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Abstract 1 

Offshore wind is an attractive source of renewable energy. In regions with cold 2 

climates, such as Canada, the Baltic Sea, and Bohai Bay, a good understanding of ice 3 

loads is essential to design a reliable and cost effective support structure for an offshore 4 

wind turbine. This paper presents a study of the dynamic ice-structure interaction of a 5 

commonly used monopile-type offshore wind turbine in drifting level ice in both parked 6 

and operating conditions. A semi-empirical numerical model for ice-structure 7 

interaction was coupled to the aero-hydro-servo-elastic simulation tool HAWC2. A 8 

convergence study was performed to determine the proper time step and simulation 9 

length to obtain reliable response prediction. The simulated ice load was compared with 10 

the formulations in international standards. The coupling between the ice loads and the 11 

structural response of the monopile-type wind turbine was investigated and found to be 12 

important. The effects of the ice characteristics (e.g., ice thickness and drifting speed) 13 

were examined with the turbine being in parked and operating conditions. Compared 14 

with current numerical model, standards from International Electrotechnical 15 

Commission (IEC) and International Organization for Standardization (ISO) predict 16 

lower ice loads. 3-D effect of ice-monopile interaction and failure of local ice sheet are 17 

considered. More stochastic dynamic phenomena are captured for ice-structure 18 

interaction in our numerical model. The effect of the ice thickness on the response was 19 

found to be significant. A negligible drifting speed effect is found on the bending 20 

moment response in the fore-aft direction. There is a large increase in the fore-aft 21 

response as the inclination angle of the cone increases. Further sensitivity studies and 22 

validation against model tests will be performed for the conical waterline of the wind 23 

turbine. 24 
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 4 

1. Introduction 5 

 6 

Offshore wind energy is recognized as one of the world’s fastest growing renewable 7 

energy resources. Deployment of wind turbine technology at offshore sites offers a 8 

promising but challenging solution due to the severe environmental conditions imposed 9 

by waves and currents. By the end of 2014, there was 8 GW of offshore wind energy 10 

installed in Europe, including 2,488 turbines in 74 wind farms in 11 European countries 11 

(Corbetta et al., 2015). Another 12 on-going projects will contribute an additional 3 GW 12 

by 2016 according to the European Wind Energy Association (EWEA). Due to various 13 

challenges in developing offshore wind technology, numerical modeling and the 14 

automatic control of offshore wind turbines are currently being investigated intensively 15 

(Perveen et al., 2014; Jiang et al., 2014; Karimirad and Moan, 2013; Shi et al. 2013).  16 

Offshore wind turbines (OWTs) have significant potential in northern regions with 17 

cold climates, such as Northern Asia, North America, and Northern Europe. 18 

Approximately 20% of the European OWTs, which produce 10 GW in total, is to be 19 

installed in the Baltic Sea by 2020 based on an EWEA forecast (Arapogianni and 20 

Genach, 2013). Bottom-fixed wind turbines are very suitable in these offshore areas. 21 

Besides the aerodynamic and hydrodynamic, ice loads would also be an important load 22 

for OWTs in cold areas. The design standards for bridge, lighthouses, and oil and gas 23 

platforms contain information about structural design against ice loads; however, those 24 
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standards and guidelines are not always suitable for the design of OWT support 1 

structures due to the excessive dynamic effects that are typically present in the latter 2 

type of structure. Therefore, the challenges related to ice loads on OWTs are not well 3 

understood and have not been investigated in detail to date. Icing on OWT blades and 4 

drifting-level-ice-induced ice loads are two different ways that ice can affect wind 5 

turbines. Icing on OWT blades will increase the mass and thus change the aerodynamic 6 

performance of WTs, leading to increased dynamic loads and reduced power production 7 

(Etemaddar et al., 2014; Ronsten et al., 2012). Drifting ice could induce dynamic loads 8 

and may cause failure in the support structures of OWTs. For a 5 MW OWT on a 9 

monopile with diameter of 6 m interacting with drifting ice that has a thickness 0.5 m, 10 

the ice-structure interaction could generate dynamic forces as high as maximum of 15 11 

MN under conservative simplifications (Nguyen et al., 2014); this is far higher than the 12 

wind thrust force of 0.8 MN for 5 MW wind turbine at 11.4 m/s turbulent wind. Ice 13 

loads on the support structures for OWT in cold regions could add risks and increases 14 

cost of construction and maintenance (Salo and Syri, 2014). These ice loads can thus be 15 

of critical concern in the design of WTs; this calls for a detailed study of ice-induced 16 

vibrations in OWTs. 17 

For offshore structures used in oil and gas industry in cold regions, ice loads may be 18 

dominant over wind and wave loads (Hou and Shao, 2014; McGovern and Bai, 2014). 19 

Many studies have been conducted to predict the ice loads on cylindrical or sloped 20 

offshore structures. Bekker et al. (2009) carried out simulations of the ice-structure 21 

interaction between the ice cover and the offshore structures. Gürtner et al. (2009) 22 

simulated ice actions on Norströmsgrund lighthouse by means of a finite element model 23 

of the ice with the computational cohesive elements model. Zvyagin and Sazonov(2014) 24 
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used a probabilistic model to simulate the stochastic ice loads. Bekker et al. (2013) 1 

estimated contact interaction of ice hummock and ice floe to predict the ice load on a 2 

cylinder using commercial CFD-software. Spencer et al. (2014) used the quantile 3 

regression method to analyze global ice pressure data for a wide range of structures. 4 

Taylor and Richard (2014) developed a probabilistic ice load model based on empirical 5 

method. Conical structures have been suggested for most offshore structures where ice 6 

is present because they can induce bending failure in level ice by introducing a vertical 7 

force component into the total interaction force using upward or downward cones (Xu et 8 

al. 2014). The cone reduces the ice load magnitude and ice-induced structural response 9 

compared to a cylindrical structure with the same waterline diameter (Barker et al., 10 

2014). A conical structure is also less likely to lead to severe dynamic ice load because 11 

the period of bending failure in level ice, which depends on the ice thickness and the 12 

drifting speed, is typically longer than that of crushing failure in level ice against a 13 

vertical structure. Ralston’s formula was adopted in IEC 61400-3 (2009) and DNV-OS-14 

J101 (2014) to calculate static ice loads on conical structures based on plastic limit 15 

analysis. Several Design Load Cases are provided in IEC standard to consider both 16 

parked and power production modes. Modern standards for ice load prediction of 17 

offshore structures were reviewed by Frederking (2012). Popko et al. (2012a) studied 18 

the sea ice loads on offshore support structures by comparing different ice models from 19 

different guidelines and standards. They indicated that the interaction of sea ice, other 20 

metocean loads and OWT should be considered. 21 

Serious ice induced vibrations of offshore structures have been seen to occur in situ. 22 

A limited number of campaigns measured ice loads and response in model tests and 23 

field observations involving the ice-induced vibrations (Jefferies et al., 2011). 24 
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Määttänen et al. (2011) conducted near full-scale ice crushing tests in Aker Arctic test 1 

basin. Frequency lock-in crushing may cause severe vibration at certain ice velocities 2 

for cylindrical structures (Bjerkås et al. 2013; Bjerkås et al. 2014; Xu et al. 2014). It is 3 

also important to determine the force and frequency of loads cycles for fatigue 4 

assessment (Hendrikse et al., 2014). This phenomenon is specially addressed in ISO 5 

(2010) and IEC standards (2010). Murray et al. (2009) did model tests in a scale of 1:30 6 

and 1:50 to predict ice loads of an ice resistant spar design. Nord et al. (2015) identified 7 

the force induced by level ice on a generic bottom-fixed offshore structure using a joint 8 

input-state algorithm to describe experimental ice-induced vibrations. Zhou et al. (2012) 9 

compared numerical simulations of ice breaking loads with the model tests in an ice 10 

tank, where the ice loads were measured during the different ice drift speeds, ice 11 

properties and ice drift angles. Full-scale testing was conducted by Yue et al. (2009) on 12 

a cylindrical monopile in Bohai Bay to investigate the dynamic ice forces and structural 13 

vibrations; three speed-dependent ice force modes were observed. Following their 14 

previous work, Xu and Yue (2014) experimentally investigated the dynamic ice force 15 

on a jacket structure with an upward ice-breaking cone in the Bohai Sea.  16 

Several studies have been performed on relevant feature for OWT. When calculating 17 

ice loads, the coupling effect due to WT aerodynamic loads is typically not considered 18 

in most standards. The excitation of a complete OWT structure and the vibration of its 19 

blades were reported by Heinonen et al. (2011) and Hetmanczyk et al. (2011) in a 20 

numerical study of the dynamic ice loads on an OWT. Gravesen and Kärnä (2009) 21 

focused on the static ice crushing occurring on a vertical structure of an OWT in the 22 

South Baltic Sea based on the ISO standard (2010) with necessary corrections to the ice 23 

reference strength. Barker et al. (2005) and Gravesen et al. (2003, 2005) performed an 24 
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extensive model testing to investigate the ice-induced vibrations in OWTs in Danish 1 

waters. Mitigation of ice-induced vibrations in an OWT was studied using a semi-active 2 

model (Mróz et al., 2008) and semi-active tuned mass damper (STMD) system (Kärnä 3 

and Kolari, 2004). Yu et al. (2013, 2014) considered the floating ice cover as a rigid-4 

plastic structure supported by an elastic foundation. The quasi-static ice loads were 5 

generated using relationship between ice force and displacement field of the ice using 6 

the mode approximation method. They used both limit strain and limit strain rate as ice 7 

breaking criteria. In their model, the contact between the ice and the structure is simply 8 

assumed as a single point contact for three-dimensional application. Interaction between 9 

the level ice and OWT considering structure motion and velocity were not included. No 10 

detailed contact information between ice and OWT were included. 11 

Wind turbine design and analysis rely on the use of aero-hydro-servo-elastic 12 

simulation tools to predict the coupled dynamic loads and responses of an OWT; 13 

however, limited amounts of research have considered fully coupled analyses, which 14 

simultaneously investigate the effects of both aerodynamic and ice loads on the 15 

behavior of offshore wind turbines.  16 

As an extension of a previous study by Shi et al. (2014), this paper aims to develop 17 

and implement a numerical semi-empirical ice load analysis method in the aero-hydro-18 

servo-elastic tool HAWC2 (Larsen and Hansen, 2014) to investigate the intricate 19 

dynamic ice-structure interaction process for a monopile WT. The level ice load model 20 

used in this study has been well validated for level ice and a circular platform (Su et al., 21 

2010; Zhou et al., 2012; Tan et al. 2013; Tan et al., 2014). An inverted ice-breaking 22 

cone is added to the monopile at the mean sea level (MSL) to mitigate the ice loads on 23 

the structure. Different from other ice models (Yu et al., 2013; Yu et al., 2014), the 24 
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proposed model uses the dynamic ice bending model to take into account the relative 1 

motion and velocities between structures and ice such that the monopile response 2 

influenced the interaction force between the cone and the ice. A series of icebreaking 3 

events could be simulated and detailed contact information could be observed based on 4 

the updated ice geometry. A dynamic link library (DLL) is used to feed the ice forces at 5 

each time step into the HAWC2 based on the input position and velocity of the 6 

monopile using an iterative procedure. Meanwhile, the instantaneous ice-breaking 7 

pattern can be checked for the contact status between the cone and the ice. Especially, 8 

the proposed ice load model, based on 3D contact model, makes it possible to estimate 9 

the ice load in the Side-to-Side (S-S) direction, which may be of similar magnitude as 10 

that in the Fore-After (F-A) direction. Particular efforts are made to study convergence 11 

w.r.t. time step and simulation length. Coupled dynamic analyses are carried out to 12 

study the effects of the ice parameters, such as ice drifting speed and ice thickness. The 13 

simulated ice load from this study is then compared with the characteristic loads given 14 

in design standards of IEC and DNV. The responses of the wind turbine under parked 15 

and operating conditions are finally compared under different ice conditions.  16 

In this model, the downward ice-breaking cone is attached to the monopile at the 17 

MSL. The cone will reduce the ice loads by changing failure mode from crushing to 18 

bending. However, due to increased waterline diameter, Dwl, the hydrodynamic loads 19 

from wave and current may increase. For a wave condition at Gulf of Bothnia with 50-20 

year ice-time-included significant wave height of 8.123 m and wave peak period of 12.0 21 

s (Tuomi et al., 2011), the estimated maximum wave load increases from 2273 kN to 22 

2502 kN because of ice-breaking cone. The maximum ice load is 1908 kN for a level 23 

ice thickness of 0.8 m and a drifting speed of 0.5 m/s. The crushing loads would be 24 
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5064 kN for this ice condition. This shows that ice-breaking cone will not give 1 

significant increase of wave load at the Baltic Sea, which is also shown in Määttänen’s 2 

work (Määttänen, 1999). 3 

 4 

2. Numerical model 5 

 6 

2.1 Ice-structure interaction model 7 

2.1.1 Ice failure modes 8 

Due to differences in the ice thickness, the ice drifting speed and the geometry of the 9 

structure, ice failure can be classified as (ISO 19906, 2010): crushing mode, which 10 

typically occurs against vertical structures; and flexural mode, which typically occures 11 

against inclined structures. Depending on the ice speed, the crushing mode could be 12 

identified as (Yue et al., 2009; ISO 19906, 2010):  13 

1) Intermittent ice crushing at low ice velocities, where the ice-load time series 14 

exhibit a saw–tooth waveform with a specified period that is separated by unloading 15 

intervals;  16 

2) Frequency lock-in crushing at moderate ice velocities, where the ice-load time 17 

series exhibit a periodic waveform at a specified fundamental frequency (i.e., the natural 18 

frequency of the motion or vibrations) of the support structure;  19 

3) Continuous brittle crushing at high ice velocities, where the time series of both the 20 

ice loads and the structural response appear to be random.  21 

Conical structures are added to OWT towers at the mean sea level to mitigate the ice 22 

loads by changing the failure modes from crushing to bending (Fig. 1) (Barker et al., 23 

2005). A vertical force is introduced into the total interaction force by these conical 24 
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structures, which triggers the flexural failure mode in the ice. When there is a relative 1 

speed between the monopile circumference and the ice sheet, ice-structure contacts and 2 

individual bending failure events of the ice sheet may occur at different positions of the 3 

monopile circumference. In general, these failure events are nonsimultaneous, and each 4 

is followed by a subsequent contact-bend event. Thus, when observing the ice-structure 5 

interaction in the time domain, the failure of the ice sheet can be viewed as a 6 

composition of successive bending failure events occurring at different location of 7 

contact along the monopile circumference. In this study, only flexural failure is 8 

considered for the ice-breaking cone; it is also assumed that ice drifts along the 9 

downwind direction.  10 

 11 

2.1.2 Ice-breaking process 12 

In this section, mathematical modeling of the ice-breaking process is briefly 13 

described. Detailed information about this process is described by Tan et al. (2013, 14 

2014). 15 

When an ice sheet is passing a wind turbine monopile, the ice-breaking cone comes 16 

into contact the edge of the level ice. Local failure could occur at the loaded areas as the 17 

ice sheet continues to move past the monopile. Some areas of the ice edges begin to fail 18 

in bending when the vertical load exceeds the bearing capacity of the ice. Then, the 19 

broken ice pieces continue to slide along the surface of the cone; this may lead to the 20 

accumulation of ice rubble in front of the structure due to a poor ice clearing ability. In 21 

this study, it is assumed that these ice pieces are well cleared after failure. The process 22 

of the ice-structure interaction during flexural failure of the ice is illustrated in Fig. 2 for 23 

detail (ISO 19906, 2010). 24 
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To solve the equations of motion (EOM) for the entire wind turbine system, the ice-1 

breaking force from the ice load model must be explicitly determined for each time step. 2 

The ice breaking force was calculated by the contact algorithm developed in previous 3 

work (Su et al., 2010; Tan et al., 2013, 2014). The dynamic displacements of the 4 

structure at the MSL, which change the local slope angle of the structure, are considered 5 

by numerically updating the waterline’s geometry. The instantaneous waterline and an 6 

auxiliary waterline below it are discretized into nodes and updated at each time step (Fig. 7 

3). The ice is also discretized into nodes based on the initial condition or edge shape 8 

from the previous time step. Contact panels are constructed between the two waterlines, 9 

and overlaps between the water line and the ice edge are considered to be contact zones. 10 

The contact area is calculated based on the indentation depth, slope angle and the ice 11 

thickness. The local contact forces are shown in Fig. 4. The nodal velocity based on a 12 

local coordinate system (τ, n, z) (Fig. 4(a)) can be decomposed into the tangential 13 

component (v1) and the normal component (v2) to the contact surface in (τ, 1, 2) (Fig. 14 

4(c)):  15 

 ,1,2
1

2

1 0 0

0 cos sin

0 sin cos
i i i n

i i z

v v

v v v

v v

 
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 

     
           

          

                                      (1) 16 

The local normal crushing force (Fig. 4(b)), Fcr, is calculated based on the contact 17 

area, Acr, and the average crushing pressure, pav (Riska, 1995): 18 

2

2

,            0

0,                      0
av cr

cr

p A v
F

v

 
  

                                                    (2) 19 

where the negative sign indicates that the force is always in the direction opposite to v2. 20 
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The contact area for each contact zone, Acr, can be calculated based on the indentation 1 

depth, hL , the inclination angle of the cone with the horizontal, φ, and ice thickness, hi 2 

(Su et al., 2010): 3 

1
,                                   tan

2 cos

1 cos
,     tan

2 sin

d
h d i

i
cr d

h h d i
d

L
L L h

hA L
h

L L L h
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
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                               (3) 4 

The average contact pressure, pav, depends on the magnitude of the contact area, 5 

which is known as the pressure-area relation: 6 

 n
av crp kA                                                         (4) 7 

where k and n are empirical parameters. 8 

On plane τ-1, the tangential friction force, f1, and the horizontal friction force, fτ, can 9 

be calculated by decomposing the total friction force, f, respectively (Fig. 4(d)): 10 

1
1 2 2

1

cr

v
f F

v v
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

                                                            (5) 11 
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2 2
1

cr

v
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v v
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
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

                                                            (6) 12 

The nodal forces on the ice-breaking cone in (τ, n, z) can be obtained by  13 

 , ,
1

1 0 0

0 cos sin

0 sin cos

n z
i n i i

z i i cr

F f

F F f

F F
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                                       (7) 14 

Finally, the nodal forces in the local coordinate system can be transformed into the 15 

global coordinate system. The global ice load is obtained by integrating the local contact 16 

loads over all of the contact zones acting on the ice-breaking cone simultaneously. 17 

Detailed information about this process can be found in Tan’s work (2013).   18 
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 1 

2.1.3 Bending failure criterion 2 

The ice edges are loaded by the reaction forces from the ice cone. The vertical 3 

reaction force, F’z, which points downwards, includes two components: the normal 4 

crushing force Fcr and the tangential friction force f1: 5 

 '
1cos sinz z crF F F f                                                      (8) 6 

By substituting Eqs. (2), (5), (7) into (8), we find: 7 

 

2
'

22

sin cos sin
cos

cos sin

n z
z av cr

n z

v v
F p A

v v v

   
 

   
   

                               (9) 8 

where pav and Acr can be found using Eqs. (3) and (4). 9 

As the level ice impacts the monopile and continues to move past the monopile, the 10 

contact area and the force between the ice and cone increase. When the vertical force, 11 

F’z (Eq. 9), exceeds the dynamic bending failure load, Pf, of the ice edge, bending 12 

failure occurs in the ice. Once the broken ice splits from the ice sheet, a new ice edge is 13 

formed, and the next ice-structure contact cycle begins. The ice-breaking pattern 14 

induced by continuous ice-structure interaction is shown in Fig. 6.  15 

The bending failure load, Pf, is determined based on a semi-empirical relation (Eq.10) 16 

(Tan et al., 2014): 17 

 
2

0.4 2
21.65 2.47 w

f f iP v h



    
 

                                               (10) 18 

where, v2 is the normal relative speed, 2 vis the bending strength, 
2

w


 
 
 

is the geometry 19 

factor specifying the wedge size in the circumferential dimension. 20 



14 
 

Yu et. al (2013, 2014) use both limit strain and limit strain rate as ice breaking criteria. 1 

The ice-breaking length should be calculated first from the limit strain rate or the limit 2 

strain of the ice, which should be given for each case. In general, these two limit values 3 

are hard to find. From their model, bending failure force can be expressed as (Eq.11):  4 

22 2f f iP h                                                                 (11) 5 

Compared with Eq. 10, it shows that loading rate effect and structure motions (term 6 

including v2) are not taken into account. Meanwhile, the ice wedge geometry (
2

w


 
 
 

) is 7 

not considered, which means the detailed contact information between ice and structure 8 

cannot be observed.   9 

Our numerical model considered the 3D effect of the ice-monopile interaction. 10 

Because the monopile has a large diameter relative to the size of broken ice sheet, the 11 

ice sheet will have different contact points along the circumference of the monopile and 12 

fail at different locations. This induces a dynamic effect on the total ice loading, which 13 

is not captured by the models in IEC and ISO standards. In IEC 61400-3 (2009), 14 

Ralston’s formulae, which has also been used as recommended practice in DNV and 15 

API standards, is adopted to calculate the static ice loads on conical structures, For 16 

downward breaking cones, the static characteristic value for horizontal and vertical 17 

forces on the cone are: 18 

 2 2 2 2
4 1 2 3

1 1

9 9H f i w i wl w i wlF A A h A gh D A gh D D       
 

                      (12) 19 

 2 2
1 2

1

9V H w i wlF B F B gh D D                                                (13) 20 
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where Ai and Bi are non-dimensional coefficients determined from the reference 1 

(Ralston, 1977). w is the water density, D is the cone diameter at the bottom for 2 

downward cone. 3 

For dynamic loading on conical structures, IEC recommends the following vertically 4 

shifted sinusoidal model as:  5 

 ,

3 1
sin 2

4 4H dyn H bF F f t   
 

                                                (14) 6 

where FH is the maximum load derived from static characteristic value (Eq. 12), and 7 

fb=Vi/(Khi), Vi is the ice drifting speed, hi is the ice thickness, and 4<K<7, the value K 8 

which gives the highest load should be used. 9 

IEC also suggests sawtooth model for dynamic loading on conical structures as in Fig. 10 

7. The characteristic values in the IEC static model, periodical IEC sin dynamic model 11 

and IEC sawtooth dynamic model are the maximum ice loads, which are the same as 12 

IEC static model (Eq. 12). 13 

 14 

2.2 Coupled aero-hydro-servo-elastic analysis 15 

In this study, numerical simulations were performed using HAWC2, which was 16 

developed at the Technical University of Denmark (DTU) (Larsen and Hansen, 2014). 17 

The HAWC2 code is used to perform the fully coupled aero-hydro-servo-elastic 18 

analyses for wind turbine systems; its features have also been verified in IEA OC3 and 19 

OC4 benchmarks (Jonkman et al., 2010; Popko et al., 2012b; Robertson et al., 2014). 20 

HAWC2 can effectively simulate the dynamic response of a pitch-controlled horizontal-21 

axis wind turbine that is subjected to aerodynamic and hydrodynamic loads. The FAST 22 

code is based on modal theory, which gives linear structural response. It uses a 23 
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combined linear FEM with beam elements and a nonlinear MBS formulation to 1 

calculate the structural dynamics of the wind turbine in the time domain. Therefore, the 2 

code is particularly suited to calculate the loads in flexible turbines with large 3 

deflections and rotations. In FAST, The aerodynamic forces on the rotor are calculated 4 

in the HAWC2 using Blade Element Momentum (BEM) theory. The classic approach 5 

has been modified to include the effects of dynamic inflow, dynamic stall, skewed 6 

inflow, shear effects on induction and the effects from large deflections. The 7 

hydrodynamic loads in the HAWC2 are calculated based on the well-known Morison’s 8 

equation. Both regular and irregular Airy waves could be used by defining the wave 9 

kinematics externally through a dynamic link library (DLL). The interaction between 10 

the foundation and the soil is modeled by a p-y curve with a set of spring-dampers 11 

attached to the main body based on the API standard (API, 2007). Control of the turbine 12 

(e.g., pitch control, yaw control) is performed through one or more DLLs. Any external 13 

force, such as ice loads, slamming force, ship impact force, can be applied to the 14 

structure using these DLLs. 15 

In this study, the ice-structure interaction model described in Section 2.1.2 is 16 

implemented into HAWC2 as a user-defined external force via a DLL generated in 17 

FORTRAN. The continuous icebreaking process is discretized into successive time 18 

steps. Due to the coupling of the ice forces and the structure motion, iterations are 19 

performed to get dynamic equilibrium at each temporal integration point. At each 20 

iteration, the ice-breaking forces are calculated according to the current state variables 21 

of the cone, the current ice edge shape and the cone-ice contact geometry. Then, the 22 

calculated ice 6-DOF ice-load vector is transferred back to the node at the mean sea 23 

level in HAWC2 to solve the equations of motion of the whole wind turbine system for 24 
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the current iteration (Fig. 8). The incremental displacements are found. The state 1 

variables of the cone are updated by the vector sum of the increments and the initial 2 

values at the beginning of the time step. According to the indentation of the cone edge 3 

into the ice, local contact speed, and material properties of the ice, a new ice edge is 4 

generated. In the coupled analysis, the dynamic deformation of the monopile is 5 

considered during contact detection, which is neglected in the uncoupled analysis (Shi 6 

et al., 2014).  7 

 8 

3. Simulation results 9 

 10 

3.1 Wind turbine and ice properties 11 

3.1.1 Wind turbine properties 12 

The wind turbine model chosen for this study is the National Renewable Energy 13 

Laboratory (NREL) 5-MW baseline WT. Overall, the NREL 5-MW turbine is a 14 

conventional, three-bladed, upwind, variable-speed and collective-pitch-controlled 15 

horizontal-axis wind turbine (HAWT). Its main properties are listed in Table 1 16 

(Jonkman et al., 2009). Its diameter and wall thicknesses vary linearly with the tower 17 

height. The tower base diameter is equal to the diameter of the monopile, which is 6 m. 18 

A water depth of 20 m is considered in this study. The pile below the mudline was 19 

assumed to be rigid. The ice-breaking cone used in this study is a 45º-inverted cone with 20 

waterline width of 8 m (Fig. 1) that is rigidly attached to the monopile at the MSL. No 21 

deformation in the cone is considered. 22 

 23 

Table 1.  Main characteristics of the NREL 5-M baseline OWT. 24 
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Parameter  Value 

Rated power 5 MW 

Rotor Orientation Upwind 

Rotor/Hub Diameter 126 m, 3 m 

Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 11.4 m/s, 25 m/s 

Cut-In, Rated Rotor/ Generator Speed 6.9 rpm, 12.1 rpm/ 670 rpm, 1,173.7 rpm

Overhang, Shaft Tilt, Precone 5 m, 5°, 2.5° 

Rotor, Nacelle, Tower Mass 110 t, 240 t, 347.46 t 

Tower top diameter, wall thickness 3.87 m, 0.019 m 

Pile length above seabed, diameter 30 m, 6 m 

Pile wall thickness, total weight 0.06 m, 187.9 t 

 1 

3.1.2 Ice properties 2 

The representative ice properties suggested by the ISO standard for Baltic Sea are 3 

listed in Table 2 (ISO 19906, 2010). 4 

Table 2. Ice properties. 5 

Parameter  Symbol Value 

Density ice 880 kg/m3

Crushing strength c 2.3 MPa 

Bending strength f 580 kPa 

Young’s Modulus E 5.4 GPa 

Poisson ratio  0.33 

Coefficient of friction  0.05 

Ice sheet thickness hi 0.1 m~0.8 m 

Ice drifting speed Vi 0.1 m/s~0.5 m/s 

 6 
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 1 

3.2 Ice-load effects on the dynamic response of OWTs 2 

3.2.1 Characteristics of the wind turbine system 3 

The natural frequencies and natural modes of the monopile supported wind turbine 4 

are determined using the eigen frequency analysis in the HAWC2. The modes and 5 

corresponding natural frequencies relating to the wind turbine tower are shown in Table 6 

3. Other modes and frequencies related to blade vibrations are not shown here. 7 

Table 3. Natural frequencies and mode shapes relating to the OWT tower modes. 8 

Full System Eigenmode Natural Frequency (Hz) 

1st Tower F-A 0.274 

1st Tower S-S 0.276 

2nd Tower F-A 2.284 

2nd Tower S-S 2.278 

 9 

3.2.2 Ice-induced dynamic response of OWTs 10 

In this section, we investigate the influence of the ice load on the dynamic response 11 

of the wind turbine under different load cases (Table 4). In LC1.1, a rigid wind turbine 12 

model is considered in the parked condition with a zero wind speed; a level ice field 13 

with a drifting velocity, Vi, of 0.5 m/s and an ice sheet thickness, hi, of 0.4 m is assumed 14 

in this case. In LC1.2, a flexible wind turbine in the parked condition with the same ice 15 

conditions is assumed. In LC1.3, a flexible wind turbine is operated at the rated wind 16 

speed (wind speed, Vwind = 11.4 m/s), but no ice is present. In LC1.4, a flexible wind 17 

turbine model is considered using the same ice field in LC1.1 case one. 18 

Table 4. Load cases (LCs) used to investigate the effect of the ice-induced dynamic 19 
response. 20 
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LCs  Vwind (m/s) Vi (m/s) hi (m) OWT Descritption 

1.1 0 0.5 0.4 Rigid

1.2 0 0.5 0.4 Flexible 

1.3 11.4 0 0 Flexible 

1.4 11.4 0.5 0.4 Flexible 

 1 

Fig. 9 shows an external ice load acting in the F-A direction at the MSL under 2 

different load cases. The crushing force acting on the vertical structure with same 3 

waterline diameter (Gravesen and Kärnä, 2009) and the ice-induced upper bound static 4 

load  acting on the conical structure (IEC 61400-3, 2009) based on Ralston’s formula 5 

(Ralston, 1977) are also compared. Two different dynamic models from the IEC 6 

standard are also used to determine the loads of the moving ice on the conical support 7 

structures (IEC 61400-3, 2009). In our numerical model, the 3D effect of ice-monopile 8 

interaction and failure of local ice sheet are considered, which induces a dynamic effect 9 

of ice loading. The numerical results give a stochastic behavior of the ice loading 10 

depending on the initial contact condition between the ice sheet and the monopile 11 

circumference at the MSL. Randomness in ice property, ice thickness and drifting speed 12 

is not considered in this work. The IEC and ISO formulae are based on the assumption 13 

that the simultaneous failure of the ice sheet occur at the contact area, a 2D 14 

consideration. They are based on prescribed, periodical ice load model.  15 

In case of 0.5 m/s and 0.4 m ice condition, the crushing force (3369 kN) on a vertical 16 

cylinder with the same diameter as the cone at the MSL (8 m) is much larger than the 17 

ice-induced loads on the conical structures. The static model predicts an upper bound 18 

ice force (175.62 kN), which is far less than the maximum value estimated from the 19 

model proposed in this study (Fig. 10). The dynamic sine and sawtooth models yield 20 
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marginally higher mean forces. However, the load frequency of the IEC dynamic 1 

models is much smaller than that of the proposed model. This will affect the fatigue 2 

damage accumulation of wind turbine. Due to the motion of the flexible structure, less 3 

ice load is generated for the load cases with a flexible turbine in operating condition. In 4 

the proposed model, three main phases including loading, unloading and zero stable 5 

force are clearly identified in the ice-force time history. This feature has also been 6 

observed in full-scale measurements (Xu and Yue, 2014).    7 

Fig. 11 shows the response of the F-A shear force at the MSL under different load 8 

cases. For the rigid body model, the shear response is the same as the external ice load 9 

that is shown Fig. 9, which proves the correctness of the model. The responses from the 10 

IEC dynamic sine and sawtooth models, which are based on the wind turbine base 11 

structural frequency, have a long-period of oscillation, which may underestimate the 12 

loads during a fatigue analysis. During normal operation condition with a wind speed of 13 

11.4 m/s and the ice with the specific condition (0.5 m/s drifting speed and 0.4 m 14 

thickness), the wind loads are shown to dominate the response with large mean value 15 

and small standard deviation; however, the average shear force at the MSL increases by 16 

12% due to the ice load. Especially, the variation for LC 1.4 considering constant wind 17 

and ice is much larger than the variation for LC 1.3 which only considers the constant 18 

wind. This may significantly affect the fatigue damage of the monopile.  19 

In Fig. 12, the turbine response is compared under different load conditions. The solid 20 

and dotted line represent the responses under ice or wind loads separately. The dashed 21 

line is the superposition of the responses of the ice and wind loads, which is referred to 22 

as the “uncoupled ice + wind” case. In the coupled analysis, the standard deviation of 23 
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the response is less than the “uncoupled ice + wind” case due to the motion induced by 1 

wind load, which may have different fatigue damage accumulation. 2 

 3 

3.2.3 Convergence study of ice loads 4 

In this section, convergence tests with respect to time step, t, and simulation length, 5 

Ttotal, are performed to ensure that the proposed numerical method can produce a 6 

convergent solution of the ice loads and induced responses.  7 

Different time steps (0.01, 0.005, 0.002, 0.001, 0.0005 s) and simulation lengths (600, 8 

1200, 1800 s) are investigated. The F-A and S-S bending moments at the mudline are 9 

also illustrated in Table 5 and 6 as functions of the time step and the simulation length, 10 

respectively.  11 

Table 5. Statistic results of the bending moment at the mudline and computational time 12 

as a function of time step. hi= 0.4m, Vi= 0.5 m/s, Ttotal =1200 s. 13 

Time step Computational
 time 

Mean (kNm) Std (kNm) 

(s) (h) F-A S-S F-A S-S 

0.0005 29 189 32 3888 3206 

0.002 24 186 24 3721 3300 

0.001 16 206 40 3625 3022 

0.002 5 214 13 3593 3010 

0.01 3 659 119 3797 3896 

 14 

Table 6. Statistic results of the bending moment at the mudline as a function of 15 

simulation length. hi = 0.4 m, Vi = 0.5 m/s, t = 0.001 s.  16 

Simulation  

length 

Mean (kNm) Std (kNm) 

(s) F-A S-S F-A S-S 
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600 206 40 3625 3022 

1200 173 34 3847 3154 

1800 174 3 3829 3073 

 1 

As shown in Table 5 for a 1200-s simulation time, the computation time increases as 2 

the time step decreases. To balance the computation time and the convergence of the 3 

results, a time step of 0.001 s and a simulation time of 1200 s are finally selected for use 4 

in these simulations. 5 

 6 

3.2.4 Effect of the ice thickness 7 

The influence of the ice thickness on the dynamic response of the wind turbine was 8 

studied in this section. Both the parked condition and normal operating condition were 9 

considered (Table 7). An ice field with a constant drifting speed of 0.3 m/s and an ice 10 

thickness of 0.1, 0.4, and 0.8 m was considered in the following simulations. This ice 11 

thickness range was suggested by the ISO standard for Baltic Sea (ISO19906, 2010).  12 

 13 

Table 7. LCs and statistic results of the wind turbine response with different ice 14 

thicknesses. Vi= 0.3 m/s. 15 

LCs  Vwind (m/s) hi (m) Mean(kNm) Std(kNm) Max(kNm) 

    F-A S-S F-A S-S F-A S-S 

2.1 

2.1a 0 0.1 -1274 1 268 310 3 1257 

2.1b 0 0.4 -50 390 1855 2084 6758 7966 

2.1c 0 0.8 4676 12 9823 5490 37694 25471 

2.2 

2.2a 18 0 38718 4734 510 212 39726 5177 

2.2b 18 0.1 38925 4737 557 359 40498 6201 

2.2b 18 0.4 40181 4779 2004 2665 49514 16862 

2.2d 18 0.8 44870 4732 8924 5354 75836 31491 
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 1 

Fig. 13 shows a 100-s time history of the calculated ice loads at the MSL in the F-A 2 

and S-S directions for ice thickness 0.1 m, 0.4 m and 0.8m. These ice loads were 3 

generated for the parked condition (wind speed = 0). The simulated ice force clearly 4 

shows loading, unloading and zero stable force phases. It is observed that in the case of 5 

0.1 m-thick ice, the loading history is random (Fig. 13(a)); while in0.4 m and 0.8 m -6 

thick ice, the curves have a clear, regular, periodic saw-tooth-like pattern, with the load 7 

dropping to zero or to near zero between peaks (Fig. 13(b)-(c)). For the ice thickness of 8 

0.1 m, non-simultaneous failure is dominant, and the breaking force continuously 9 

increases for several seconds before it drops. There are more local contact regions 10 

between ice edge and the cone. For the ice thickness of 0.4 m and 0.8 m, the ice fails 11 

simultaneously and the ice force drops before subsequently increasing. Different from 12 

other models in IEC or ISO standard, the current numerical model is based on 3D 13 

contact algorithm so that we could also calculate the ice loads in the S-S direction. Due 14 

to the symmetry of the ice cone, the ice load in the S-S direction oscillates about zero 15 

(Fig. 13(b)). The corresponding spectra of the simulated ice loads (Fig. 13) are shown in 16 

Fig. 14. In the case of 0.1 m-thick ice, the dominant ice-breaking frequency is at 1.58 17 

Hz; while in the case of the ice thickness of 0.4 m and 0.8 m, there are multiple ice-18 

breaking events at the waterline with the dominant ice-breaking frequency between 0.15 19 

Hz and 0.6 Hz (Fig. 14(a)). For ice load in the S-S direction (Fig. 14(b)), there is no 20 

clear dominated breaking frequency in the case of 0.1 m-thick ice due to the non-21 

simultaneous failure. For ice thickness of 0.4 m, the ice load is dominated by frequency 22 

of 0.2 Hz. 23 
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The statistical properties of the wind turbine F-A bending moment at the mudline as a 1 

function of the ice thickness under both parked and operating conditions are shown in 2 

Table 7. Under the parked condition, both the mean and standard deviation of the 3 

bending moment increase significantly as the ice thickness increases. Under operating 4 

condition, there is relatively little change (less than 4%) in the response at smaller 5 

thicknesses (e.g., 0.1 m and 0.4 m) compared to the no-ice condition; this is because the 6 

wind load dominates the response of the OWT compared to the ice during operating 7 

condition. However, a large increase in the OWT response (approximately 15%) is 8 

shown at the larger thickness (0.8 m). 9 

The spectra of the wind turbine F-A bending moment at the mudline are shown in Fig. 10 

15. In parked condition (Fig. 15(a)), the second tower bending frequency is clearly 11 

shown in the responses for all different ice thicknesses. In case of 0.1 m-thick ice, first 12 

tower bending frequency is also identified; while ice-breaking frequencies are clearly 13 

shown in the case of 0.4 m and 0.8 m –thick ice. In operating condition with wind speed 14 

of 18 m/s (Fig. 15 (b)), first tower bending frequency is strongly dominant of the F-A 15 

bending moment response in case of 0.4 m-thick ice; ice-breaking frequency is the main 16 

excitation resource in case of 0.8 m ice thickness. Comparing the F-A bending moment 17 

under parked and operating conditions with the same ice conditions (e.g. ice drift speed 18 

0.3 m/s, ice thickness 0.1m), there is a reduction of the response at the first and second 19 

tower bending frequency due to the aerodynamic damping from rotating rotor.   20 

The statistical properties of the wind turbine S-S bending moment at the mudline as a 21 

function of the ice thickness under both parked and operating conditions are shown in 22 

Table 7. In parked condition, the vibration variation increases dramatically as ice 23 

thickness increases. In operating conditions, there is small effect on the mean value of 24 
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S-S bending moment due to ice loads because the mean value is dominated by the wind 1 

loads. However large increase of standard deviation of the response is induced by ice 2 

loads. This will increase the fatigue damage accumulation. 3 

Fig. 16 gives the spectra of the wind turbine S-S bending moment at the mudline. In 4 

parked condition (Fig. 16 (a)), the first and second tower bending frequencies are 5 

clearly shown with ice thickness of 0.1 m; in case of 0.4 m-thick ice, the ice breaking 6 

frequency dominates the bending response and the second tower bending frequency is 7 

also visible; in case of 0.8 m-thick ice, the S-S bending moment is dominated by second 8 

tower bending frequency. In operating conditions (Fig. 16 (b)), the tower bending 9 

frequencies are clearly shown in the case of ice thickness of 0.1 m; with 0.4 m-thick ice, 10 

first tower bending frequency is the main excitation source; the responses are dominated 11 

by second tower bending frequency with the largest ice thickness of 0.8 m. 12 

 13 

3.2.4 Effect of the ice drifting speed 14 

The influence of the ice drifting speed on the dynamic response of the wind turbine 15 

was studied in this section. An ice field with a constant thickness of 0.4 m with an ice 16 

drifting speed of 0.1, 0.3, and 0.5 m/s was considered under both parked and operating 17 

conditions (Table 8). This ice drifting speed range was suggested by the ISO standard 18 

for Baltic Sea (ISO19906, 2010). 19 

 20 

Table 8. LCs and statistic results of the responses with different ice drifting speeds.  21 

hi= 0.4 m. 22 

LCs  Vwind (m/s) Vi (m/s) Mean(kNm) Std(kNm) Max(kNm) 

    F-A S-S F-A S-S F-A S-S 

3.1 3.1a 0 0.1 -114 -17 2411 310 7527 9223 
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3.1b 0 0.3 -50 390 1855 2084 6758 8053 

3.1c 0 0.5 183 8 3759 3662 13426 12976 

3.2 

3.2a 18 0 38718 4734 510 212 39740 5295 

3.2b 18 0.1 40114 4730 1532 1829 47272 12958 

3.2b 18 0.3 40181 4779 2004 2665 49514 16862 

3.2d 18 0.5 40364 4736 2443 2991 49710 16404 

 1 

A 100-s time history of the calculated ice loads at the MSL in the F-A and S-S 2 

directions with different ice thicknesses is shown in Fig. 17. In our model, a dynamic 3 

bending failure load, Pf (Eq.10), which was deducted to take into account the loading 4 

rate effect arising from the ice wedge-water interaction (Tan et al., 2014), was used. The 5 

inertial effect of the ice wedge may cause ventilation phenomena (Lu et al, 2012). There 6 

is no significant increase in the mean ice loads with the different drifting speeds 7 

investigated in this work for Baltic Sea; however, a significant change in the ice-8 

breaking period due to the different drifting speeds is evident. This is because ice-9 

breaking period is inversely proportional to the ice drifting speed assuming constant ice 10 

breaking length. There is also a shift in the energy content from lower to higher 11 

frequencies in the spectra of the simulated ice loads at the MSL as ice drifting speed 12 

increases (Fig. 18). 13 

Table 8 shows the statistical results of the wind turbine F-A bending moment at the 14 

mudline as a function of the ice drifting speed under both parked and operating 15 

conditions. In parked condition, there is a small increase in the turbine response; 16 

however, a negligible drifting speed effect is found in operating conditions with ice 17 

drifting speed from 0.1 m/s to 0.5 m/s. Fig. 19 shows the spectra of the wind turbine F-18 

A bending moment at the mudline at different ice drifting speeds. In most cases, second 19 

tower bending frequency gives a rise to the F-A bending moment response. Ice breaking 20 
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frequencies can be identified at 3 m/s ice drifting speed under parked condition (Fig. 19 1 

(a)). In operating conditions with wind speed of 18 m/s (Fig. 19(b)), the responses are 2 

dominated by the first tower bending frequency at ice drifting speed of 0.1 m/s and 0.3 3 

m/s and by the second tower bending frequency at ice drifting speed of 0.5 m/s. Due to 4 

the aerodynamic damping, the F-A responses at the first and second tower frequencies 5 

under operating condition (wind speed of 18 m/s) are damped compared with the 6 

responses under parked condition.    7 

Table 8 compares the S-S bending moments at the mudline with different ice drifting 8 

speed in parked and operating conditions. For all the operating condition LCs with 9 

different wind speeds, the drifting speed has marginal effect on the mean values of the 10 

response. The standard deviation gradually increases as drifting speed increases. Largest 11 

increase can be found at 5 m/s drifting speed in both parked and operating conditions. 12 

Large effect of ice loads on the standard deviation of the S-S bending moment response 13 

will affect the fatigue damage.  14 

The spectra of the S-S bending moment at the mudline with different ice drifting 15 

speeds show a similar energy content as F-A response. Under the parked condition, the 16 

response is dominated by the first tower bending mode except the load case with 0.3 m/s 17 

ice drifting speed, where the ice breaking frequency is dominant. With wind speeds of 18 

18 m/s, the responses show a larger magnitude at first tower mode and second tower 19 

mode. 20 

 21 

3.2.5 Effect of the geometry of ice-breaking cone 22 

A parameter study was carried out to investigate the effect of different the inclination 23 

angle of the cone, (i.e., φ in Fig. 4: 45, 65, 80). The waterline diameter was kept at 8 24 
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m to guarantee the same contact panel area. The simulated ice loads in the horizontal 1 

direction are compared in Fig. 20. The ice load was found to be much higher for the 80 2 

cone where the ice interacted with a conical structure that was closest to 90. Due to the 3 

large inclination angle, the time series of the ice is continuously crushed rather than fail 4 

in bending; the corresponding loads are generally very large compared to bending 5 

failure mode loads and the forces always remain above zero (Barker et al., 2005). 6 

Further sensitivity study will be carried out to find the limit of the inclination angle, 7 

below which the bending failure is dominant.   8 

As shown in Table 9, there is a large increase in the mean and standard deviation of 9 

the F-A response as the inclination angle of the cone increases. Typically an 80º cone 10 

yields a much larger response in the OWT structure. Significant changes in the standard 11 

deviation of the S-S bending moment were also identified.  12 

Table 9. Statistical properties of the bending moments at the mudline at different 13 

inclination angle of the cone. hi = 0.4 m, Vi = 0.5 m/s, Vwind = 0 m/s, Dwl = 8 m. 14 

Inclination 
angle 

Mean(kNm) Std(kNm) Max(kNm) 

F-A S-S F-A S-S F-A S-S 

45 183 8 3759 3662 13426 12976 

65 2197 -49 7865 6002 29525 32888 

80 16441 283 12009 14625 58478 51807 

 15 

4. Conclusions 16 

 17 

In this study, a semi-empirical ice load model was implemented in the HAWC2 code 18 

using a coupled aero-hydro-servo-elastic time-domain simulation to investigate the 19 

influence of ice loads on a monopile-type offshore wind turbine with a downward ice-20 
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breaking cone. The ice model used in this study has been validated in previous studies 1 

for ships and a large cylindrical platform. A convergence study was performed to 2 

determine the proper time step and simulation length to obtain reliable response 3 

prediction. Coupled analyses were carried out considering wind loads and ice loads 4 

simultaneously. The results were compared to those from uncoupled analyses to 5 

investigate the importance of performing a coupled analysis. Only constant wind speed, 6 

uniform ice thickness and drifting speed are considered. Moreover, the effect of 7 

different ice properties and ice breaking cone geometry on the structural behavior of 8 

OWTs was investigated. 9 

The main conclusions are as follows： 10 

(1) Proposed numerical model can capture more dynamic effect of ice loading 11 

considering 3D effect of ice-monopile interaction and failure of load ice sheet.  12 

Based on the detailed local contact states, such as the ice edge geometries, 13 

the local contact speed, the local slope angle of the structure, et al, our numerical 14 

model consider the 3D effect of ice-monopile interaction and failure of local ice 15 

sheet, which induces a dynamic effect of ice loading. Such loading is also 16 

stochastic depending on the initial contact condition between the ice sheet and the 17 

monopile circumference at MSL. However, the ISO 19906 and IEC 61400-3 18 

standards formulae are based on the assumption that the simultaneous failure of 19 

the ice sheet occur at the contact area with a prescribed ice load models. They are 20 

2D models with less dynamic properties. Compared to the ice loads models from 21 

the IEC and ISO standards, the current model predicts a much larger maximum 22 

ice loads but with shorter time between peaks in the cyclic ice loads. More 23 

dynamic phenomena are captured for ice-structure interaction from our numerical 24 
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model. This will affect the fatigue damage accumulation in the wind turbine. The 1 

ice loads in S-S direction can also be simulated from the proposed model which 2 

is not predicted by the ice load models from these standards. The S-S loads may 3 

cause the S-S response in the same order of magnitude as the F-A response for a 4 

structure with a large diameter.  5 

(2) Ice loads can introduce significant vibrations in the structure.  6 

The ice loads produced by level ice moving at a constant drifting speed and 7 

with a constant thickness were considered and compared to wind loads produced 8 

by constant wind speeds. This study shows that the mean wind loads are larger 9 

than the mean ice loads for the wind and ice conditions considered at Baltic Sea 10 

(thickness of 0.4 m and speed of 0.5 m/s). However, the shear force response at 11 

the MSL will increase 12% due to ice loads with the specific condition (0.5 m/s 12 

drifting speed and 0.4 m thickness) compared with the only wind loads case (11.4 13 

m/s).  14 

(3) The thickness of ice has a significant effect on the response of OWT.  15 

For the ice thickness range investigated in this paper for the Baltic Sea (0.1 16 

m-0.8 m), the ice loads in the F-A direction increase significantly as the ice 17 

thickness increases. In case of 0.1 m–thick ice, the loading history is more 18 

random; in case of 0.4 m and 0.8 m –thick ice, the ice loads have a clear, regular, 19 

periodic saw-tooth-like pattern. This is because both non-simultaneous and 20 

simultaneous bending failures occur with 0.1 m-thick ice. The thickness of ice 21 

has more significant effect on the S-S bending moment response compared with 22 

the F-A response. The ice breaking frequencies were shown to dominate the 23 

OWT F-A bending moment response at larger thickness (0.4 m and 0.8 m). The 24 
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first- and second- order tower frequencies were clearly identified in the S-S 1 

bending moment response. 2 

(4) The effect of the drifting speed of ice is negligible on the response of OWT. 3 

For the ice drifting speed range investigated in this paper for the Baltic Sea 4 

(0.1 m/s-0.5 m/s), there is no large difference in the ice loads in the F-A direction 5 

as the ice drifting speed increases. A negligible drifting speed effect is found on 6 

the bending moment response in the F-A direction. But there is a significant 7 

change in the ice-breaking frequency. The variation of the S-S resonant response 8 

increases significantly as the drifting speed increases. First tower bending 9 

frequency dominants the bending moment response in S-S direction. 10 

(5) The responses of OWT will increase as the inclination angle of cone increases. 11 

There is a large increase in the mean and standard deviation of the F-A 12 

response as the inclination angle of the cone increases. Ice-breaking cone can 13 

reduce the ice loads significantly by changing the failure mode from crushing to 14 

bending. However, wave loads will increase due to the larger waterline diameter 15 

compared with the cylindrical monopile. For a wave condition at Gulf of Bothnia 16 

with 50-year ice-time-included Hs of 8.123 m and Tp of 12.0 s, the estimated 17 

maximum wave load increases from 2273 kN for a conical structure to 2502 kN 18 

for a vertical cylinder. This value is comparable to the maximum ice load under 19 

conditions in Baltic Sea (e.g. 0.8 m-thick ice with drifting speed of 0.5 m/s). 20 

Further optimization of cone geometry is necessary to compensate the increased 21 

wave loads according to local joint metocean conditions of wind, wave and ice. 22 

The values for the empirical parameters in the ice load model used in this study are 23 

based on experiences from ice load on ships. Further sensitivity studies and validation 24 
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against model tests will be performed for the conical waterline of the wind turbine. The 1 

influence of the ice load on the fatigue of the offshore wind turbine will also be 2 

investigated. 3 
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Figure Captions 

 
Fig. 1. Monopile wind turbine with ice-breaking cone. 

 

 

 
Fig. 2. Interaction between a sloping structure and level ice (reproduced from ISO 

(2010)). 

 
Fig. 3. Modeling of the structural geometry at the MSL. 
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(a) 

 

(b) 

 
(c) 

 
(d) 

Fig. 4. (a) Local contact zone and coordinate system. (b) Contact force on the structure 
on n-z plane. (c) Velocity decomposition on A-A section. (d) Local contact forces on the 
structure on 1-τ plane (reproduced from (Tan et al., 2014)). 
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Fig. 5. Two cases of ice contact geometry (Su et al., 2010). 

 
 

 
Fig. 6. Example of ice-breaking pattern. 

  
 
 

  
Fig. 7. IEC sawtooth ice load model (IEC 61400-3, 2009). 
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 Fig. 8. Coupling between the HAWC2 WT model and the ice-breaking model. 
 
 
 

  
Fig. 9. Time series of the ice loads in the F-A direction at the MSL. hi = 0.4 m, Vi = 0.5 

m/s, Vwind = 11.4 m/s, Dwl = 8 m. 
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Fig. 10. Statistical properties of the ice loads shown in Fig. 9. hi = 0.4 m, Vi = 0.5 m/s, 

Vwind = 11.4 m/s, Dwl = 8 m. 

 
Fig. 11. Time series of the shear force response in F-A direction at the MSL. hi = 0.4 m, 

Vi = 0.5 m/s, Vwind = 11.4 m/s, Dwl = 8 m. 
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Fig. 12. Comparison of the shear force in F-A direction at the MSL under various load 

conditions. hi = 0.4 m, Vi = 0.5 m/s, Vwind = 11.4 m/s, Dwl = 8 m. 
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(a)                                    

 
 (b) 

Fig. 13. Time series of the simulated ice load at the MSL with different ice thicknesses: 

(a) ice load in the F-A direction, (b) ice load in the S-S direction. Vi = 0.3 m/s. 

 
  (a)                                  
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 (b) 

Fig. 14. Spectra of the simulated ice load at the MSL with different ice thicknesses: (a) 

ice load in the F-A direction, (b) ice load in the S-S direction. Vi = 0.3 m/s. 

 
(a) 
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(b)  

Fig. 15. Spectra of the wind turbine F-A bending moment at the mudline with different 

ice thicknesses under parked and operating conditions: (a) wind speed=0 m/s; (b) wind 

speed=18 m/s. Vi = 0.3 m/s. 

 

    



51 
 

(a)                           

 
 (b) 

Fig. 16. Spectra of the wind turbine S-S bending moment at the mudline with different 

ice thicknesses under parked and operating conditions: (a) wind speed=0 m/s; (b) wind 

speed=18 m/s. Vi = 0.3 m/s. 
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(a)                                   

 
 (b) 

Fig. 17. Time series of the simulated ice load at the MSL with different ice drifting 

speeds: (a) ice load in the F-A direction; (b) ice load in the S-S direction. hi = 0.4 m. 
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(a)                                   

 
 (b) 

Fig. 18. Spectra of the simulated ice load at the MSL with different ice drifting speeds: 

(a) ice load in the F-A direction; (b) ice load in the S-S direction. hi = 0.4 m. 
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(a)                                   

 
 (b)                                   

Fig. 19. Spectra of the wind turbine F-A bending moment at the mudline with different 

ice drifting speeds: (a) wind speed=0 m/s; (b) wind speed=18 m/s. hi = 0.4 m. 
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(b) 



56 
 

 
(c) 

Fig. 20. Time series of the simulated ice load in the F-A direction at the MSL with 

different inclination angles of the cone. hi = 0.4 m, Vi = 0.5 m/s, Vwind = 0 m/s, Dwl = 8 m. 

 
 
 
 
 
 
 
 


