are much higher and this difference 465 

in values can be attributed to the type of ice and boundary condition. Tests conducted by Serré 466 

(2011) and Matala (2021) on model ice suggest that scaling of the model ice is difficult. This 467 

discrepancy may be explained by this difficulty. 468 

 469 

Fig. 20 Showing the 1st and 2nd cycles of the year 2021 test campaign  470 
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Table 3. CSCM parameters 471 

Name of parameter 
Symbol 

[unit*] 
Cycle #1 Cycle # 6 

Bulk modulus  K [MPa] 1.8 5.5 

Shear modulus  G [MPa] 0.8 2.5 
 

Shear surface Constant term  α [MPa] 6.4E-04 5.3E-04 

Shear surface linear term  θ [rad] 0.96 0.96 
 

Kinematic hardening parameter NH [-] 0.02 0.04 

Rate of hardening CH [-] 0.14 0.33 
 

Cap aspect ratio R [-] 0.5 0.5 

Cap initial location X0 [MPa] 0.023 0.054 

Maximum plastic volume compaction W [-] 0.03 0.03 

Linear shape parameter D1 [MPa] 0.4 0.4 

Quadratic shape parameter D2 [MPa2] 3E6 3E6 

*Please note that units are given in the definition of a consistent system of units required for LS-472 
Dyna. 473 

4. Discussion and conclusions 474 

The properties of brash ice collected at Luleå harbour was analysed using a new version 475 

of the large-scale shear apparatus designed by LTU. Basic principles and design details of the 476 

test setup have been given. The results of the two measuring campaigns have been presented 477 

and analysed. Since the apparatus was designed to handle the deformation of larger blocks, it 478 

has been proven suitable for testing natural brash ice blocks in the laboratory. The calculated 479 

macro-porosity of samples tested in the year 2021 and year 2020 was 30% and 20%, 480 

respectively. In the year 2021, the sample was tested with an axial force of 7kN and 3kN, while 481 

the axial force in the year 2020 was 15kN. The macro-porosity and confining axial force are 482 

the most influential factors in defining the strength and deformation of the brash ice. The 483 

compaction before shearing was believed to cause crushing of the ice blocks which lead to a 484 

denser packing of ice blocks. This process makes the sample stronger. The influence of 485 

compaction before shearing on the ice sample can be seen from cycle # 2-1 and cycle # 2-2. 486 

Also, the distribution of ice blocks inside the rubber membrane affects the macro-porosity 487 

calculation. The longer the exposure to the room temperate at the test facility and the axial 488 
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force may have caused the melting on the contact surfaces and probably freeze bond to develop 489 

(i.e., sintering). Therefore, it is recommended to study the effect of compaction and the effect 490 

of macro-porosity, in future studies. Shear tests were conducted under drained conditions, and 491 

the shearing speed was slow enough to disperse any pore pressures that accumulated during 492 

the shearing process. Therefore, the shear strength of the sample is unaffected by pore pressure. 493 

In reality, the shear strength of brash ice may be dominated by pore water pressure. The water 494 

pore pressure effect can be studied with the same apparatus by using a controlled water system 495 

with a pressure device and flowmeter. Furthermore, the real brash ice channel can have 496 

different boundary conditions at the top and bottom due to repeated breaking, resulting in 497 

variable confinement. Thus, the strength of brash ice varies with depth. In addition, a different 498 

frequency of ice breaking (2020 vs 2021) causes different brash ice block sizes, shapes and 499 

microstructures, which may subsequently give different shear strength. More research is 500 

needed to support this correlation. 501 

The use of the test data should be with care, as there might be differences between the 502 

real brash ice in the field and those used in the laboratory testing. The variation in brash ice 503 

block sizes can be notable in the field. Additionally, the inclusion of only big blocks due to the 504 

scooping size of the crane and crushing before the shearing, likely have caused some deviation 505 

from natural brash ice block sizes. Several more tests are needed to capture the spatial variation 506 

of brash ice samples. The crushing of the brash ice blocks was also likely occurring during 507 

shearing under higher stresses. Thus, it is difficult to distinguish if the compaction or the 508 

shearing caused most of the crushing. The inclusion of circumferential measurements in the 509 

measuring campaign of the year 2021 allowed to measure the volumetric strain more 510 

accurately. Even though information of circumferential changes in the middle of the sample 511 

was known, the potential error in measuring volume may be reduced by using more wire 512 

gauges.  513 
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The test data was used to estimate the yield strength, bulk and shear modulus, volumetric 514 

hardening (i.e. cap) and kinematic hardening parameters of the CSCM, see Table 3. The shear 515 

surface of CSCM was fitted based on laboratory shear box tests by Fransson and Sandkvist 516 

(1985). The estimated values of parameters have been used to visualize the CSCM yield surface 517 

in the shear meridian, see Fig. 19. The plotting of the CSCM surface confirms the difference 518 

in strength between the two samples. As shown by Wong et al. (1990), in the loose brash ice 519 

mass frictional behaviour predominates whereas in dense brash ice mass cohesion between ice 520 

blocks become more significant. The CSCM can simulate the shear and compaction behaviour 521 

of a brash ice mass. In addition, kinematic hardening parameters can be used to simulate the 522 

effect of cyclic loading. Although, more extensive test data is needed to calibrate the various 523 

additional parameters. 524 

The presented results are significant in at least two major respects. First, this study has 525 

identified the significance of macro-porosity and axial load in this test setup. Second, this study 526 

has identified areas of improvement in test setup highlighting the need for standardization of 527 

tests involving brash ice. There are three areas of improvements suggested: sufficient no. of 528 

tests, method of sample preparation, and instrumentations. 529 
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Appendix A. The derivation of equations 646 

Following is a derivation of the equations used to calculate stresses and strains in a brash ice 647 

sample in a large-scale shear test. Due to the rubber membrane encasing the ice blocks, brash 648 

ice samples make up a cylindrical shape. In the generalised plane strain scenario, let's consider 649 

a long hollow cylinder with an inside radius of "a" and an outside radius of "b", subjected to 650 

internal and external pressures. The close ended brash ice sample cylinder subjected to internal 651 

aP  and external bP  pressures and the brash ice sample cylinder is subjected to an axial force652 

VF , as shown in Fig. 21. 653 

 654 

Fig. 21 Freebody diagram of large-scale test 655 

Then, following assumptions can be made: 656 

1. There are no body forces act on the brash ice sample cylinder 657 

2. The brash ice sample cylinder has zero angular velocity 658 

3. The brash ice sample cylinder has uniform temperature 659 

4. For generalised plain strain solution, the axial force VF  and the pressure inside Pb the brash 660 

ice sample acting on the closed ends can be written as  661 
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The axial strain for generalized plane strain solution can be written as 662 
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Further simplified by using boundary condition given in Eq. (19) and Eq. (21) 663 
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Then, the expression for axial stress in brash ice sample cylinder can be written as 664 
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(23)  

By applying the boundary condition given in Eq. (19) we get, 665 

 2zz b ice zzP E  = − +  (24)  

Using the expression of axial strain in Eq. (22), above equation can be rewritten as 666 
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Re arraigning can lead to 667 
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The expression for radial stress in brash ice sample cylinder can be written as 668 
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(27)  

Applying the boundary condition given in Eq. (19) we get, 669 

 rr bP = −
 (28)  

Then the expression for hoop stress in brash ice sample cylinder can be written as 670 
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Applying the boundary condition given in Eq. (19) we get, 671 

 bP = −
 (30)  

Please note that these are generalized analytical solutions ignoring any local forces. 672 
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