RESEARCH MEMO FOR DESIGN BASIS FOR ICE FORCES AT THE
MIDDELGRUNDEN
Non-authorised translation by Rambøll, January 2000
1.

INTRODUCTION

On behalf of SEAS, Helge Gravesen of Carl Bro has initiated a research of ice forces
concerning preparation of design basis for the project regarding wind turbines at the
Middelgrunden.
The research group consists of:
Helge Gravesen, Carl Bro A/S
Carsten Sørensen, RAMBØLL
N.-E. Ottesen Hansen, LIC Engineering A/S.
The research memo has been prepared within a limited time based upon the research
group's existing knowledge on the basis of a draft from Carl Bro at an initial meeting 26
August 1999. The memo contains both comments and recommendations. The memo is
primarily based upon a draft prepared by N.-E. Ottesen Hansen. Supplements and
corrections are incorporated by Helge Gravesen, partly on the basis of comments from
Carsten Sørensen and partly on the basis of a union meeting held 15 September 1999 at
the premises of Carl Bro with participation of the research group and the following:
Lars Jørgensen and Per Vølund, SEAS
Sten Frandsen and Morten Lybech Thøgersen, Risø
René Zorn, DHI
Jørgen Pinholt, Elsamprojekt
Simon Green and Claus Gormsen, Niras
Torben Arnbjerg Nielsen, RAMBØLL
Jeppe Blak Nielsen, Carl Bro.
To the largest possible extent general demands to wind turbines in inner Danish waters
have been worded.

J.nr. BG406630

Page 1 / 14

2.

SYMBOLS

Uis

cD


velocity of the ice floes (m/s)
shear tension on ice floe from air or water (pa)
drag coefficient on ice floe (= 0,004 and 0,006 for air and water, respectively) (-)
density of water and air, respectively (kg/m3)/auxiliary parameter for ice load
evaluation
water velocity 1 m below water surface or wind velocity at a height of 10 m (m/s)
compressive strength of the ice (pa)
bending strength og the ice (pa)
thickness of the ice (m)
the total of the 24-hour mean of the frost period (<0°C)
density of the ice (900 kg/m3)
bulk density of the ice (8.84 kN/m3)
bulk density of the water (=wg) (N/m3)
acceleration due to gravity (9.81 m/m2)
elasticity module of the ice (2 GPa)
friction coefficient (-)
ice load (N)
dimensionless factor on the ice load depending on the D/t ratio
diameter of the structure at the attack height of the ice, respectively the diameter
of the conic structure at the water level line (m)
diameter at the top of the conic structure (m)
the angle with horizontal on the conic structure (°)
the eigenfrequency of the structure (s-1)
length of fissures in the ice (m)
Poisson's ratio (-)
local ice load (pa) on small area Alokal
small area on the structure exposed to local ice load (m2)
the frequency of the ice load (s-1)

V
cu
f
t
Kmax
is
Yis
w
g
E
µ
F
k
D
DT

fn
L

c,lokal
Alokal
fis
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3.

DIMENSIONING FACTORS

In connection with the establishment of a wind farm a design basis will be prepared for
ice loads.
The wind turbines are expected to have foundations with either vertical sides or being
issued with a cone (directed upwards or downwards). Design basis shall comprise all
these types. Ice load is not defined for structures dominated by fatigue loads.
In the design basis rules are to be specified for the following:
–
–
–
–
–

4.

The strength of the ice
The friction between ice and turbine foundation
The static load on the turbine foundation from ice floes
The dynamic load on the turbine foundation from ice floes
The load from icing up.

ICE FLOES

Ice loads on a structure result from the ice bumping against the structure or by the ice
being pressed against the structure as a result of influence from current and wind. Thus
there is an upper limit for the amount of ice loads, which may arise in the Øresund
depending on forces of nature and the geography. The upper limit for the influences
depend on:
a) The kinetic energy of the ice floes
b) Current and wind in the area
c) The size of the ice floes
The limit for the ice forces are evaluated by:
1. Maximum size of ice floe 2  2 km
2. Maximum current velocities and distributions of current velocities determinated for
the area. It is assumed that the current line at the Drogden course is approx. twice the
size of the current over the Middelgrunden. In connection with bid Uis = 1.0 m/s is
estimated, since no correlation with wind is assumed
3. Wind and current load on ice floes are calculated on the basis of the formula:
 = 0.5 cD  V2
where cD = 0.004 and 0.006 for air and water, respectively
 = density of water and air, respectively
V = water velocity 1 m below the water surface or wind velocity at a height of 10 m,
respectively.
The ice floes are assumed to have a shape so that the force initially is transferred to one
wind turbine. As the ice floe is broken by a wind turbine, this will eventually come into
contact with others.
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As the basis for the above it may be noted that floes with a diameter of 500-2000 m and a
thickness of up to 50 cm were observed in the waters opposite the Prøvestenen on a few
days during the winter 1995/96. During the winter 1996/97 ice floes with a diameter of up
to 20 m and a thickness of up to 5 cm were observed. SOK (1996 and 1997).

5.

THE STRENGTH AND THE THICKNESS OF THE ICE

In the Øresundskonsortiet's Contract No. 2, Dredging & Reclamation, the following
dimensioning ice thickness is stated in Design Requirement:
Recurrence period

5 years

10 years

50 years

t(m)

0.33

0.42

0.57

It is suggested to use the same basis for the Middelgrunden.
In the Elsam Project EFP-96 report about wind turbine foundations at sea the following
strength parameters for the ice at a 50 years' ice situation at Rødsand are stated:
Compressive strength of the ice, u

1.65 MpPa

Bending strength of the ice, f

0.36 Mpa

It is suggested to use values for ice parameters approx. corresponding to those used by the
Øresundskonsortiet for foundations for wind turbines situated at the Belts or further down
towards the Baltic Sea, as these values are the newest for the area:
Return period

5 years

10 years

50 years

100 years

10,000 years

Kmax (-°C 24 hours)

170

245

410

480

960

u (Mpa)

1.0

1.5

1.9

2.0

2.6

f (Mpa)

0.25

0.39

0.50

0.53

0.69

t (m)

0.33

0.42

0.57

0.63

0.91

where
u = the thickness of the ice
f = the bending strength of the ice
t = thickness of the ice = 0.032 (0.9 Kmax –50)0.5
Kmax = the total of the 24 hours mean degree in the frost period (<0°C)
Other ice parameters:
Density of the ice, is
Unit weight, Yis
Elasticity module, E
Friction coefficient between
ice and ice is estimated to, µ
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The 10,000 years' situation is included in case the ice load is treated as an accident load
(without partial coefficients) and not as a natural load with characteristic parameters and
appurtenant partial coefficients.

6.

STATIC ICE LOADS

6.1

Structure with vertical sides

For determination of the ice load (crushing) on the wind turbines the application formulas
stated in DS 410 for vertical structures are suggested. Structures are assumed to have
vertical sides, the angle of which is less than 20°.
F = kuDt
F
k
u
D
t

(6.2)

:
:
:
:
:

Horizontal ice force
Dimensionless factor depending on the D/t ratio
The compressive strength of the ice
Diameter of the structure at the attack height of the ice
Thickness of the ice

k = 1 + 3/(1 + D/t) for wind turbine foundations (with D/t < 9).
The above-mentioned formula originates from Tryde (1983).
6.2

Conic structures

For determination of the ice force (upbending ice, incl. share from crushing and ride-up)
on the wind turbines the Ralston's formula for conic structures is used (API, Bul. 2N,
1995).
For an upward structure, see figure 1, the following formulas are used:
FH = [A1ft2 + A2wg t D2 + A3wg t (D2-DT2)]A4

(6.2)

Fv = B1FH 0 B2wg t (D2-DT2)

(6.3)

FH
FV
w=wg
µ
f
t
D
DT
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:
:
:
:
:
:
:
:
:

Horizontal force on the conic structure
Vertical force on the conic structure
Unit weight of water
Friction coefficient between ice and structure
Bending strength of the ice
Thickness of the ice
Diameter of the conic structure in the water level line
Diameter at the top of the conic structure
Angle with horizontal on the conic structure
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Figure 1. Ice floes pushed towards conic (upward) structure
The dimensionless coefficients, A1, A2, A3, A4, B1, and B2 are found from the figures in
Enclosure 1. Often it will be more practical to use an auxiliary parameter  defined as a
solution to the equation, cf. Thunbo Christensen (1988)
 - ln() + 0.0830 (2 + 1) ( - 1)2 (wD2/ft)

(6.4)

Thus, A1 and A2 may be found analytically as
A1 = (1 + 2.711 ln())/(3( - 1))

(6.5)

A2 = 0.075 (2 +  - 2)

(6.6)

The correlation between  and (wD2/ft) is also shown on a figure in Enclosure 1.
If the conic structure is very steep ( > 70°) the formulas (6.3) and (6.4) may be applied.
For a downward conic structure the formulas (6.3) and (6.4) may be applied with the
correction that A2, A3, and B2, read for an upward conic structure, are all multiplied by
1/9.
An attack point for the ice force is assumed between water level and 0.8  ice thickness
below the water level for a vertical construction. For an upward cone an attack point is
estimated at the water level. For a downward cone an attack point 0.8  ice thickness
below the water level is estimated.
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7.

DYNAMIC LOADS

7.1

Vertical walls

It is suggested to use the method from LIC Engineering (1997).
By ice drift both dynamic and static influences arise. The natural vibrations of the
structure will influence the breaking frequency of the ice, especially for structures with
vertical sides, so that it is tuned to the eigenfrequency (lock-in). This means that the
structure is influenced to vibrations in its eigenfrequency forms.
A conservative method for analysis of these vibrations is as follows.
The criterion for tuning is (cf. Singh et al (1990)):
Uis/t fn > 0.3
Uis
t
fn

:
:
:

(7.1)
The velocity of the ice floe
The thickness of the ice
The eigenfrequency of the structure

The load is applied as a serrate profile, see figure 2, where the maximum value is the
static, horizontal ice load. After crushing of the ice the load is reduced to 20% of the
maximum load. The load is applied with a frequency corresponding to the eigenfrequency
of the structure. All eigenfrequencies fulfilling the tuning criterion shall be gone over.

Figure 2. Serrate load profile
All subduing contributions in the structure are taken into account. Generalized
contributions to be anticipated. Extra subduing as a consequence of the upfolding of the
ice floes may be included if documentation therefore is available.
7.2

Conic structures

For conic structures the breaking frequency of the ice shall be calculated independent of
the natural vibration of the structure. For all structures still applies that the frequency of
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the ice load must not be close to the eigenfrequency of the structure / that the
eigenfrequency of the structure must be minimum 20% outside the load frequency area
for breaking ice.
The frequency from the ice load, fis, may be determined as
fis = Uis/L

(7.2)

where
Uis is the velocity of the ice floe
L is the length of fissures in the ice
L is determined as
L =  D/2

(7.3)

where
D is the diameter of the cone at the water surface
 is determined from Enclosure 1, where  is given as function of (YwD2/ft)
f = the bending strength of the ice
t = the thickness of the ice
The force is applied from the same assumed simplified model as shown in Figure 2
despite the breaking mechanism differs totally for conic structures compared to vertical
structures.
The question regarding what is the best estimation for the length of the fissures and
whether this changes from static to dynamic load case has been the subject of quite of few
discussions.
Thunbo Christensen (1989) states
L = (0.5 E t3/(12w(1-v2)))0.25

(7.4)

This is also stated by Clough & Vinson (199x). In Tsinker (1991) Blanchet et al (1989)
are quoted for the fact that the block typically is 4-5 times t.
Izumiyama et al (1991) quotes Tatinclaux (1986) for the following expression:
L/t = 0.26 – 0.54 (t/wt)0.5

(7.5)

The fact that the velocity of the ice floe is included in the calculation expression for the
length of the fissures is missing.
Carsten Sørensen has used a previous model for wedge-shaped structures (Sørensen,
1978), in which the velocity of the ice floe is included, for comparison of Ralston's
(static) calculation with a wedge of approximately the same geometry, see Enclosure 2. It
appears from the example that the dynamic calculation gives fissure lengths of 40% of
Ralston's static calculation corresponding to a frequency of ice bumps of approx. 0.13 Hz.
It must be concluded that relatively wide limit of frequencies be assumed in order to give
a safe design.
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8.

LOAD ON THE FOUNDATION FROM FROZEN ICE

In case the ice freezes on to the foundation a change of the water level will cause a
vertical force on the pile.
The adhesion strength by shear breach for sea ice may be estimated to 0 < 0.1 Mpa for
structures of wood, steel, or concrete. The values correspond to an upper limit for the
load.
Adhesion will appear only during quiet periods with neap tide.
It should be investigated whether the surrounding ice is able to absorb the force arisen in
bending.
Values may be found in the literature Nakazawa et al (1994), Terashime et al (1999), and
Tsinker (1991).

9.

FRICTION ICE/WIND TURBINE FOUNDATION

The decisive factor for the friction between ice and wind turbines is the marine fouling on
the wind turbines. A heavy fouling consisting of acorn barnacles and mussels increases
the friction while a soft fouling consisting of plants does not increase the water resistance
of the structure.
There will be sparse fouling of acorn barnacles below the ripple zone (lowest water level
plus wave amplitude). Regarding ice forces the roughness from acorn barnacles is thus
not taken into account. This means that normal roughness for concrete or steel will be
used in the area where the ice attacks.
The value for friction coefficients is presented in for instance Nakazava et al, 1994.
By investigation of bridge piers and some of our own structures the hard marine fouling –
acorn barnacles and mussels – appear below the ripple zone at low water. Some
individuals may occur at the border but they will not contribute to a rough surface.
Besides, the few individuals that have settled at the water line are expected to be scoured
off during building-up of an ice cover.
The following friction coefficients are used by calculation of ice forces.
Static:

steel/ice: 0.2
concrete/ice: 0.3

Dynamic: steel/ice: 0.1
steel/concrete: 0.2
Marine fouling may be ignored.
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The friction coefficients may be reduced if special covers are used, for which friction
coefficients are given. The covers shall be of a nature so that at least they can be kept
intact during an entire hard winter.

10.

LOCAL ICE PRESSURE

The expression recommended by Thunbo Christensen et al (1995) is used:
c,lokal = c(5t2/Alokal + 1)0.5
assuming that c,lokal < 20 Mpa
At the same time the maximum load must be exceeded.

11.

RAISING OF ICE

For a situation with a recurrence period of 50 years dimensioning for raising of ice to a
minimum of level +7 m shall be used. Partial coefficient with earth pressure at rest from a
large-grained mass with specific gravity 6 kN/m3 should not be included.

12.

ICING UP OF TURBINE TOWER

Norwegian standards state the following two load cases for icing up corresponding to 56°
N latitude:
– spray from waves
ice thickness max. 80 mm
– rain/snow
ice thickness max. 10 mm
It is estimated that icing up is not a critical load case.

13.
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ENCLOSURE 1
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ENCLOSURE 2

Comparison of sundry formula expressions
A.

CALCULATION ASSUMPTIONS

Structure with leaning front – Cone, cone angle = 45°, diameter = 8 m, tower diameter =
2 m.
Ice parameters: ro = 1250 kN, rf = 500 kN, h = 0.64m, velocity of floe u = 1 m/sec,
friction factor = 0.2, crushing contact factor k = 0.7.

B.

CALCULATION RESULTS

Load case
Component

method
ref. 1
ref. 2
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Horizontal ice movement
horizontal
ice load
(kN)

vertical ice
load
(kN)

ice breach,
length
(m)

ice bump
frequency
(Hz)

750
640

-680
-520

7.9
3.1

0.13
0.32

Vertical ice
movement
vertical ice
load
(kN)
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Paper POAC No. 135

ENGINEERING PRACTICE FOR ICE FORCE DESIGN IN DENMARK
N.-E. Ottesen Hansen1), Director, Ph.D. and Helge Gravesen, Chief Consultant2)
1) LICengineering A/S, Copenhagen, Denmark
2) Carl Bro A/S, Copenhagen, Denmark
ABSTRACT
Ice loading on structures in the inner Danish seas and in the Danish straits is decisive loads for
the structures such as lighthouses or wind turbines. To reduce the loading ice-cones are used.
This, however, increases wave loading. Optimum shapes can be reached by analysis. Both loads
are dynamic with a considerable dynamic amplification. The dynamic amplification is decisive
for the response. For the constricted Danish waters it is shown that there is an upper limit for ice
forces due to limitations in fetch. Examples of design and trends are presented.
INTRODUCTION
The Kingdom of Denmark comprises the areas of Denmark proper, the Faroe Islands, and
Greenland. The three areas are very different when coming to ice forces on civil structures.
Denmark proper typically has its straits and seas ice covered every 4 years on a long term average
basis. Design ice thicknesses vary between 0.6m-0.9m, whereas Greenland experiences both
polar ice and very large icebergs. The Faroe Islands situated in the Mid Atlantic has deep water
and no ice cover in winter.
There is no uniform Code of Practice for Ice loads for the country. For Denmark proper 2 (two)
pages are devoted to the subject in the Danish Standard 410 “Code of Practice for Loads for the
Design of Structures”, 1998 edition.
This part of the Code of Practice is old and primitive. It has not been revised for many years and
only used for small and simple structures. For important structures where the ice-loads may be
decisive such as bridges, lighthouses or offshore wind turbines special design bases for ice loads
have been prepared. For example a uniform design basis for the offshore wind farms are under
preparation at the moment because there is a considerable wave loading too in the Danish seas

which means that optimising for one type of loading may increase for other type of loading. This
development has resulted in a demand for more accurate ice forcing predictions.
The present paper will describe the solution and developments peculiar to the Danish Waters.
Further, the Greenland waters will be briefly considered.
THE WATERS OF DENMARK PROPER
Denmark Proper is the bottleneck between the Baltic Sea and the North Sea. In the south it is
dominated by the Danish Straits and in the north by the inner Danish sea - the Kattegat. The
straits and the seas are rather shallow in large areas (few metres) whereas the deeper parts in the
more open areas are 20m-30m. There are narrow channels or areas with up to 60m water depth.
The water exchange is mainly driven by the passing low pressure systems. They have a typical
period of one week. This leads to current velocities in the order 0.5 m/s – 1 m/s. In some narrows
these currents are even higher. Tidal range is small and only accounts for a small part of the water
exchange. This produces a typical estuarine system with saltwater wedges and density front with
occasional upwelling. This means that the salinity varies between salinity of the Western Baltic
of 8-9 ppt and that of the North Sea of 30 ppt.
The North Sea never freezes due to the depth, higher salinity and higher temperature, neither do
the Central and Western Baltic freeze in even the coldest winters in spite of the brackish water.
The reason is the relatively large water depth. A cold winter is not sufficient to cool down the
water column such that ice can be formed.
On the other hand, the inner Danish Seas and the Danish Straits freeze in cold winters due to the
shallow water even though the salinity areas may be rather high. The freezing begins in the most
shallow and most brackish of the bights and inlets. From there it spreads to the more open areas.
It is simply a matter of cooling down the water column.
Due to the exchange flows back and forth the ice is broken up into floes. The largest observed
floes have been 2 km by 2 km. It is the kinetic energy of these floes which decides the
development of the response of the ice loading.
THE DANISH CODE OF PRACTICE
The Danish Standard DS 410 “Code of Practice for Loads for the Design of Structures 1998 ed.
comprises two pages of physical parameters etc. for the Danish Sea Ice Forces. These two pages
were drafted in 1970 and have been quoted in all later editions. The ice parameters are due to
Tryde, 1983.
The Danish Code of Practice published by the Danish Engineering Association (1982), prescribes
ice loads in a relatively simple way. In short, horizontal loads from pack ice are found from:

F = kσudh

(1)

in which σu is the crushing strength, h the thickness of the ice, d the width of the structure, and k
is an aspect ratio factor. The aspect ratio factor is given as:
k = 1+3/(1+d/h)
k = 1.75-0.05 d/h
k = 1.00

(2)

for
d/h ≤ 9
for 9 ≤ d/h ≤ 15
for 15≤ d/h

The recommended values of strength and thickness are 1.25 MPa and 0.6 metres respectively,
corresponding to an exceedance probability of 0.02 per year. The resulting load is considered a
live load.
This simple standard has several shortcomings, the lack of a size effects being the most
conspicuous.
Another shortcoming it is well known from lighthouse that the ice loads are dynamical and have
a tendency to lock in with the eigenfrequency of the structure.
A final shortcoming was the use of the ice force as normal live load with a probability of
occurrence of 0.02 per year. Investigating the extreme load distributions corresponding to longer
return periods and adjusting the safety factors accordingly it turned out that applying the ice loads
in the Accidental Limit State i.e. with probabilities of the order 10-4 per year actually decides the
design. Hence, a better extreme statistics for ice forces was needed..
THE BRIDGES CROSSING THE STRAITS
The shortcomings in the Danish Code of Practice described above were recognised in connection
with the construction of the strait crossings the late 1980’ties and 90’ties.
The following improvements were made in the procedure for determining ice forces:
-

A systematic long term statistic for the ice strength was made by including the more than
100 yrs record for the accumulated freezing degree days (Celcius).

-

Systematic model testing with ice loads on bridge piers.

-

Model testing with ice loads on elastic mounted bridge piers to determine lock-in between
ice break-up and response of bridge.

For the ice strength this resulted in the values of Table 1.

Table 1 Design values for ice loads, K, is the accumulated freezing degree days, σu the crushing
strength of the ice, σf the flexural strength and t the ice thickness, Gravesen 2001.
Return Period
Kmax (-0C day)
σu (Mpa)
σf (Mpa)
t (m)

5 yr.
170
1.0
0.25
0.33

10 yr.
245
1.5
0.39
0.42

50 yr.
410
1.9
0.50
0.57

100 yr.
480
2.0
0.53
0.63

10.000 yr.
960
2.6
0.69
0.91

The above table is the latest revision compared with earlier published values for instance,
Christensen et al, 1989. The value of the ice breaking strength reflects the spread salinity and
temperature conditions in the Danish waters.
The ice loading on the bridge piers were determined by model tests comprising both rigid and
elastically mounted models. They gave information on the steady state loading, dynamic loading
and the response to dynamic loading including the lock-in phenomena. Results of these tests are
published in for instance Christensen et al 1989 and Christensen and Klinting 1982.
In general the decisive design force level on the bridge piers were not decided by the ice but by
the impact loads from stray ships. Only bridge piers far away from the navigations routes were
decided by ice loads.
Due to this no efforts were made to reduce the ice forces on the piers. The bridge piers were
constructed with vertical sides.
It was found that the maximum forces were caused by buckling of the ice due to the vertical sides
and to the large width of the bridge piers (actually the bridge pier comprised two wall shaped
columns). The force had a distinct steady state component and a distinct dynamic component.
The latter could lock in to the eigenfrequency of the foundation resulting in a growing response
for each cycle.
The highest forces would come from drifting ice floes, which due to the limitations in current
velocity did not have an infinite energy. Due to the many bridge piers an ice flow would be
quickly stopped when encountering the bridge. Hence, there is a limit to the dynamic growth of
the response. This was an important discovery. The principle is described later in the paper.
LIGHT TOWERS
To mark the international shipping routes through the Danish Straits long rows of light towers are
used. Some ships unfortunately have a tendency to ram these light towers from time to time. The
old lighthouse design has a concrete caisson foundation. Ships hitting this caisson will be
damaged. Some ships have actually sunk in recent years because their hull was ripped open when

encountering these concrete caissons. The risk for oil spill or chemical spill in the narrow seas is
thus large due to this type of structure.
This has led to another design where the foundation of the lighthouse comprises a shear link
which would yield during a ship impact without rupturing the hull of the ship, whereas it should
sustain normal ice loading without yielding. This has put an increased demand on the accuracy of
predicting ice forces and especially on reducing them. An example of such a structure is shown in
Fig. 1. It shows the light tower W-26 in the Great Belt in 18 m of water depth. The ice cone
reduces the ice loads but increases the wave loads instead. The light tower under water is a truss
structure.

Fig. 1 Light tower W-26 with ice-cone. Access ladder expected to be sheared off in heavy
ice.

The ice cone can be used with advantage because the tidal ranges in the inner Danish Seas are
very small. Large water level differences will come with storms. But they are not associated with
thick ice cover. This means that the force always can be expected to act on the cone. The ice
loading has been determined by Ralstons formula, API 1995. The loading, however, has been
divided in a steady state component and a dynamic component, Fig. 4. The dynamic actually
decides the design.
OFFSHORE WIND TURBINES
Denmark has a very ambitious plan for the establishing of offshore wind farms in order to
increase renewable power production. The plan is to install 160 MW per year the next 25 years
such that the total power generation by this source will reach 4000 MW in year 2030, Olsen,
2001.
Two offshore wind farms already exist for small wind turbines in the 0.5 MW class for each
turbine. In these wind farms the ice loading is dominant. It is reduced by application of ice-cones,
Fig. 2.

Fig. 2 Offshore wind farm with 0.5 MW wind turbine furnished with ice cones. Tunoe Knob
Denmark.

This technology has been developed steadily such that the typical offshore wind turbine now has
grown to 2 MW. This is a far larger wind turbine than the 0.5 MW. The increased size has
resulted in the use of the inverse ice cones, Fig. 3.
The ice loading is reduced with the inverse cones but due to the open seas the wave loading is
increased compared with a turbine without cone.
Since both these forces lead to dynamical amplifications of the foundation response it is of
interest to optimise the cone such that the response becomes as small as possible in order to
obtain the most economical structure.
A committee established by the Danish Energy Agency (under the Danish Ministry of
Environment and Energy) has issued a draft for a Recommendation Approval for Offshore Wind
Turbines, 4. draft January 2001, where ice loading receives a similar detailing as the API RP 2N

Fig. 3 Offshore wind farm with 2.0 MW wind turbines with inverse ice cones. Middelgrunden, Copenhagen, Denmark.

of 1995, but with the following detail special for the Danish application:
•
•
•

Simultaneously wind, ice and current situations are defined.
The response of the foundations are dynamical in nature. Forcing and damping ratios are
defined.
The response of the foundation is limited by current velocity and ice flow size.

Together with definitions on ice flow break-up length and current velocities the response of the
foundation can be found.
Due to the limited fetch and the limited current velocities the Recommended Practice for Wind
Turbine defines an upper limit for loading on structures by the following statement:
Ice forces on a structure occur by ice floes ramming into the structure or by ice being pressed up
against the structure due to the action of current and wind. Hence, there is an upper limit for how
large ice forces can be generated in a strait or inner sea. The upper limit for the forces depends on

Fig. 4 Specified loading for a structure with ice cone.
1. The greatest ice floe is 2 km x 2 km.
2. The maximum currents and maximum current distributions for the area.
For the Danish seas the current and wind shall be assumed uncorrelated. The ice floes shall be
assumed having a form such that the forces initially are transferred to one wind turbine (or one
bridge pier). During the impact the ice flow will come into contact with more and more
foundations, eventually bringing the ice flow to a stop.

Wind and current forces on ice floes are calculated by the formula

τ=

(3)

1
C D ρV 2
2

in which
CD = 0,004 and 0,006 for wind and current respectively.
ρ = mass of air and water, respectively
V = Velocity of water 1 m underneath the water surface or wind velocity in a height of 10 m.
GREENLAND
The ice loads critical to offshore structures in the waters of Greenland are due to impact from
icebergs, pack ice and permanent ice cover.
Icebergs are produced from glaciers along the coasts of Greenland. The large icebergs are
produced along the entire length of the east coast and in some locations along the west.
West Greenland is the habited part of the island. The ice cover here consists of first year ice. It
normally reaches its maximum extent at the end of March, where the ice covers nearly all Davis
Strait and the Baffin Bay. In late summer both areas are ice free. Typical iceberg sizes and icethickness are presented in Table 2.
Table 2

Iceberg size West Coast of Greenland. Probability for collision per months.

Location of W.
Coast

Water depth
m

Max. Iceberg
mill. tonnes

650
670

90
200

3
15

Probability of
collision pr.
month
0.05
0.06

Max. ice cover
m
0.5
1.0

Due to the extreme conditions a Code of Practice for Offshore Structures has not yet been
established for the Greenland area.
RESEARCH REQUIREMENTS
Research concerning ice loading has been virtually dormant since the construction of the Great
Strait Crossings. The establishing of the large scale wind farms, however, has triggered plans for
new research. The following research priorities have been established.
•
•

Lock-in phenomena between ice and foundation with and without ice cones.
Formation of ice ridges in offshore wind farms with many wind turbines due to back and
forward drifting of the ice.

•
•

Forces due to the formation of one year ice ridges.
Effect of shallow water.
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