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Prediction of the response from ice forces on a lighthouse structure

Background

An offshore lighthouse structure “Bjornklacken” located on the Swedish coastline in
the Gulf of Bothnia has failed due to excessive ice loading (Figure 1). Few details
have been quantified to figure out the reasons for overloading.

The aim of the present project is to develop a FE model of the lighthouse to back
calculate the level of ice forces that caused failure of the structure. The load levels
should be compared to modern design requirements for ice actions against offshore
structures. Key literature is listed in the reference list.
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Figure 1. Tower of Bjornklacken lighthouse broken winter 1969/1970 (Bjerkas,
2006).

Scope of work
Scope of work is divided in three parts:
e Numerical modelling of an offshore lighthouse structure with FE software
ABAQUS
e Quantification of the magnitude of static and dynamic structural response
e Comparison of the most common design codes for ice load prediction

1) Numerical modelling

The candidate will get structural drawings from Reinertsen AS to be used as the basis
for geometrical modelling. The concrete walls could preferably be modelled with
shell elements. Clear figures showing the geometry and dimensions of the structure



should be presented. A list of nodes and element types should also be presented. An
input file should be printed in appendix of the thesis.

2) Structural response analyses
Static and dynamic response of the lighthouse should be presented. Eigenfrequencies
should be tuned with adjusting total mass, stiffness and boundary conditions. Main
steps in analyses are:
e Present the 10 first eigenmodes of the structure
e Present load vs structural inclination at different levels in the structure (levels
given in drawings)

Reporting

A time schedule should be presented in written form at the second project meeting.
The thesis should be presented in written form, common rules of reporting technical
work should be met. The thesis should be presented orally at Reinertsen AS main
office.
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1 Introduction

1.1 General

Abundant natural resources and large unused areas encourages expansion in arctic and sub-arctic
areas, in spite of harsh conditions. In year 2000, the U.S. Geological Survey World Assessment
Team made an estimate of the total mean undiscovered oil and gas resources within the Arctic
Circle. They estimated that there was approximately 90 billion barrels of oil, 47 trillion cubic
metres of natural gas and 44 billion barrels of natural gas liquids still not discovered (USGS
2000). Exploitation of resources in sub-arctic and arctic areas makes accurate guidelines for
predicting the response of constructions exposed to extreme ice-loads necessary. Plans also
exists for the developement of large wind farms in the Baltic Sea, and these plans require similar
guidelines. Several design codes contain methods of calculation to predict ice loads, but the

accuracy of these methods are uncertain.

The JZ20-2 MUQ & MNW platform, located in the Bohai Bay in China, is shown in Figure 1.1.
Problems with dynamic ice response are common in the area, and a report by Yue and Bi (2001)

has revealed the JZ20-2 platform’s sensitivity to vibrations.

Similar problems has also been reported for the Lunskoye-A platform, shown in Figure 1.2.
The platform lies in the Sakhalin-II field near Sakhalin Island, off the east coast of Russia, and
experienced vibrations caused by ice action already in its first year of operation (Kérni et. al.
2007).

The Molikpaq platform, shown in Figure 1.3, has operated on several sites in the Beaufort Sea. In
spite of its wide base, the Molikpaq platform have experienced vibrations caused by ice actions.
Several studies have been carried out to analyse data on interaction between ice and structures
(Bjerkaas 2006).
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Figure 1.2: The Lunskoye-A platform in Figure 1.3: The Molikpaq platform in the
the Sakhalin II field (photo: Beaufort Sea (photo: Shell)
Shell)
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1.2 Ice loads

In sub-arctic areas, such as the Bothnian Bay, the sea is often covered in ice a large portion of
the year. This makes first-year ice features, which include level ice, rafted ice, ice floes etc. a
common problem. Ice action on vertical structures consists of both static and dynamic force
components. Static ice loads are often due to level ice continuously crushing against the struc-
ture. Calculation of static loads are made without regards to vibrations caused by ice-structure
interaction, and are dependent on factors such as the crushing strength of ice, ice thickness and

the dimensions of the structure.

Dynamic ice action includes ductile crushing, intermittent crushing and continuous crushing,
illustrated in Figure 1.4. When the ice acts with moderate speed on a structure, self-excited
vibrations may occur. Self-excited vibration, also known as frequency lock-in, leads to steady-
state vibrations in the structure. If a structure proves to be susceptible to self-excited vibrations,
dynamic analysis has to be carried out. Through dynamic analysis, the dynamic amplification of

the ice load can be determined.

Relative speed

Low High
Loading DuctileD (gl)lshing Intermittelnct )crushing Cont. érélshing
PAMAAMAMANS AR AMA SR s o i b
Response Quasi-static Steady-state Random stationary]
p ; Q2 mewmww : ®S)
e
Time Time Time

ul ol

Figure 1.4: Types of dynamic ice-structure interactions (Bjerkas 2006)

Different design codes provides different methods for applying dynamic ice action in an analysis.
Two forcing functions will be used for the purpose of dynamic analysis in this report: A sawtooth
forcing function and a harmonic forcing function. Closer description of these forcing functions

is given in Chapter 3.
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1.3 Scope of work

The scope of the present work includes the following main objectives:

e Make a numerical model of Bjornklacken lighthouse using the finite element software
package ABAQUS

e Perform modal analysis to determine the fundamental modes and the related modal prop-

erties for the structure

e Determine static and dynamic force components in accordance with the most commonly

used design codes

e Evaluate the magnitude of the predicted ice action calculated in accordance with the de-

sign codes and compare the results



2 Background

2.1 Bjornklacken Lighthouse

Bjornklacken and its twin lighthouse, Borussiaground, were installed in 1969. The twin light-
houses were installed of the coast of Sweden, far north in the Gulf Of Bothnia, to serve as
guidance along two fairways leading to the Lulea Harbour (Engelbrektson 1987). Their location
is shown in Figure 2.1 and 2.2. In this area the sea is covered by ice for as much as 100-150

days per year (Kullenberg 1981).

Both Bjornklacken and Borussiaground were constructed as pure gravity base structures. Bjorn-
klacken was approximately 20.9 m tall, and stood at approximately 7 m deep water. A sketch of
the lighthouse is shown in Figure 2.3. Due to the availability and price of iron ore at the time, the
lighthouses’ bases were filled with iron ore (Engelbrektsson 1987). During their first winter of
operation, both lighthouses were reported to shift along the seabed, indicating that the ice forces
acting on them had been underestimated. Bjornklacken was reported to have shifted 10 cm and

Borussiaground some cm (Bjork 1981).
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Figure 2.1: Map showing the location of Bjornklacken Lighthouse
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Figure 2.2: Detailed map of the location of Bjornklacken

To prevent further displacement, the lighthouses were equipped with pre-stressed post-tensioned
rock anchors. The rock anchors were drilled into bore holes below the centre tower, shown in
Figure 2.3. Each of the rock anchors consisted of seven 0.5 strands, and were post-tensioned

up to about 70% of the ultimate tensile strength (Engelbrektsson 1987).
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Figure 2.3: Bjornklacken with dimensions

On the 4th of April 1985, Bjornklacken was overloaded and the rock anchors broke. The light-
house was moved 17 meters from its bed by ice forces, and came to rest on a seabed incline,
shown in Figure 2.4. The winter the failure occured was very cold, with high ice growth and
large ice forces. Maximum ice thickness in the winter of 1984/85 was approximately 0.91 me-
ters, while the mean ice thickness for the period 1965-1995 was approximately 0.79 m. An
overview of yearly ice growth is shown in Figure 4.2.

High ice growth combined with strong, homogenous ice, severe wind speeds and the appearance

of a large ice floe was believed to be the cause of Bjornklacken’s failure (Engelbrektsson 1987).
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Bjornklacken’s resting position after failure is shown in Figure 2.4. In Figure 2.5, ice has piled
up against the lighthouse tower, causing a local increase in ice thickness. Figure 2.6 shows how

the drift ice has broken around the structure.

Figure 2.4: Bjornklacken, after failure in 1985 (Engelbrektson 1987)
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Figure 2.6: Bjornklacken ligthouse, view from SW (Engelbrektson 1987)
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In Figure 2.7 a timeline showing the main events in Bjornklackens lifetime is presented. While

in operation, no other incidents than the displacement in 1970 and the failure in 1985 occured.

1969
Bjornklacken and
Borussiaground are

stalled 1985
fstatie Rock anchors break.
1970 Bjornklacken is displaced
Lateral displacements reported, and collapses
pre-stressed rock anchors
-_— Y
1965 1970 1975 1980 1985 1990

Figure 2.7: The lifetime of Bjornklacken

2.2 Previous work

In 1985, shortly after the overloading of Bjornklacken, Fransson at the University of Lulea
and Engelbrektsson from VBB carried out a study project in which they investigated the event
(Engelbrektson 1987).

Based on numerical assumptions and observations from the site of failure, Engelbrektsson et.
al. argued that the failure had happened due to extreme ice forces that winter. The extreme ice
forces was a result of a combination of several factors. These included strong homogenous ice,

extremely thick ice around the lighthouse and rapid ice movement (Engelbrektsson 1987).

Engelbrektsson reported that ice, with a thickness as high as 1.4 - 1.5 meters, had been surround-
ing the lighthouse when the site had been inspected after failure. The rapid ice movement was
mainly due to high wind speeds, but was not included in any calculations in Engelbrektsson’s
report. It can be assumed that rapid ice movements were mentioned as an indicator that dynamic
effects may have occured. A large ice floe was also mentioned in Engelbrektsson’s work as a
contributing cause for the failure. Detailed calculations describing it’s influence, however, was

not included in their work.

Failure was assumed to have started with the tearing-off of the rock anchors caused by an over-
turning moment. The ultimate overturning moment that Bjornklacken could sustain was calcu-
lated to be 10.9 MN, based on a weight of 8.7 MN and the four pre-stressed rock anchors.

Figure 2.8 shows Bjornklackens position before and after the failure. The inclined position

11
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which can be observed i.a. in Figure 2.4, was due to the slope of the seabed at Bjornklackens

resting position.
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Figure 2.8: Bjornklacken in inclined position (Engelbrektsson 1987)

Ice loads have been the documented cause of failure for several other structures in arctic ar-
eas. Nygran lighthouse collapsed during the winter 1968/69 and the Vallinsgrund lighthouse
collapsed in April 1979. Both lighthouses were located in the Bothnian Bay and both failed as a
redult of excessive ice forces (Bjork 1981). A study is currently being performed by Lehmann

(2010) as his master thesis, studying the cause of Nygran lighthouse’s collapse.

Figure 2.9: Nygran lighthouse, collapsed in the winter 1968/69 (Bjerkaas 2006)
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3 Method

3.1 Ice Growth

Sea ice growth is mainly driven by air temperature and, to a varying extent, the thickness of
existing ice, snow thickness and wind. Air temperature measured at Lulea airport (SMHI 2010),

approximately 57 km from Bjornklacken, is shown in Figure 3.1.

20
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-20
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-30

_40 1 1 1 1 1 1 1 )
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Date

Figure 3.1: Air temperature at Lulea Airport in the winter 84/85 (SMHI 1985)

Both analytical and empirical equations for the calculation of ice thickness exists. Stefan-
Boltzmann law, also known as Stefan’s law of radiation, can be used for the this purpose, and is
given by:

t

2k; 2k;
h = /(Tm—Ta)dt: FDD (3.1)
lypi / lypi

where h; is the ice thickness, k; is the mean thermal conductivity of ice, [ is the latent heat of
fusion of ice, and p; is the density of solid ice. 7}, and T are the melting point temperature of ice

and the mean ambient air temperature and FDD is freezing-degree-days, temperature of freezing

13
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days integrated over time. Figure 3.2 shows FDD for each winter in the time period 1965-1995,
calculated based on the data from SMHI.
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Figure 3.2: FDD for the period 1965-1995

Recordings of the snow depth at Lulea Airport, which is the nearest place where recordings have

been carried out, are shown in Figure 3.3.
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Figure 3.3: Snow depth at Lulea Airport in the winter 84/85 (SMHI 1985)

Where snow is present more factors has to be included in Stefan’s law. The relation between ice

growth and FDD then becomes:

14
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hi

FDD = / Lpi kil 1 kshi dh; (3.2)
kiks
0

where ks is the mean thermal conductivity of snow and /4 is the snow depth at time 7.

An empirical formula, proposed by Zubov (1943) gives the following relation between ice

growth and degree-days of freezing:

h? +50h; = 8F DD (3.3)

The formula is based on observations from Russian polar stations, and is more sensitive to
existing ice thickness than the analytic solution in Eq. (3.1). This makes the difference in
calculated ice thickness between an exceptionally cold winter and an ordinary winter smaller

than if e.g. Stefan’s Law had been applied.

15
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3.2 Numerical Model

3.2.1 Model Geometry

Bjornklacken was 20.9 m high, and consisted if three main bodies. The lowest part of the
lighthouse was a gravity base with a diameter of 12 m, and was filled with iron ore. The lower
part of the central tower had a diameter of 2.9 m, and was approximately 10.6 m high. The
slender upper part of the central tower had a diameter of 1.9 m, and was approximately 9.6 m

high. A detailed dimensional sketch is shown in Figure 3.4.

The lighthouse was represented by a numerical model consisting of solid and shell elements,
made in the FE-software ABAQUS. The solid sections, section 1 and 5 as shown in Figure
3.5, was modelled with C3D8R (Hibbit et. al.) reduced integration brick elements. All other
sections consists of S4R (Hibbit et. al.) four-node shell elements. Detailed section division and

accompanying element types are shown in Figure 3.5 and in Table 3.1.

3.5
N
=
v
o
o N
A i
8 0.2
e N
A =
o 1.9
I
0 _J L
() /T \
S| S
(q\]
= 2.9
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| 29
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Figure 3.4: Dimensional sketch of Bjornklacken lighthouse
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To take into account the weight of the iron ore, the densitiy of the shell sections which forms
the inner part of the tower has been increased. In addition, the weight of the outer part of the
concrete slab forming the lower base, shown in Figure 3.5, has been adjusted in the same way.
This is a modified version of the method proposed by Albrektsen (2008). The method has been
adjusted to take into account the effect the location of the centre of gravity has on the structural
analysis. The equivalent material densities are shown in Table 3.1. A concrete with density
2400 kg/m® was used as a basis when calculating equivalent densities. Buoyancy from the water
displaced by the structure was applied using body loads on the sections of the structure which

were submerged.

Section 6

Section 5 B ]

Section 4

Section 3

Section 2 / \

Section 1

Figure 3.5: Lighthouse section division

A “top surface” discretization has been used when modelling the circular sections. Because of
the procedure used by ABAQUS when calculating the mass of the structure, equivalent densities

had to be introduced in all sections of the structure.

The stiffness of the shell elements in the loading area, shown as Section 3 in Figure 3.5 has been
increased in the static analysis. The increase has been introduced to account for the contribution
the iron-ore filling would have to resisting local deformations in the area the load is applied, and

is given in Table 3.1.
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Table 3.1: Material properties

Section Element Type

Equivalent Density  Stiffness

[kg/m’] [Pa]
la C3D8R 15364 3.4-10'0
1b C3D8R 2400 3.4-10'0
2a S4R 2400 3.4-1010
2b S4R 5172 3.4-10'0
3 S4R 5172 3.4.1010
4 S4R 2193 3.4-10'0
5 C3D8R 2400 3.4-1010
6 S4R 2274 3.4-10'0

3.2.2 Element types

The numerical model of the lighthouse consists of two element types. These are described in the
ABAQUS User’s Manual (Hibbit et. al. 2008), and are:

e Reduced integration, §-node cubic elements, C3D8R

e Reduced integration, 4-node shell elements, S4R

Figure 3.6 shows sketches of the element types. The solid parts of Bjornklacken are made up of

a total of 832 C3D8R elements,

while the shell sections consists of 1920 S4R elements. A total

of 3198 elements has been used.

a) C3D8R b) S4R
7I 6 4 ;
8 | 5
! o
- ----J3
1 2
= 2

Figure 3.6: Element types
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3.2.3 Seabed Modelling

Interaction

To simulate the soil-structure interaction, three models has been analyzed. Figure 3.7 shows
sketches of the different interaction models. These are:

e A model where the base of the lighthouse has been fixed

e A model where the base of the lighthouse has been connected to a flexible seabed, using
“TIE connectors” in ABAQUS/CAE,

e A model where the base of the lighthouse stands on top of a flexible seabed, only limited

by the friction acting between the to entities
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a) Base of lighthouse fixed, BF

b) Flexible seabed, base of lighthouse constrained to seabed, FSC

c¢) Flexible seabed, base of lighthouse unconstrained, FSU

Figure 3.7: Ligthouse-seabed interaction types

In 3.7 b) and c), the seabed has been modelled as a flexible solid part, with properties found in
accordance with recommendations from the geotechnical experts (Nordahl 2010). The seabed

has a surface area of 3- D x 3 - D, were D is the diameter of the base of the lighthouse. Material
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stiffness increases linearly over a depth equal to 2 - D. This has been discretizised by splitting

the seabed into five layers of different stiffnesses, as illustrated in Figure 3.8.

3xD Modulus of Elasticity
_ 0 50 100 150 200
. Layer 1
3.75
Layer 2
2 75
Layer 3 3
A ; 11.25
& Layer 4 5
8 15
<
Layer 5 g“
AT 24

Figure 3.8: Stiffness of seabed

The section was meshed using reduced integration brick elements of the type C3D8R, and is
shown in Figure 3.9.

Figure 3.9: Discretizised seabed

Coefficient of Friction

The amount of force required to move the lighthouse in the horizontal direction is dependent on

the magnitude of the frictional force acting between the lighthouse and the seabed. Frictional
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force is dependent on the coefficient of friction. Coefficient of friction is dependent on the
material of the seabed and the lighthouse, and the weight of the lighthouse. The relation between

frictional force, friction coefficient and the weight of the structure can be expressed as:

Ff<u-G (3.4)

where U is the coefficient of friction, Fy is the frictional force and G is the weight of the struc-
ture. According to recommendations from geotechnical experts a normal value for interaction
between boulder clay and submerged concrete lies in the area 0.4-0.5 (Russell 2010). Figure

3.10 shows the relationship between u and the corresponding frictional force.

= 127

L

3 .

£ 0.8r  Load capacity = 4.12 MN

[
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g O 4 I

&9 ' : Recommended p=0.45

g 0.2 :/

O 0 1 : 1 1 1 1 1 1 J

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Force [MN]

Figure 3.10: Load capacity if u = 0.45

22



Chapter 3. Method

3.3 Static Ice Loads

Static ice loads are in most cases regarded as an ice pressure, pg, working over an area, A. The

area is given as:

A=D-h (3.5)

Where D is the diameter of the structure, and /; is the ice thickness. Ice pressure working on a

structure with diameter D is illustrated in Figure 3.11.

D Structure

Figure 3.11: Static ice pressure (Albrektsen 2008)

The resulting force, Fg, can be regarded as a point load, and is calculated by multiplying the ice

pressure with the area from Eq. (3.5). The formula for Fg is given as:

Fc = pG-D-h; (3.6)

Approximately 90 percent of the ice lies below the surface. Fg has a point of attack in the
middle of the ice, as shown in Figure 3.12. This means that for an ice thickness of one meter,

the resultant force works on a point approximately 0.45 m below water level.
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WL

sz 000
 —

Figure 3.12: Static ice load working below sea level

3.4 Reinforcement in Critical Section

The critical section of Bjornklacken has been defined as the cross-section in the transition be-
tween the central tower and the conic shaped gravity-base. The location of the critical section

and the forces working in the critical section is shown in Figure 3.13.

|

FH Gcrit
ZF

/--\

Figure 3.13: The lighthouse’s critical section

The design moment working in the critical section, Mp, is dependent on the design. Different
reports gives different design loads for Bjornklacken, but for the purpose of calculating the

reinforcement a report by Bjork (1981) has been used as a source. Bjork states a load which
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Bjornklacken was designed to handle before the rock-ancors were installed. The load is given

as :

Fy =2.5 MN/m 3.7

Mp, is then defined as:

Mp=Fy -z (3.8)

where zr is the lever arm between the loading point and the critical section. In addition to the
moment, a gravity load, G.,;;, works on the section. G, is given as the weight of the parts of

the structure which lies above the critical section.

3.5 Modal Analysis

A modal analysis is carried out to determine the characteristics of the eigenmodes most probable
to occur under dynamic ice-loads. Typically, the lowest structural eigenmodes are the modes

most susceptible to self-excited vibrations (Kérnd 20006).

The modal analysis was performed on the models where FB and FSC discretization had been
used. The model where the lighthouse was unconstrained could not be the subject of a modal

analysis because of rigid body moves.

To find the eigenmodes of interest, a frequency analysis has been carried out in ABAQUS. Both
the fixed-base model and the model where the base of the lighhouse is constrained to the seabed
has been analysed. The frequency analysis was also used to determine frequencies, generalised
masses, and modal amplitudes for the ten lowest structural eigenmodes. Eigenmodes involving
mainly the distortion of seabed elements has been ignored when selecting eigenmodes and data

for further use.

3.6 Dynamic Ice Loads

3.6.1 SDOF-system

The eigenmodes found through modal analysis can be studied separately by simplifying the
problem as a single degree of freedom (SDOF) problem. Higher and lower modes may influence
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the behaviour of a structure, but SDOF-system is often sufficient to analyse dynamic response
(Sodhi 1988).

To study the dynamic problem as a SDOF-system, the dynamic loading equation has to be
simplified. Kirnéd (2006) considered the problem shown in Figure 3.14, where he decomposed

the ice force into two components given as:

F.(t) = Fem + Fep(t) (3.9

where Fgyy is the static mean ice force and Frp(?) is the time varying ice force.

$4(2)
¢c‘t

— Fo (1)

IUPUUPUR SV B

TS S

V(t)

Figure 3.14: SDOF-system 2 (Kérni et. al. 2006)

The equation of equilibrium for the dynamic equation is written as:

Mii(t) + Cu(t) + Ku(r) = F¢(t) (3.10)

where M is the mass matrix, C is the damping matrix and K is the stiffness matrix. u(z) is the
displacement vector and F.(7)is the external forces vector. ii(¢) and u(z) are the acceleration and

speed vectors.
Using results from an eigenvalue analysis, the equation of motion is transformed to a generalised

coordinate system using the relation:

U(r) = DR(r) 3.11)
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where @ = [@; ¢,....¢,] is a matrix where n eigenmodes are included and R is a vector containing

generalised displacements. After transformation, Eq. (3.10) is written as:

M*R(t) + C*R(t) + K*R(t) = Q(¢) (3.12)

where
M* = diag(M;)
M,y = ¢, M9, = [ m(z)9; (2)dz
C* = diag(28,0,M,)
K* = diag(®?M,,) and
Q=2"F

and R(¢) and R(t) are vectors containing time dependent generalised velocities and accelera-
tions. The damping coefficient, &, is defined as the ratio of damping in eigenmode n compared

to critical damping. The angular frequency of eigenmode n, @, is equal to @, =27 - f,,.

Considering only the first mode of vibration, Eq. (3.12) can be written as:

MR, (1) +2E 0 MR, (1) + 0f MR, (t) = Q1 (1) (3.13)

The eigenmode is then scaled to unity at water level and the notation for R;(¢) is then changed

using the by using the expressions:

v(z) = (P;,EZ) , O1c = 01(2c) (3.14)

and

ue(t) = ¢1eRy (1) (3.15)

where u.(1) is the displacement at the area where the ice is on contact with the structure. The
expressions in Eq. (3.14) and (3.15) is then implemented in Eq. (3.13). The equation of motion

can now be written as:

q)lzc/m(z)ll/z(z)dz{q’l]c [uc(t) +2§1w1uc(t) + (L)IZ,MC([)] } = (plcFCD(l) (3.16)
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This equation can be written as the equation of motion for a single-degree-of-freedom system:

Myii(t) + Cyti(t) + Kyu(t) = Fep(t) (3.17)

where the modal mass, M, is dependent on the generalized mass, M, and the modal amplitude,

¢,, of the eigenmode. The equation for modal mass is written as:

M*
M, =" (3.18)
0,

The damping factor, C,, is introduced as a function dependent on &,, ®,, and M,,. The expression

for damping can be written as:

C, = 2&,0,M, (3.19)

Modal stiffness is dependent on M,, and @,, and is defined as:

K, = 0’M, (3.20)

n

Eq. (3.17) can now be used to describe the motion of the generalised system shown in Figure

3.15. The SDOF-model is used as a basis for all dynamic analyses performed in this project.

u(t)
K '|

n -———

V- 0

— >

-
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Q) Q)
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Figure 3.15: SDOF-model

Using Newmark’s method (Chopra 2007), the displacement, velocity and acceleration of the
SDOF-system at time ¢ can be found by Eq. (3.21) and (3.22).

Uiyl = Ui+ [(1 — }/)At]ul + (’}’At)l:ii_;,_] (3.21)
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i1 = u;+ (A + (0.5 — B)(Ar)?)ii; + [B(AL) i1 (3.22)

If the factors B and y are taken as 1/4 and 1/2, the equations yields the constant acceleration
method, an uncoditionally stable solution method. The constant acceleration method has been
used in the current work. Examples of forcing functions used to simulate dynamic response is

given in Figure 3.16 and 3.17.

3.6.2 Damping

A lower bound limit of £ = 0.02 and an upper bound limit of & = 0.01 for the damping fraction
is suggested for dynamic analysis in a report by Kéarnd (2006). In the dynamic analyses of the
present work, a damping fraction of §& = 0.02 has been used for illustrating dynamic response.

Dynamic amplification factors have been found using both higher and lower damping fractions.

3.6.3 Dynamic Amplification Factor

The dynamic amplification factor, DAF, describes the ratio between the dynamic and static re-
sponse. The same F; is used in both the static and dynamic analysis. DAF for a numerical model

can be expressed simply as:

DAF — “dynmax (3.23)

Ustatic

where ugyn max 15 the steady-state solution for the dynamic amplitude, and ugq - is the static

response.

3.7 Design Codes

3.7.1 International Organization for Standardization - ISO

The recently issued ISO/DIS 19906 design code (ISO 2009), provides recommendations and
guidance for both the construction, design and other parts of the building process related to
offshore structural design. The ISO-code includes standardized design loads for both static and

dynamic ice loading.
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Static

Static ice load in the ISO-code is given by an ice pressure

D m
PG.1so = Crh" (h) (3.24)
where Cp is the ice strength coefficient, D the width of the structure, % the ice thickness, and
m and n are empirical exponents. A recommended value for Cg is 1.8 for stiff structures in the
Baltic Sea (ISO 2009). This value has been when calculating static loads in the current work.

Suggested values for m and n are given in the ISO-code as:
m=0.16
n=-05+h/5forh<1.0m

n=—03forh>1.0m

Dynamic

If static analysis predicts a displacement of 10 mm or more, the structure needs to be checked
for dynamic effects. The ISO-code states that the natural modes most susceptible to ice-induced
vibrations, typically the lowest ones, should be checked for dynamic instability. A stability
criterion is also given in to help evaluate susceptible modes. The stability criterion is dependent
on the characteristics of each fundamental mode and the damping ratio, &. The damping ratio
for a natural mode should generally be higher than the the stability criterion to avoid dynamic

instability. The criterion is given as:

2

> —1C _ph.0 3.25
‘:_47rann ( )

Where &, is the damping ratio, q)nzc the modal amplitude at the level of the loading point, f;, the
natural frequency and M, the modal mass of an eigenmode, while 0 is a stability coefficient.
The ISO-code suggests that the stability coefficient is set to 8 = 40 - 10° kg/(m-s), based on field

data from narrow structures in the Baltic Sea.

If frequency lock-in occurs, a forcing function, shown in Figure 3.16, is used to apply the load

and determine the dynamic response of the structure.
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Figure 3.16: Simplified forcing function (ISO 2009)

The amplitude of the forcing function in Figure 3.16 is given by AF;so, which can be calculated

using the formula:

AFis0 = qFmax.1s0 (3.26)

where the peak force Fyux 1s0 = Fi 150. The amplitude fraction, g, should initially be taken as a
value between 0.1 and 0.5 and later be scaled based on the response analysis. According to the
ISO-code the factor should be scaled so that the velocity response at the waterline amounts to a
value that is 1.4 times the highest ice velocity,v; , at which a lock-in condition can occur. The

ice velocity can be calculated by the equation:

Vi = Yfn (3.27)
Where 7%, = 0.0600 m, and f,, is the natural frequency of the eigenmode.
The dynamic force function is then given by the sawtooth function:

Fayniso = Fg 150 + AFso - (sawtooth(27 - f,1) — 1) (3.28)

3.7.2 The International Electrotechnical Commision - IEC

The design code “Wind Turbines - Part 3: Design requirements for offshore wind turbines” (IEC
2009) specifies design requirements for offshore wind turbines. For the purpose of designing
structures in an arctic enviroment, general formulas for both static and dynamic ice loads are

given.
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Static

The static part of the ice load according to the IEC-code is dependent on a number of constants,
ice thickness, diameter of the structure and the crushing strength of the ice in a given area. It is

given by the formula:

FG,IEC = k1k2k3k4hiDG (329)

where kj is the shape factor, taken as 0.9 for a circular shaped structure. k; is the ice contact
factor, taken as 0.5 when the ice is continuously moving. k3 is the factor for the ratio between
the ice thickness and the structure diameter, taken as \/m O, is the crushing strength
of the ice, determined from statistical data if available. If no statistical data is available the ice

crushing strength can be taken as 3.0 MPa for ice in motion at the coldest time of the year.

Dynamic

Dynamic loading is represented by a sinusoidal harmonic forcing function, given in Equation
3.30.

3 1.
den,IEC = FGJEC <4 -+ ZSIII (27L'fnt)> (3.30)

The equation shows that the dynamic forcing function is dependant on the static load contribu-
tion, Fg irc, given in Equation 3.29, and the frequency of the ice loading, f,,. A forcing function

with frequency f and static load Fg jec is shown in Figure 3.17.

Il/4~F e

dyn,IEC(t)

3/4-F GLIEC

Figure 3.17: Dynamic effect from ice loading (IEC 2009)
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3.7.3 American Petroleum Institute - API

The design code “Recommended Practice for Planning, Designing, and Constructing Structures
and Pipelines for Arctic Conditions” (API 1995), contains recommendations and guidelines for
the whole planning and designing process of offshore structures in an arctic enviroment. The

API-code’s recommendations for calculating static ice loads has been used in the current work.

Static

The static ice load is, in the same fashion as in the ISO-code, calculated as an ice pressure, pg,

given by the formula:

8.1

3.31
Dir (3.31)

PG.API =

In contrast to the ISO- and the IEC-code, static ice pressure found using the API-code increases

with lower structural diameter.

3.7.4 Other Work
Bjerkas (2007)

In an article by Bjerkas (2007), it is proposed an upper bound static ice pressure for use as an
indicative tool for estimating ice pressure on structures with known width. The equation is given

in Eq. (3.32), and is dependent on structural width, D, only.

_ ~0.06
PG Bjerkas — 2.05D (3.32)

Engelbrektson (1987)

In the report by Engelbrektsson and Fransson (1987), the formula for the design ice load for

lighthouses built in the same period as Bjornklacken, was defined as:

Fp=4+23-D (3.33)

which is a simplification of:
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h
FD:1.64/1+5~B~h~D (3.34)

where h is the ice thickness, and D is the diameter of the structure.

Kérna (2006)

In the report “How to use saw-tooth force functions to model self-excited vibration” (Kirni
2006), a method to enhance the accuracy of the sawtooth model is suggested. A new formula

for AF is given as:

2B . gnKn

. o — —_— Vv
Kirna via) - f, !

(3.35)

where B is a factor correlating ice velocity and the velocity amplitude at waterline, set to § = 1
for further analysis, in accordance with Engelbrektsons findings. y(a) is a correction factor
dependent on a shape factor, . The shape factor for the sawtooth function given in the ISO-
code is oo = 1. Kédrné’s report does not supply a correction factor for shape factors higher than
o = 0.95, but has been found as (1) = 0.6391 through extrapolation of known values.
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4 Results

4.1 Ice Thickness

The formulas to determine the ice thickness are given in Eq. (3.1), (3.2) and (3.3). Recordings
of the temperature at the exact location of Bjérnklacken are unavailable. Therefore temperature
data at Lulea Airport, given in Figure 3.1, has been used to estimate the ice thickness. Estima-

tions of the ice growth according to the different equations are given in Figure 4.1.

22r
—~ 1 % I Stefans Law—no snow
E 16k Zubov (1943)
2 14F Stefans Law—with snow ...
O
= 1.2r
clN
= 0.8F
g 0.6
= 04+
02r
0
Oct

Figure 4.1: Ice growth around Bjornklacken in the winter 1984/-85

According to previous data, the empirical equation proposed by Zubov, shown as a solid line in
Figure 4.1, is reliable for computing ice thickness at sea and was therefore used as a guideline
when the ice thickness was assumed. For the 4th of April 1984 Zubov’s equation yields an ice

thickness of roughly 0.93m.

Ice thickness each year, estimated using the formula proposed by Zubov (1943), is presented in
Figure 4.2. The ice thickness varies from a minimum value of 0.50 m in 1992 to a maximum of
1.22 m in 1966. In Bjornklacken’s first winter of operation, 1969/70, the ice thickness reached a
maximum of approximately 0.91 m. The mean ice thickness for the whole period (1965-1995)

is 0.79 m, with a standard deviance of approximately 0.15 m.
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Mean Ice Thickness (Zubov 1943)
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Figure 4.2: Ice thickness per year, as proposed by Zubov (1943), for the period 1965-1995
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4.2 Static Analysis

4.2.1 Choice of seabed discretization

The choice of discretization used when modelling the lighthouse-seabed interaction plays a ma-
jor part in evaluating the structural response of the lighthouse due to static ice loading. Figure
4.3 shows displacement at waterline for the different lighthouse-seabed interaction types. Using
both interaction type a) and b) leads to a linear relation between load and displacement. The
relation is not linear if interaction type c) is used since the lighthouse starts to overturn when the

load magnitude exceeds approximately 2 MN.

121

10t

Load [MN]
o

—*— a) Fixed base
—%— b) Flexible seabed
—<&— ¢) Friction interaction

0 5 10 15 20 25 30 35 40 45 50
Displacement [mm]

Figure 4.3: Load vs. Displacement for the different models

4.2.2 Design Codes

The static ice loads calculated according to the different design codes covered in Section 3.7,
can all be related to the ice-thickness. In Figure 4.4 a), the relation between ice thickness and

static ice loads calculated using the different design codes is shown.

When an ice thickness of one meter is assumed, static ice loads calculated in accordance with
the IEC-code and the method proposed by Bjerkaas (2006) are very similar, predicting loads
of 6.46 and 6.34 MN. The load calculated using the ISO-code is 4.40 MN, while the API-code
predicts a static ice load of 14.48 MN.

A plot presenting the relation between ice-thickness and displacement of the lighthouse at water

level is shown in Figure 4.4 b). The displacement at waterline has been found using a model
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where the seabed is discretizised as a solid part and where the base of the lighthouse has been

constrained to the seabed.

If the static ice load causes a displacement of more than 10 mm, the ISO-code states that dynamic
amplification has to be taken into account. In Figure 4.4 b), the 10 mm limit is shown as a dotted
line. If the static ice load is calculated according to the ISO-code, dynamic effects have to be
analysed when the ice thickness exceeds 0.45 m. If the same criterion for dynamic effects is
used for the IEC-code, dynamic analysis has to be performed when the ice thickness exceeds
0.50 m.
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a) Ice thickness vs. load magnitude
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b) Ice thickness vs. displacement at waterline
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Figure 4.4: Ice thickness plotted against displacement and load magnitude
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4.2.3 Collapse moment

The collapse moment of Bjornklacken was the moment which caused the rock ancors to break.

The forces contributing to Bjornklacken’s resistance to overturning were:

e Prestressed rock anchors, four tendons, each with seven strands and an ultimate strength
of 200 kN

e The weight of the concrete
e The weight of the iron ore filling

These forces can be simplified as a single resultant force acting in the centre of the structure,
with a lever arm shown as x¢ in Figure 4.5. The static ice force, assumed to act approximately

0.50 m below waterline has a lever arm shown as zp in the figure.

Figure 4.5: Collapse moment

The volume, density and the weight of the concrete and the iron ore, as well as the buoyancy
caused by displaced water, is presented in Table 4.1. Density of the iron ore filling is based on the
report from Engelbrektson (1987). It is worth noting that the weight of the structure calculated
in this report is somewhat higher than the weight calculated by Engelbrektson. Engelbrektsson
reported a total weight of 8.7 MN, approximately 5% lower than the total weight calculated in
Table 4.1.
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Table 4.1: Mass calculations

Material Total Volume Density = Mass Weight
[m”] [kg/m’] kgl [MN]
Concrete 194.0 2400 465709 4568606
Iron Ore 231.9 3300 765142 7506046
Water 297.7 1000 297664 2920082
Total 933188 9154570

Using the calculated weight of the total structure, the ultimate strength of the prestressed ten-

dons, and lever arms of xg = 6 m and zp = 6.4 m, this computes to the following overturning

force:

(4-7-0.20 MN+9.15 MN) -6 m

Frr —
or 6.4 m
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4.2.4 Reinforcement in Critical Section

Since Bjornklacken’s collapse came as a result of an overturning moment, thorough investigation
of reinforcement and stresses has not been performed. An amount of reinforcement, and the
stresses in the cross-section has been checked using a script developed by Lehmann (2010). The
script calculates the stresses in accordance with NS3472 and was developed as a part of his
Master’s Thesis. The calculations has been performed without regards to the pre-stressed rock-
anchors, which were added after movement along the seabed was detected during the spring of
1970 (Bjork 1981).

Using the serviceability load given in Eq. (3.7) for Bjornklacken, which has a diameter of 2.9

m, the load can be calculated as:

Fy=25-29=725MN

Based on the dimensional sketch given in Figure 3.4, the critical section lies approximately
2.4 m below waterlevel. Assuming an ice thickness of one meter, which has a loading point

approximately 0.4 m below waterlevel, the design moment from Eq. (3.8) is given as:

Mp =7.25-2.0=14.5 MN

The weight of the parts of the structure which lies above the critical section, shown as G in

Figure 3.13, is calculated to be:

Gerir = 0.54 MN

The reinforcement has been assumed to be of normal quality with a yield strength of f, =
500 N/mm?. Two layers of 16 mm rebars with centre distance of 50 mm proved to be suffi-
cient for the given horizontal design load. Approximate rebar placement is shown in Figure
4.6.
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Figure 4.6: Distribution of reinforcement (Illustration only, not measureable)

4.2.5 Lateral displacement

The lateral displacement which occured after the rock anchors broke is dependent on the mag-
nitude of friction between the lighthouse and the seabed. In Figure 4.7 ice thickness has been
plotted against coefficient of friction, . Only the ISO code fails to predict lateral displacement
if 4 = 0.45 and the ice thickness is 0.93 m. Dynamic amplification has not been taken into

account in the figure.

*  APIRP 2N (2009)

Vv  Bjerkaas (2006)

¢ 1EC NEK EN 614003 (2009)
O ISO/DIS 19906 (2009)

------- Recommended CoF 0.45

2.5

Coefficient of Friction

Ice Thickness [m]

Figure 4.7: Coefficient of friction plotted against ice thickness
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4.3 Modal Analysis

4.3.1 Fixed Base

Modal analysis of the lighthouse when FB-discretization has been used is primarily interesting to
investigate which eigenmodes are typical for the structure. Since a seabed has not been included

in the model, the eigenmodes are solely structural.

Modes 1 and 2 involve a slight tilting of the central tower. The modes are identical, with
fundamental frequencies of f; = f> = 5.2591 Hz. Modal amplitudes for mode 1 and 2 are
01 = ¢ =0.0347.

a) Eigenmode 1, f; =5.2591 Hz a) Eigenmode 2, f, =5.2591 Hz

Figure 4.8: Fixed base, eigenmodes 1 and 2
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Eigenmodes 3 and 4 gives large deformations, involving both rotation and deformations of the
tower. They have identical fundamental frequencies, f3 = fs = 18.956 Hz. Modal amplitudes
vary slightly and are ¢3 = 0.4357 and ¢4 = 0.4364 .

a) Eigenmode 3, f3 = 18.956 Hz a) Eigenmode 4, f; = 18.956 Hz

Figure 4.9: Eigenmodes 3 and 4

In mode 5 the centre tower is rotated while the lighthouse base stays undeformed, meaning very
small deformations in lateral direction. The fundamental frequency of the mode is f5s = 35.290
Hz, and the modal amplitude is ¢5 = 0.0496. Mode 6 involves only the elongation of the centre
tower. It has fs = 41.981 Hz and a modal amplitude of ¢¢ = 0.0019.

a) Eigenmode 5, f5 =35.290 Hz a) Eigenmode 6, fs =41.981 Hz

Figure 4.10: Eigenmodes 5 and 6

Eigenmode 7 and 8 are almost identical, with rotations and large deformations of the tower. Both
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modes have f; = fg = 44.158 Hz. Modal amplitudes are ¢; = 0.3602 and ¢g = 0.3598.

a) Eigenmode 7, f7 =44.158 Hz a) Eigenmode 8, f3 =44.158 Hz

Figure 4.11: Eigenmodes 7 and 8

The eigenmodes 9 and 10 are similar to modes 7 and 8, but have a more evident sinusoidal shape.
Deformations of the upper parts of the lighthouse base also occur. Fundamental frequencies are
Jo = f10 = 58.035 Hz for both modes and modal amplitudes are ¢9 = 0.2023 and ¢;9 = 0.2046.

a) Eigenmode 9, fo = 58.035 Hz a) Eigenmode 10, fjo = 58.035 Hz

Figure 4.12: Eigenmodes 9 and 10
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Table 4.2 shows a summary of the data from the modal analysis. The lowest fundamental fre-
quencies of the ten first eigenmodes is f; = 5.2591. High frequencies combined with low modal
amplitudes at load level makes the risk for frequency lock-in very low. These results have there-

fore not been used for further analyses.

Table 4.2: Frequency, generalized mass and modal amplitude, FB discretization

Frequency Frequency Modal amplitude,

Eigenmode (rad/sec] [1/sec] on Generalized mass
1 33.044 5.2591 0.0347 21928
2 33.044 5.2591 0.0347 21928
3 119.10 18.956 0.4357 72872
4 119.10 18.956 0.4364 72872
5 221.73 35.290 0.0496 6881
6 263.77 41.981 0.0019 26103
7 277.45 44.158 0.3602 37005
8 277.45 44.158 0.3598 37005
9 364.65 58.035 0.2023 48160
10 364.65 58.035 0.2046 48160
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4.3.2 Flexible Seabed

A modal analysis of the model with flexible seabed and constrained base returns both structural
eigenmodes and eigenmodes were the seabed is distorted. Only modes which are structure-
specific are evaluated for dynamic effects. Therefore, the modes without noteworthy structural

displacements are disregarded and not included in the current work.

Eigenmodes 1 and 2 are identical, but are displaced in different directions. The modes involve
a tilting of the tower and a modal amplitude of ¢; = ¢ = 0.2185 at loading point. Both modes
have a fundamental frequency of f| = f>, = 3.3023 Hz.

a) Eigenmode 1, f; =3.3023 Hz b) Eigenmode 2, f> = 3.3023 Hz

Figure 4.13: Flexible seabed, eigenmodes 1 and 2

Mode 3 and 4 are identical as well. As for mode 1 and 2 the modes involve a tilting of the tower,
but in addition the tower is displaced along the seabed. Both modes have a modal amplitude of
¢3 = ¢4 = 0.1146 and a fundamental frequency of f3 = fs = 5.4399 Hz.

a) Eigenmode 3, f3 =5.4399 Hz b) Eigenmode 4, f4 = 5.4399 Hz

Figure 4.14: Flexible seabed, eigenmodes 3 and 4
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Eigenmodes 5 and 6 involve a heavy distortion of the seabed and large deformations of the
central tower. They have identical fundamental frequencies, f5 = fs = 8.4230 Hz. Modal am-
plitudes are ¢5 = 0.1989 and ¢ = 0.1990.

a) Eigenmode 5, f5 = 8.4230 Hz b) Eigenmode 6, fs = 8.4230 Hz

Figure 4.15: Flexible seabed, eigenmodes 5 and 6

Modes 7 and 8 have fundamental frequencies of f7 = fg = 10.931 Hz. The modes are nearly
identical and similar to mode 5 and 6, but the seabed is much less distorted. Modal amplitudes
are ¢; = 0.3303 and ¢g = 0.3607.

a) Eigenmode 7, f7 = 10.931 Hz b) Eigenmode 8, f3 = 10.931 Hz

Figure 4.16: Flexible seabed, eigenmodes 7 and 8
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In modes 9 and 10, the base of the tower is rotated. The modes have a fundamental frequency of

Jo = fio = 13.735 Hz, and very little dispacement at waterlevel. The modal amplitudes of the

modes are g9 = @19 = 0.0329.

a) Eigenmode 9, fo = 13.735 Hz

b) Eigenmode 10, fjo = 13.735 Hz

Figure 4.17: Flexible seabed, eigenmodes 9 and 10

Relevant data for dynamic analysis for the ten lowest structural eigenmodes are presented in

Table 4.3. The data collected from the modal analysis has been used in the dynamic analysis.

Table 4.3: Frequency, generalized mass and modal amplitude, FSC discretization

Eigenmode F[rrc;?/l:::]y Fr[e Slsl:(r:l]cy Modal zgnnphtude, Generalized mass
1 20.749 3.3023 0.2185 35100
2 20.749 3.3023 0.2185 35100
3 34.180 5.4399 0.1146 50051
4 34.180 5.4399 0.1146 50051
5 52.923 8.4230 0.1989 51722
6 52.923 8.4230 0.1990 51722
7 68.682 10.931 0.3303 1.80-10°
8 68.682 10.931 0.3607 2.80-10°
9 86.303 13.735 0.0329 1.64-10°
10 86.303 13.735 0.0329 1.64-10°
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4.4 Dynamic Analysis

4.4.1 Determination of dynamic properties

The eigenmodes which are of interest when performing a dynamic analysis are structural eigen-
modes. Two eigenmodes which typically needs to be ivestigated for self excited vibrations are

shown in Figure 4.18.

Figure 4.18: Eigenmodes most susceptible to dynamic amplification

From the results presented in Table 4.3, modal mass, stiffness and damping can be found using
Eq. (3.18), (3.19) and (3.20). In Table 4.4 modal properties for the first fundamental modes
are presented. Only unique modes are included, e.g. mode 1 and mode 2 are identical and only

presented in the table as “Eigenmode 1.

Table 4.4: Modal mass, stiffness and stability criterion for a corresponding SDOF-system

Eigenmode Frﬁ(};lzzcy M C K
1 3.3023  7.3520-10° 3.0518-107-&  3.1652-10%
3 54399  3.8110-10° 2.6052-10%-&  4.4523-10°
5 8.4230  1.3074-10° 1.3833-10%-&  3.6592-10°
7 10.931  1.6499-10° 2.2664-10%-&  7.7828-10°
8 10931  2.1593-10° 2.9661-10%-& 1.0186-10'
9 13.735  1.5151-10% 2.6150-10'0-& 1.1284-10'2

The stability criterion from the ISO-code, given by Eq. (3.25) and the velocity at the load point,

51



Chapter 4. Results

given by Eq. (3.27) are presented in Table 4.5. The stability criterion is used to evaluate a
fundamental mode’s susceptibility to self-excited vibrations. The first eigenmode has the lowest
fundamental frequency, and also requires the highest & to ensure dynamic stability. Focus in the

dynamic analysis will therefore be on this mode.

Table 4.5: Stability and velocity at loading point for the six first unique eigenmodes

Frequency Stability Criterion \/

Eigenmode [1/sec] £, [/s]
1 3.3023 0.0626 0.1981
3 5.4399 0.0020 0.3264
5 8.4230 0.0114 0.5054
7 10.931 0.0193 0.6559
8 10.931 0.0175 0.6559
9 13.735 1.6556-107° 0.8241

4.4.2 Sawtooth force function
Amplitude

The ISO-code and the recomendations provided by Kérna (2006) gives two different approaches
for determining the amplitude for use in a sawtooth force function. Figure 4.19 shows how the
amplitude fraction, ¢, of the sawtooth force function varies with different damping coefficients.
Eq. (3.26) has been used to calculate the amplitude fraction for use in correlation with the ISO-
code. Scaling has been done using the ice velocity for mode 1, given in Table 4.4. Amplitude

fraction as laid down by Kérné has been calculated using Eq. (3.35).

The amplitude fraction of the force functions varies linearly with & according to both the ISO-
code and the recommendations given by Kérnd. For a damping coefficient of & = 0.02, the
ISO-code predicts an amplitude fraction of ¢ = 0.1222. Kérnd’s method yields an amplitude
fraction of g = 0.0860 for the same damping coefficient.
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Figure 4.19: Damping ratio, &, plotted against amplitude fraction, g
ISO/DIS

The force function stated in the ISO-code is given as a sawtooth function where the maximum
value, Fyuq = Fg 1s0. Amplitude, AF, is calculated using Eq. (3.26). Using an ice thickness of 1

m, an amplitude fraction of ¢ = 0.1222 the amplitude becomes:

AFjs0 = 0.1222-4.40 - 10% = 5.3768 - 10°

The amplitude is then used in the dynamic force function. With a fundamental frequency of
Jf =3.3032 Hz, Eq. (3.28) gives the force function:

Fuyniso = 4.40-10°+2.6885 - 10° - (sawtooth (27 - 3.3032¢) — 1)

Fyyn.1s0 and the displacement plotted against time is shown in Figure 4.20. The displacement,
u, has been determined using Newmark’s method, given in Eq. (3.21) and (3.22). Figure
4.21 shows how the dynamic amplification factor, DAF, varies with different damping factors.

Because lower damping fractions leads to lower amplitude fractions, the variation of Bjorn-

klacken’s DAF is minimal.
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a) Forcing function
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Figure 4.20: Forcing function, displacement and velocity for a sawtooth function, where & =
0.02 and ¢ = 0.1235
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Figure 4.21: DAF for a sawtooth function where ¢ = 0.1235
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Kérna (2006)

Except for a corrected amplitude fraction, the sawtooth force function according to Kérné (2006)
is identical to the function proposed in the ISO-code. The amplitude fraction if the damping

fraction is £ = 0.02 becomes ¢ = 0.0860. If the ice thickness is 1 m, the amplitude is given as:
AFygrma = 0.0860-4.40- 10° = 3.7840- 10°
Implemented in Eq. (3.28), the force function for the first eigenmode then becomes:
Fayn kiirna = 4.40 - 10° +1.8920-10° - (sawtooth(27 - 3.3032¢) — 1)

Figure 4.22 shows the force function and displacement when Fyy, k:irnq has been applied to the
SDOF-system. Similar to what analyses performed where g has been scaled in accordance with
the ISO-code shows, the damping fraction has little influence on the DAF in Bjornklacken’s

case.

55



Chapter 4. Results
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Figure 4.22: Forcing function, displacement and velocity for a sawtooth function, where & =
0.02, and g = 0.0868
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Figure 4.23: DAF for a sawtooth function where g = 0.0868
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4.4.3 IEC

Dynamic loading according to the method proposed in the IEC-code is a sinusoidal force func-
tion, given in Eq. (3.30). Using the static load from the static analysis as the static force compo-

nent, with ice thickness 4 = 1 m and f = 3.3032 Hz, the dynamic force function becomes:
6 (3 1.
Faynjec = 6.46-107 - 1 + Zsm(Zﬂ' -3.3032¢

The force function and corresponding displacements are shown in Figure 4.24. A damping
fraction of & = 0.02 has been used in the analysis, and displacement has been calculated using
Newmark’s method, given in Eq. (3.21) and (3.22). The dynamic amplification factor for & =
0.01, ¢ = 0.02 and & = 0.03 is shown in Figure 4.25. For a damping fraction of & = 0.01, the

dynamic amplification factor exceeds DAF = 14.
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Figure 4.25: DAF for a harmonic force function with varying &
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4.4.4 Comparison

Figure 4.26 shows DAF at different damping coefficients for dynamic loading calculated using
forcing functions from the IEC- and the ISO-code. Because of the velocity scaling at load point,
the sawtooth function is almost not influenced by the damping coefficient for the ISO-code and
for the results acquired using Kérnd’ method (2006). In comparison, a sawtooth function where
the velocity has not been scaled and a harmonic forcing function predicts very high dynamic

amplification factors for low damping fractions.
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Figure 4.26: DAF plotted against damping coefficient

59



Chapter 4. Results

Figure 4.27 shows how the DAF varies with different frequencies, expressed as fractions of
the fundamental frequency, @;. The dotted line shows a limit value proposed by Kérni et. al.
(2006). Structures with dynamic amplification factors higher than this value may experience
self-excited vibrations, and should be examined closer for dynamic effects. All of the dynamic
forcing functions predict a DAF higher than 1.2 if the forcing function is applied in the same

frequency as the structure’s fundamental mode.
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Figure 4.27: DAF for ISO/DIS and IEC with & = 0.02
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5 Discussion

5.1 Numerical modelling

Bjornklacken

The model of Bjornklacken used in this work is based on sketches presented by Engelbrektsson
(1987). No accurate construction drawings have been available. Weight calculations based on
standard densities for reinforced conrete, differed from calculations made by Engelbrektsson
(1987) by 5%. The reasons for the dissimilarity are unknown. Since neither Engelbrektsson’s
calculations or the material properties used are detailed, the weight found in the current work

has been used in the analyses.

Frequencies, generalised mass and stiffness were found from modal analyses. The lowest fun-
damental frequency found was 3.30 Hz. No recordings of frequencies was available for Bjorn-
klacken, but recordings exists for similar structures. Fundamental frequencies of 2.6 Hz for the
lighthouse Norstromsgrund (Engelbrektson 1989) and 0.9 Hz for the Kemi I lighthouse (Maiit-
tdnen 1975) has been reported. Compared to these measurements, Bjornklacken’s fundamen-
tal frequency seems a little high. However, Bjornklacken is considerably smaller than both
Norstromsgrund and Kemi I and this could be an explanation for the difference in frequencies.
In addition to Bjornklacken’s small size only a small percentage of Bjornklacken’s weight lies
above the waterline. This means that much of Bjornklacken’s mass is not included in the lowest
eigenmode. Generalised mass and stiffness for Bjornklacken are also lower than what has been

reported for similar structures (Karni 2006).

Elements and materials

Shell elements are favourable compared to solid elements in terms of analysis running time,
and generally provide accurate results for analysis where the elements have a low thickness to
span ratio. For these reasons the majority of the structure was modelled using shell elements,

as shown in Figure 3.5. The thick base of the lighthouse with a dense mesh in the centre was
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discretizised using solid elements, due to a high thickness to span ratio. Solid elements were
also used to model the transition between the lower and upper central tower. The transition
had a high thickness to span ratio, but could probably have been simplified using shell elements

without affecting global action in any noteworthy degree.

The iron ore filling documented by Engelbrektson (1987) was discretizised as an increase in
the density of the central tower and the lighthouse base elements. Contributions the iron ore
would have to the global stiffness, have thus been ignored for the purpose of static and modal
analysis. Local contributions to stiffness has been implemented in the numerical model by
increasing the material stiffness in the section where the load was applied. Another way to
model the iron ore filling is to use solid elements. This option was not investigated in this
project, since a large solid element within the tower would mean implementing new interaction
and material properties. Ill-defined interaction and material properties could lead to an unwanted
increase in stiffness. Without any prior knowledge on the subject, and without measurements
from Bjornklacken, these properties would be hard to define without influencing the structure’s
behaviour. Therefore, the simplified method where equivalent densities have been introduced

has been used in the current work.

Seabed modelling

The seabed was modelled as a solid element with varying stiffness over depth. Since no test data
from the area around Bjornklacken was available, the stiffness was based on recommendations
from geotechnical experts at NTNU (Nordahl 2010). Figure 3.8 shows how the density of the
soil varies, from 80 MPa where the seabed is in contact with the lighthouse to 160 MPa 24 m
below the seabed. Because of the lack of measurements for Bjornklacken, the seabed’s behaviour

during analysis is hard to verify.

The three different models for soil-structure interaction, shown in Figure 3.7, reacted very dif-
ferent to applied loads. The FB model, which can basically be regarded as a cantilever beam of
varying stiffness, acted very stiff. A reference static load of 4.40 MN resulted in a displacement
at waterline of only 1.80 mm. In contrast to this, an identical load caused the FSU model to start
tilting and lose contact with the seabed. A static load of 4.40 MN resulted in a displacement at
waterline of 18.35 mm. At higher loads the difference between the two models grows, as second
order effects causes the FSU model to tilt even faster. The FSC model acted very similar to the

FSU model at lower loads, but acted stiffer at higher loads because of it’s constraint.

Because of the prestressed rock-anchors installed in the winter 1970 (Engelbrektsson 1987), the

actual behaviour of Bjornklacken is assumed to be most similar to the FSC model. The rock-
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anchors were installed to prevent lateral displacement, but they also prevented Bjornklacken
from losing contact with the seabed. This prevented second-order effects, and made a contri-
bution to Bjornklacken’s resistance to overturning. After the rock-anchors broke, Bjornklacken
was displaced laterally. This leads to the assessement that the FSC model should be used for
simulating Bjornklacken’s behaviour pre-failure, while the FSU model should be used for simu-

lating it’s behaviour after the rock-anchors failed.

5.2 Ambient Conditions

Ice conditions

The actual ice thickness at the time of failure is uncertain. Engelbrektsson (1987) reported an ice
thickness of as much as 1.4-1.5 m around the lighthouse. SMHI’s ice charts (Lind 2010) show
a general ice thickness of around 0.6-0.8 m in the area. In comparison, Eq. (3.3), proposed by
Zubov (1943), suggests an ice thickness of 0.93 m. Zubov’s equation is based on observations,

and has proven to be a good indicator for ice thickness (Bjerkas 2010).

Previous experiences have shown that ice thickness in general is lower around structures in ice
(Bjerkas 2010). Based on this, the measurements made by Engelbrektson (1987) seems too high.
The build-up of ice ridges can also take place when an ice floe comes to rest against a structure
(ISO/DIS 19906 2009), as was the case in the winter of 1984/85. Experiences show, however,
that build-up of low-density rubble ice will not necessarily correspond to an equal increase in
effective ice-thickness (Bjerkas 2010). SMHI’s ice charts only shows general ice thickness in
an area, and only give approximate values. Therefore, Zubov’s equation has been used for the
purpose of estimating ice thickness in this report, with a predicted ice thickness of approx. 0.93
m the 4th of April 1985.

Special considerations

In the report from Engelbrektson (1987), an observation of a large ice floe that enclosed the
lighthouse is mentioned. High wind speeds in the period when Bjornklacken’s rock anchors
broke was also reported, and it was further proposed that the high wind speed caused rapid
ice movement. The ice floe and the rapid ice movement may have been contributing causes to
Bjornklacken’s failure, but is difficult to simulate since exact data for both wind speed and the

ice floe is lacking.
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5.3 Static loads

Collapse moment

The force required to break the rock anchors is assumed to be 13.83 MN, as estimated in Sub-
section 4.2.3. This force can be considered reliable, based on the results from Engelbrektsson
(1987). All methods of estimating static ice load, except the formula from the API-code (2009),

requires an ice thickness much larger than 1 m to predict a load of this magnitude.

Engelbrektson (1987) reports an interesting observation: For the time period up to 1987, larger
structures withstood ice forces without significant damage except for some abrasion and minor
vibration effect. Meanwhile, several smaller structures were damaged and even destroyed. Sev-
eral small Finnish lighthouses with a diameter of approximately 1 m, and Swedish lighthouses
with diameter between 2.5 m and 3 m were damaged. Lighthouses built in that time period were
designed using Eq. (3.33) according to a load which is linearly dependent on the diameter of the
structure. Engelbrektson’s findings can signify that either smaller structures are more susceptible
to self-excited vibrations, or that static pressure increases with smaller diameter. One approach
where the pressure increases with a lower diameter is the method given in the API-code, shown
in Eq. (3.31). Figure 4.4 a) shows that the method given in the API-code is the only one which

predicts a static load high enough for failure.

Lateral displacement

After the tendons collapsed, the lighthouse was displaced approximately 17 m along the seabed,
before it came to rest in an inclined position. This means that the ice loads must have exceded
the limit force dependent on the friction between the seabed and the base of the lighthouse.
According to the results presented in Figure 4.7, lateral displacement would occur when the ice
thickness reaches 0.45 m according to the IEC-code, and 0.5 m according to the ISO-code. The
lateral displacement can therefore be explained as a result of static ice loading alone, since the
ice thickness in the winter of 1984/85 was well above 0.5 m, independent of which method is

used.

An overview of the ice thickness each year for the time period 1965-1995, based on the equation
proposed by Zubov (1943), is shown in Figure 4.2. It is worth noticing that the ice thickness
in 1969/70 (0.91m) is sufficient according to both the ISO- and the IEC-code to predict lateral
displacement, if a CoF of 0.45 is used. This is in accordance with the observations made during

the winter of 1970, when a lateral displacement of approx 10 cm was reported (Bjork 1981).
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5.4 Modal Analysis

In the modal analysis performed in ABAQUS/CAE, the seabed has been taken as the slave
surface (Hibbit et. al. 2008). This enables the nodes of the lighthouse to penetrate the surface
of the seabed. Normally, the surface with the most dense mesh should be defined as the slave
surface. It could be argued that the choice of master-slave surfaces makes the results unreliable.
Due to the dense mesh of both the seabed and the lighthouse, and the behaviour of soils, this
has been neglected in the current work. Analyses carried out where the seabed has been set
as the master surface, meaning that no penetration of the seabed can occur, showed a higher

fundamental frequency.

5.5 Dynamic Responce

In the dynamic analyses where sawtooth forcing functions were applied, the stability coefficient,
0, suggested by the ISO-code was used. Other work has shown that an appropriate value for 6
needs to be estimated for wide or compliant structures. Bjerkaas (2009) reported that vibrations
occured on Norstromsgrund lighthouse with an ice thickness of 0.7 m. Lgngy (2010) proposed
that if the damping ratio is known for the structure, the stability coefficient can be calculated
using Eq. (3.25). Assuming a damping ratio of & = 0.02, Lgngy showed that a value for the
stability coefficient should have been between 100 - 10° and 120 - 10° in Norstromsgrund’s case.
Since no measurements of fundamental frequencies or damping ratio exists for Bjornklacken
lighthouse, the stability coefficient recommended by the ISO-code has been used in the current

work.

Scaling of the amplitude, as proposed in the ISO-code and by Kirni (2006), leads to an increase
in ¢ when more damping is applied to the SDOF-system. This is shown in Figure 4.19, where
q is shown to be linearily related to &. Eq. (3.35) shows how the amplitude is dependent on
the stiffness of the structure. The eigenmode of Bjornklacken which is assumed to be most

susceptible to self-excited vibrations, also has a very low stiffness.

Compared to calculations performed by Kirni et. al. (2006), the stiffness of Bjornklacken’s low-
est eigenmode is approximately 1/10 of the stiffness of Norstromsgrund’s lowest mode. Since
the amplitude is linearily dependent on the stiffness, a very low stiffness leads to a very low
amplitude. In Bjornklacken’s case, this means that the velocity scaling influences the dynamic
amplification caused by self-excited vibrations more than the damping fraction. When scal-

ing of g proposed by Kérnd (2006) is applied to Bjornklacken’s lowest fundamental mode with
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& =0.01, the amplitude fraction is given as only ¢ = 0.0430. This means that the amplitude is

only 4.3 percent of the maximum force.

Kirni et. al. (2006) recommended that a structure with a dynamic amplification factor higher
than 1.2 can be expected to suffer from self-excited vibrations. As shown in Figure 4.27, all
codes predicts dynamic effects exceeding this limit. This underlines the need for a full-scale

dynamic analysis.
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6 Conclusions and further work

6.1 Conclusions

The current work was carried out to determine the level of ice forces which caused the collapse
of Bjornklacken lighthouse the 4th of April 1985. Both static and dynamic ice action has been

calculated in accordance with common design codes.

Data from SMHI show that while the winter of 1985 was cold, it was not exceptionally strong
compared to some of the earlier years in Bjornklacken’s operation period. This leads to the
conclusion that other factors, such as wind speed and the ice floe reported by Engelbrektson

(1987), contributed to the overloading event.

The design ice load used in the time period Bjornklacken was installed gave a linear relationship
between structural diameter and load. Damages on structures subjected to ice forces has shown
that a linear relationship between load and diameter tends to underestimate ice loads on smaller

structures.

Ice loads calculated in accordance with common design codes includes a more sophisticated
relationship between the shape of the structure and load. Only the API-code predicted static ice
loads of a high enough magnitude to cause a collapse in the structure. However, both the IEC-
and the ISO-code predicted displacements at waterline of such magnitude that dynamic analysis

18 recommended.

Modal analysis done on a numerical model of Bjornklacken showed a fundamental frequency
of approximately 3.30 Hz. A fundamental frequency of this magnitude is high, but since no
measurements of vibration on Bjornklacken exists, it was not possible to certify the frequency’s

authenticity.

Dynamic analysis of Bjornklacken, simplified as a SDOF-system, showed large differences in
dynamic responce dependent on which forcing function was used. Dynamic ice load represented
by a harmonic forcing function caused more dynamic responce in the structure than a sawooth

forcing function.
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The amplitude of a sawtooth forcing function was significantly reduced if the amplitude frac-
tion was scaled in accordance the with ISO-code. No similar guidelines exists in the IEC-code,
meaning that the amplitude of the vibrations caused by harmonic functions are calculated inde-
pendent of the ice-velocity. A recommendation would be that guidelines for amplitude scaling
should be given in the IEC-code as well as the ISO-code.

Results from the dynamic analysis showed that Bjornklacken lighthouse was likely to suffer
from occasional self-excited vibrations. Based on these results, a full-scale dynamic analysis

should be performed.

6.2 Further work

e The discretization of the seabed should be adressed. An analysis where results could be
compared to measured data could help verify the properties of the seabed. This was not

possible in Bjornklacken’s case, since no measurements of vibrations exists.

e Studies should be directed at determining how the large ice floe, reported by Engelbrekt-
son (1987), influenced Bjornklacken.

e Instead of simplifying the problem as a SDOF-system, more modes could be included in
the analysis. Although higher modes show little susceptibility to self-induced vibrations,

they could have an important influence on the results if combined with lower modes.

e A full-scale dynamic analysis should be performed using FEA-software.
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*HEADING
BJORNKLACKEN LIGHTHOUSE

kk

*PREPRINT, ECHO=YES, HISTORY=YES, MODEL=YES

kk

*RESTART, WRITE, FREQ=1

kg

*FILE FORMAT, ZERO INCREMENT

kek

*PART, NAME=LIGHTHOUSE

kek

skokeosk skt sk skoskoskoskosk skskosk ok

**TOWER_PT1**

shokeoskoskokeosk skosk skoskosk skoskosk ok

ek

**Below intersection - cone/tower

ek

*NODE

11100, 0.0, 0.0, 0.5

11101, 1.45, 0.0, 0.5

11109, 0.0, 145, 0.5

11117, -1.45, 0.0, 0.5

11125, 0.0, -1.45, 0.5

ek

*NGEN, LINE=C, NSET=TOWER_PT1_LOWER
11101, 11109, 1, 11100

11109, 11117, 1, 11100

11117, 11125, 1, 11100
11125,11101, 3, 11100

kek

*NCOPY, old set=TOWER_PT1_LOWER, newset=TOWER_PT1_MID, change number=1000, shift
0,0,4.00

0,0,0

ek

*NFILL, NSET=TOWER_PT1_NODES
TOWER_PT1_LOWER, TOWER_PT1_MID, 5, 200
ek

*ELEMENT, TYPE=S4R

11001, 11101, 11102, 11302, 11301
11025, 11125, 11128, 11328, 11325
11032, 11146, 11101, 11301, 11346

kek

*ELGEN, ELSET=TOWER_PT1

11001, 24,1, 1, 5, 200, 100

11025,7, 3,1, 5, 200, 100

11032, 1,1, 1, 5, 200, 100

kk

**Above intersection

kek

*NCOPY, old set=TOWER_PT1_MID, newset=TOWER_PT1_UPPER, change number=1000, shift
0,0,1.400

0,0,0

keek

*NFILL, NSET=TOWER_PT1
TOWER_PT1_MID, TOWER_PT1_UPPER, 5, 200
Hk

*ELEMENT, TYPE=S4R

12001, 12101, 12102, 12302, 12301

12025, 12125, 12128, 12328, 12325

12032, 12146, 12101, 12301, 12346



kk

*ELGEN, ELSET=TOWER_PT1
12001, 24, 1, 1, 5, 200, 100
12025, 7,3, 1, 5, 200, 100
12032, 1, 1, 1, 5, 200, 100

ek

sheskeske sfestke sk seoske sk skeske skeosksk sk

***TOWER_PT2%*

sk sk steostke sk seoske sk skeske skeoskskosk

kek

**The refined section

ek

*NCOPY, old set=TOWER_PT1_UPPER, newset=TOWER_PT2_UPPER, change number=1000, shift
0,0,1.000

0,0,0

ek

*NFILL, NSET=TOWER_PT2_NODES
TOWER_PT1_UPPER, TOWER_PT2_UPPER, 10, 100
ek

*ELEMENT, TYPE=S4R

13001, 13101, 13102, 13202, 13201
13025, 13125, 13128, 13228, 13225
13032, 13146, 13101, 13201, 13246

ek

*ELGEN, ELSET=TOWER_PT2
13001, 24, 1, 1, 10, 100, 100

13025,7, 3,1, 10, 100, 100

13032, 1, 1, 1, 10, 100, 100

ek

sk sk steoste st sfeske sk kst skeosksk sk

#TOWER_PT3**

seskeoske steoste sk sfeoske sk kst skeosksk sk

ek

**Above the waterline

ek

*NCOPY, old set=TOWER_PT2_UPPER, newset=TOWER_PT3_UPPER, change number=1000, shift
0,0,3.700

0,0,0

kek

*NFILL, NSET=TOWER_PT3_NODES
TOWER_PT2_UPPER, TOWER_PT3_UPPER, 10, 100
kek

*ELEMENT, TYPE=S4R

14001, 14101, 14102, 14202, 14201
14025, 14125, 14128, 14228, 14225
14032, 14146, 14101, 14201, 14246

kek

*ELGEN, ELSET=TOWER_PT?3
14001, 24, 1, 1, 10, 100, 100

14025, 17, 3, 1, 10, 100, 100

14032, 1,1, 1, 10, 100, 100

%
skokokok sk ok ok ko ok sk ok ok
*TOWER_BASE**
eskokokok koo ok ko ok sk ok ok
$k

*NODE

1100, 0.0, 0.0, 0
1101, 6, 0.0, 0
1109, 0.0, 6, 0



1117, -6, 0.0,
1125, 0.0, -0,
1401, 2.55, 0.0,
1409, 0.0, 2.55,
1417, -2.55, 0.0,
1425, 0.0, -2.55,
1501, 145, 0.0,
1509, 0.0, 1.45,
1517, -1.45, 0.0,
1525, 0.0, -1.45,
kek

*NGEN, LINE=C, NSET=OUTER_BASE_O_L

1101, 1109, 1, 1100

1109, 1117, 1, 1100

1117, 1125,1, 1100

1125, 1101, 3, 1100

*NGEN, LINE=C, NSET=OUTER_BASE_M_L

1401, 1409, 1, 1100

1409, 1417, 1, 1100

1417, 1425, 1, 1100

1425, 1401, 3, 1100

*NGEN, LINE=C, NSET=OUTER_BASE_I L

1501, 1509, 1, 1100

1509, 1517, 1, 1100

1517, 1525, 1, 1100

1525, 1501, 3, 1100

ek

*NCOPY, old set=OUTER_BASE_O_L, newset=OUTER_BASE_O_U, change number=1000, shift
0,0,0.500

0,0,0

kek

*NCOPY, old set=OUTER_BASE_M_L, newset=OUTER_BASE_M_U, change number=1000, shift
0,0,0.500

0,0,0

ek

*NFILL, NSET=OUTER_BASE_BOTTOM

OUTER_BASE_O_L, OUTER_BASE_M_L, 3, 100

*NFILL

OUTER_BASE_O_U, OUTER_BASE_M_U, 3, 100

ek

*ELEMENT, TYPE=C3D8R

1001, 1101, 1102, 1202, 1201, 2101, 2102, 2202, 2201

1025, 1125, 1128, 1228, 1225, 2125, 2128, 2228, 2225

1032, 1146, 1101, 1201, 1246, 2146, 2101, 2201, 2246

1401, 1401, 1402, 1502, 1501, 2401, 2402, 11102, 11101

1425, 1425, 1428, 1528, 1525, 2425, 2428, 11128, 11125

1432, 1446, 1401, 1501, 1546, 2446, 2401, 11101, 11146

kek

*ELGEN, ELSET=OUTER_BASE

1001, 24, 1, 1, 1, 1000, 100, 3, 100, 100

1025, 7, 3, 1, 1, 1000, 100, 3, 100, 100

1032, 1,1, 1, 1, 1000, 100, 3, 100, 100

1401, 24,1, 1, 1, 1000, 100

1425,7,3,1, 1, 1000, 100

1432,1,1, 1, 1, 1000, 100

$k

[eNeloloNooNoloNoN o]

*NODE
90101, 0.900, -0.900, 0
90105, O, -1.16, 0

90109, -0.900, -0.900, 0



90501, 1.16, O,
90505, O, 0,
90509, -1.16, O,
90901, 0.900, 0.900,
90905, O, 1.16,
90909, -0.900, 0.900,
ek

*NGEN, NSET=INNER_BASE_lower

90101, 90105, 1

90105, 90109, 1

*NGEN, NSET=INNER_BASE_middle

90501, 90505, 1

90505, 90509, 1

*NGEN, NSET=INNER_BASE_upper

90901, 90905, 1

90905, 90909, 1

ek

*NFILL, NSET=INNER_BASE_1

INNER_BASE lower, INNER_BASE_middle, 4, 100

INNER_BASE_middle, INNER_BASE_upper, 4, 100

kek

*NCOPY, old set=INNER_BASE_1, new set=INNER_BASE_2, change number=1000, shift
0, 0, 0.500

[e=NeleNoNoNo)

*ELEMENT, TYPE=c3d8r

90101, 90101, 90201, 90202, 90102, 91101, 91201, 91202, 91102

kk

*ELGEN, ELSET=INNER_BASE

90101, 8, 100, 100, 8, 1, 1

kg

*ELEMENT, TYPE=c3d8r, ELSET=INNER_BASE

91101, 90101, 1537, 1540, 90201, 91101, 11137, 11140, 91201
91201, 90201, 1540, 1543, 90301, 91201, 11140, 11143, 91301
91301, 90301, 1543, 1546, 90401, 91301, 11143, 11146, 91401
91401, 90401, 1546, 1501, 90501, 91401, 11146, 11101, 91501
91501, 90501, 1501, 1502, 90601, 91501, 11101, 11102, 91601
91601, 90601, 1502, 1503, 90701, 91601, 11102, 11103, 91701
91701, 90701, 1503, 1504, 90801, 91701, 11103, 11104, 91801
91801, 90801, 1504, 1505, 90901, 91801, 11104, 11105, 91901
91102, 1521, 90109, 90209, 1520, 11121, 91109, 91209, 11120
91202, 1520, 90209, 90309, 1519, 11120, 91209, 91309, 11119
91302, 1519, 90309, 90409, 1518, 11119, 91309, 91409, 11118
91402, 1518, 90409, 90509, 1517, 11118, 91409, 91509, 11117
91502, 1517, 90509, 90609, 1516, 11117, 91509, 91609, 11116
91602, 1516, 90609, 90709, 1515, 11116, 91609, 91709, 11115
91702, 1515, 90709, 90809, 1514, 11115, 91709, 91809, 11114
91802, 1514, 90809, 90909, 1513, 11114, 91809, 91909, 11113
91001, 90101, 90102, 1534, 1537, 91101, 91102, 11134, 11137
91002, 90102, 90103, 1531, 1534, 91102, 91103, 11131, 11134
91003, 90103, 90104, 1528, 1531, 91103, 91104, 11128, 11131
91004, 90104, 90105, 1525, 1528, 91104, 91105, 11125, 11128
91005, 90105, 90106, 1524, 1525, 91105, 91106, 11124, 11125
91006, 90106, 90107, 1523, 1524, 91106, 91107, 11123, 11124
91007, 90107, 90108, 1522, 1523, 91107, 91108, 11122, 11123
91008, 90108, 90109, 1521, 1522, 91108, 91109, 11121, 11122
91901, 1505, 1506, 90902, 90901, 11105, 11106, 91902, 91901
kg

*ELGEN, ELSET=INNER_BASE

91901, 8, 1, 1

kk



ksk
skeske st sfeske sk shesk ke sk ke skeskok
**TOWER_PT6**
skeske ke sfeske sk shesk ke sk ke skeskok
ksk

*NCOPY, old set=OUTER_BASE_O_U, newset=TOWER_PT6_UPPER, change number=1000, shift
0,0,2.500

0,0,0

kek

*NFILL, NSET=TOWER_PT6_NODES
OUTER_BASE_O_U, TOWER_PT6_UPPER, 2, 500
TOWER_PT6_UPPER, TOWER_PT1_MID, 4, 2250
ek

*ELEMENT, TYPE=S4R

2001, 2101, 2102, 2602, 2601

2025, 2125, 2128, 2628, 2625

2032, 2146, 2101, 2601, 2646

3001, 3101, 3102, 5352, 5351

3025, 3125, 3128, 5378, 5375

3032, 3146, 3101, 5351, 5396

kek

*ELGEN, ELSET=TOWER_PT6

2001, 24,1, 1, 2, 500, 100

2025,7,3,1, 2,500, 100

2032,1,1, 1, 2, 500, 100

3001, 24, 1, 1, 4, 2250, 100

3025,7,3,1,4,2250, 100

3032, 1,1, 1, 4, 2250, 100

ksk

skeoske st skeoskeosk skoskoste sioskok skoskok skekok
**TOWER_DETAIL**
skskeoste skeoskeosk skoskoste sk skoskok skekok
ki

*NCOPY, old set=TOWER_PT3_UPPER, newset=TOWER_DETAIL_O_MI1, change number=1000, shift
0,0,0.300

0,0,0

*NCOPY, old set=TOWER_DETAIL_O_M1, newset=TOWER_DETAIL_O_M2, change number=1000, shift
0,0,0.300

0,0,0

ek

*NODE

15200, 0.0, 0.0, 10.6

15201, 0.95, 0.0, 10.6

15209, 0.0, 095, 10.6

15217, -0.95, 0.0, 10.6

15225, 0.0, -0.95, 10.6

kek

*NGEN, LINE=C, NSET=TOWER_DETAIL_M_L

15201, 15209, 1, 15200

15209, 15217, 1, 15200

15217, 15225, 1, 15200

15225, 15201, 3, 15200

keek

*NCOPY, old set=TOWER_DETAIL_M_L, newset=TOWER_DETAIL_M_M1, change number=1000, shift
0,0,0.300

0,0,0

*NCOPY, old set=TOWER_DETAIL_M_MI1, newset=TOWER_DETAIL_M_M2, change number=1000, shift
0,0,0.300

0,0,0

*NCOPY, old set=TOWER_DETAIL_M_M?2, newset=TOWER_DETAIL_M_U, change number=1000, shift



0,0,0.150

0,0,0

ek

*NODE

15300, 0.0, 0.0, 11.1

15301, 0.45, 0.0, 11.1

15309, 0.0, 0.45, 11.1

15317, -0.45, 0.0, 11.1

15325, 0.0, -0.45, 11.1

kek

*NGEN, LINE=C, NSET=TOWER_DETAIL_I_L

15301, 15309, 1, 15300

15309, 15317, 1, 15300

15317, 15325, 1, 15300

15325, 15301, 3, 15300

ek

*NCOPY, old set=TOWER_DETAIL_I_L, newset=TOWER_DETAIL_I_MI1, change number=1000, shift
0,0,0.08

0,0,0

*NCOPY, old set=TOWER_DETAIL_I_MI, newset=TOWER_DETAIL_I_M?2, change number=1000, shift
0,0,0.08

0,0,0

*NCOPY, old set=TOWER_DETAIL_I_M2, newset=TOWER_DETAIL_I_U, change number=1000, shift
0,0,0.07

0,0,0

ek

*NFILL, NSET=TOWER_DETAIL_NODES

TOWER_PT3_UPPER, TOWER_DETAIL_M_L, 2, 50

TOWER_DETAIL_O_M2, TOWER_DETAIL_M_M2, 2, 50

TOWER_DETAIL_O_M1, TOWER_DETAIL_M_M1, 2, 50
TOWER_DETAIL_M_L, TOWER_DETAIL_I L, 2, 50
TOWER_DETAIL_M_M1, TOWER_DETAIL_I_M1, 2,
TOWER_DETAIL_M_M2, TOWER_DETAIL_I_M?2, 2,
TOWER_DETAIL_M_U, TOWER_DETAIL_I_U, 2, 50
ek

*ELEMENT, TYPE=C3D8R, ELSET=TOWER_DETAIL

15001, 15101, 15102, 15152, 15151, 16101, 16102, 16152, 16151
15025, 15125, 15128, 15178, 15175, 16125, 16128, 16178, 16175
15032, 15146, 15101, 15151, 15196, 16146, 16101, 16151, 16196
15051, 15151, 15152, 15202, 15201, 16151, 16152, 16202, 16201
15075, 15175, 15178, 15228, 15225, 16175, 16178, 16228, 16225
15082, 15196, 15151, 15201, 15246, 16196, 16151, 16201, 16246
15101, 15201, 15202, 15252, 15251, 16201, 16202, 16252, 16251
15125, 15225, 15228, 15278, 15275, 16225, 16228, 16278, 16275
15132, 15246, 15201, 15251, 15296, 16246, 16201, 16251, 16296
15151, 15251, 15252, 15302, 15301, 16251, 16252, 16302, 16301
15175, 15275, 15278, 15328, 15325, 16275, 16278, 16328, 16325
15182, 15296, 15251, 15301, 15346, 16296, 16251, 16301, 16346
kek

*ELGEN, ELSET=TOWER_DETAIL

15001, 24,1, 1, 2, 1000, 1000

15025, 7, 3, 1, 2, 1000, 1000

15032, 1,1, 1, 2, 1000, 1000

15051, 24,1, 1, 2, 1000, 1000

15075, 7, 3, 1, 2, 1000, 1000

15082, 1,1, 1, 2, 1000, 1000

15101, 24, 1, 1, 3, 1000, 1000

15125,7, 3, 1, 3, 1000, 1000

15132, 1,1, 1, 3, 1000, 1000

15151,24,1, 1, 3, 1000, 1000

50
50



15175,7, 3, 1, 3, 1000, 1000
1

15182, 1,1, 1, 3, 1000, 1000
kk

kk

*NODE

92101, 0.290, -0.290, 11.1
92105, O, -0.400, 11.1
92109, -0.290, -0.290, 11.1
92501, 0.400, O, 11.1
92505, O, 0, 11.1
92509, -0.400, O, 11.1
92901, 0.290, 0.290, 11.1
92905, 0 0.400, 11.1

92909, -0.290, 0.290, 11.1

ek

*NGEN, NSET=TOWER_DETAIL_CENTER_lower

92101, 92105, 1

92105, 92109, 1

*NGEN, NSET=TOWER_DETAIL_CENTER_middle

92501, 92505, 1

92505, 92509, 1

*NGEN, NSET=TOWER_DETAIL_CENTER _upper

92901, 92905, 1

92905, 92909, 1

ek

*NFILL, NSET=TOWER_DETAIL_CENTER 1
TOWER_DETAIL_CENTER_lower, TOWER_DETAIL_CENTER_middle, 4, 100
TOWER_DETAIL_CENTER_middle, TOWER_DETAIL_CENTER _upper, 4, 100
ek

*NCOPY, old set=TOWER_DETAIL_CENTER_1, new set=TOWER_DETAIL_CENTER_2, change
number=1000, shift

0, 0, 0.080

*NCOPY, old set=TOWER_DETAIL_CENTER_2, new set=TOWER_DETAIL_CENTER_3, change
number=1000, shift

0, 0, 0.080

*NCOPY, old set=TOWER_DETAIL_CENTER_3, new set=TOWER_DETAIL_CENTER_4, change
number=1000, shift

0, 0, 0.070

kek

*ELEMENT, TYPE=c3d8r, ELSET=TOWER_DETAIL

92101, 92101, 92201, 92202, 92102, 93101, 93201, 93202, 93102

kek

*ELGEN, ELSET=TOWER_DETAIL

92101, 8, 100, 100, 8, 1, 1, 3, 1000, 1000

kg
kg

*ELEMENT, TYPE=c3d8r, ELSET=TOWER_DETAIL_CENTER_1

96101, 92101, 15337, 15340, 92201, 93101, 16337, 16340, 93201
96201, 92201, 15340, 15343, 92301, 93201, 16340, 16343, 93301
96301, 92301, 15343, 15346, 92401, 93301, 16343, 16346, 93401
96401, 92401, 15346, 15301, 92501, 93401, 16346, 16301, 93501
96501, 92501, 15301, 15302, 92601, 93501, 16301, 16302, 93601
96601, 92601, 15302, 15303, 92701, 93601, 16302, 16303, 93701
96701, 92701, 15303, 15304, 92801, 93701, 16303, 16304, 93801
96801, 92801, 15304, 15305, 92901, 93801, 16304, 16305, 93901
96102, 15321, 92109, 92209, 15320, 16321, 93109, 93209, 16320
96202, 15320, 92209, 92309, 15319, 16320, 93209, 93309, 16319
96302, 15319, 92309, 92409, 15318, 16319, 93309, 93409, 16318
96402, 15318, 92409, 92509, 15317, 16318, 93409, 93509, 16317
96502, 15317, 92509, 92609, 15316, 16317, 93509, 93609, 16316



96602, 15316, 92609, 92709, 15315, 16316, 93609, 93709, 16315

96702, 15315, 92709, 92809, 15314, 16315, 93709, 93809, 16314

96802, 15314, 92809, 92909, 15313, 16314, 93809, 93909, 16313

96001, 92101, 92102, 15334, 15337, 93101, 93102, 16334, 16337

96002, 92102, 92103, 15331, 15334, 93102, 93103, 16331, 16334

96003, 92103, 92104, 15328, 15331, 93103, 93104, 16328, 16331

96004, 92104, 92105, 15325, 15328, 93104, 93105, 16325, 16328

96005, 92105, 92106, 15324, 15325, 93105, 93106, 16324, 16325

96006, 92106, 92107, 15323, 15324, 93106, 93107, 16323, 16324

96007, 92107, 92108, 15322, 15323, 93107, 93108, 16322, 16323

96008, 92108, 92109, 15321, 15322, 93108, 93109, 16321, 16322

96901, 15305, 15306, 92902, 92901, 16305, 16306, 93902, 93901

kk

*ELGEN, ELSET=TOWER_DETAIL_CENTER_]

96901, 8, 1, 1

kk

*ELCOPY, ELEMENT SHIFT=1000, OLD SET=TOWER_DETAIL_CENTER_1, SHIFT NODES=1000,
NEW SET=TOWER_DETAIL_CENTER_2

*ELCOPY, ELEMENT SHIFT=1000, OLD SET=TOWER_DETAIL_CENTER_2, SHIFT NODES=1000,
NEW SET=TOWER_DETAIL_CENTER_3

kg

*ELSET, ELSET=TOWER_DETAIL

TOWER_DETAIL_CENTER_1, TOWER_DETAIL_CENTER_2, TOWER_DETAIL_CENTER_3

ksk
skeske st sfeske sk skesk ke sk ke skesko ok
#*TOWER_PT4**
kst st sfeske sk skeosk sk sk skeskoskok
ksk

*NCOPY, old set=TOWER_DETAIL_M_U, newset=TOWER_PT4_M1, change number= 1000, shift
0,0,3.450

0,0,0

*NCOPY, old set=TOWER_PT4_M1, newset=TOWER_PT4_M2, change number= 1000, shift
0,0,3.050

0,0,0

*NCOPY, old set=TOWER_PT4_M2, newset=TOWER_PT4_U, change number=1000, shift
0,0,3.050

0,0,0

ek

*NFILL, NSET=TOWER_PT4_NODES

TOWER_DETAIL_M_U, TOWER_PT4 M1, 4, 250

TOWER_PT4_MI1, TOWER_PT4_M2, 4, 250

TOWER_PT4_M2, TOWER_PT4_U, 4, 250

kek

*ELEMENT, TYPE=S4R

18001, 18201, 18202, 18452, 18451

18025, 18225, 18228, 18478, 18475

18032, 18246, 18201, 18451, 18496

kek

*ELGEN, ELSET=TOWER_PT4

18001, 24, 1, 1, 12, 250, 250

18025, 7, 3, 1, 12, 250, 250

18032, 1,1, 1, 12, 250, 250

kg

*NODE

101101, 0.550, -0.550, 14.8
101105, 0O, -0.800, 14.8
101109, -0.550, -0.550, 14.8
101501, 0.800, O, 14.8
101505, 0, 0, 14.8

101509, -0.800, 0, 14.8



101901, 0.550, 0.550, 14.8

101905, 0, 0.800, 14.8

101909, -0.550, 0.550, 14.8

ek

*NGEN, NSET=TOWER_PT4_M1_lower
101101, 101105, 1

101105, 101109, 1

*NGEN, NSET=TOWER_PT4_M1_middle
101501, 101505, 1

101505, 101509, 1

*NGEN, NSET=TOWER_PT4_M1_upper
101901, 101905, 1

101905, 1019009, 1

ek

*NFILL, NSET=TOWER_PT4_M1_CENTER
TOWER_PT4_M1_lower, TOWER_PT4_M1_middle, 4, 100
TOWER_PT4_M1_middle, TOWER_PT4_M1_upper, 4, 100
kek

*ELEMENT, TYPE=s4r

101101, 101101, 101201, 101202, 101102

kek

*ELGEN, ELSET=TOWER_PT4_M1_CENTER
101101, 8, 100, 100, 8, 1, 1

ek

*ELEMENT, TYPE=s4r, ELSET=TOWER_PT4_M1_CENTER
104101, 101101, 19237, 19240, 101201
104201, 101201, 19240, 19243, 101301
104301, 101301, 19243, 19246, 101401
104401, 101401, 19246, 19201, 101501
104501, 101501, 19201, 19202, 101601
104601, 101601, 19202, 19203, 101701
104701, 101701, 19203, 19204, 101801
104801, 101801, 19204, 19205, 101901
104102, 19221, 101109, 101209, 19220
104202, 19220, 101209, 101309, 19219
104302, 19219, 101309, 101409, 19218
104402, 19218, 101409, 101509, 19217
104502, 19217, 101509, 101609, 19216
104602, 19216, 101609, 101709, 19215
104702, 19215, 101709, 101809, 19214
104802, 19214, 101809, 101909, 19213
104001, 101101, 101102, 19234, 19237
104002, 101102, 101103, 19231, 19234
104003, 101103, 101104, 19228, 19231
104004, 101104, 101105, 19225, 19228
104005, 101105, 101106, 19224, 19225
104006, 101106, 101107, 19223, 19224
104007, 101107, 101108, 19222, 19223
104008, 101108, 101109, 19221, 19222
104901, 19205, 19206, 101902, 101901

kek

*ELGEN, ELSET=TOWER_PT4_M1_CENTER
104901, 8, 1, 1

kok

*NCOPY, old set=TOWER_PT4_M1_CENTER, new set=TOWER_PT4_M2_CENTER, change number=1000,
shift

0, 0, 3.050

kek

*ELCOPY, ELEMENT SHIFT=1000, OLD SET=TOWER_PT4_M1_CENTER, SHIFT NODES=1000, NEW
SET=TOWER_PT4_M?2_ CENTER



kk

*NCOPY, old set=TOWER_PT4_M?2_CENTER, new set=TOWER_PT4_U_CENTER, change number=1000,
shift

0, 0, 3.050

ek

*ELCOPY, ELEMENT SHIFT=1000, OLD SET=TOWER_PT4_M2_CENTER, SHIFT NODES=1000, NEW
SET=TOWER_PT4_U_CENTER

ek

*NODE

21500, 0.0, 0.0, 20.9

21501, 1.75, 0.0, 20.9

21509, 0.0, 1.75, 20.9

21517, -1.75, 0.0, 20.9

21525, 0.0, -1.75, 20.9

ek

*NGEN, LINE=C, NSET=TOWER_PT4_U_CENTER_1
21501, 21509, 1, 21500

21509, 21517, 1, 21500

21517, 21525, 1, 21500

21525, 21501, 3, 21500

kek

*NFILL, NSET=TOWER_PT4_U_CENTER
TOWER_PT4_U, TOWER_PT4 _U_CENTER_1, 3, 100
ek

*ELEMENT, TYPE=s4r

21201, 21201, 21202, 21302, 21301

21225, 21225, 21228, 21328, 21325

21232, 21246, 21201, 21301, 21346

21401, 21401, 21402, 21502, 21501

21425, 21425, 21428, 21528, 21525

21432, 21446, 21401, 21501, 21546

kek

*ELGEN, ELSET=TOWER_PT4_U_CENTER

21201, 24, 1, 1, 3, 100, 100

21225,7,3,1, 3, 100, 100

21232, 1,1, 1, 3, 100, 100

sk

ke sk st sfeske sk she sk e sfeske sk she sk e sfeoske sk she sk st sfeoske sk skesk st sfeoske ke skeskeoste stttk skeskok sk
**NODE AND ELEMENT SET DEFINITIONS**
ke sk st sfeske ke she sk st sfeske ke she sk st sfeoske e she sk st sfe sk e sfeoske st sfeoske e skeskeoste skt skt skeok
ki

*NSET, NSET=LOAD_POA

13617

ki

*NSET, NSET=WATERLEVEL
14117

ksk

*NSET, NSET=BASE_BOUNDARY
OUTER_BASE_I_L, OUTER_BASE_BOTTOM, INNER_BASE_1
ksk

*ELSET, ELSET=ConcrFilled
TOWER_PT1, TOWER_PT2

Fk

sskok gk sk sk ogokkok ok sk ok ok sk Rk ko ok

**SECTION DEFINITIONS**

sesksk ook sk skogokskok ok sk ok ok sk sk ok ko ok

Fk

*SOLID SECTION, MATERIAL=INNER_BASE, ELSET=INNER_BASE
*SOLID SECTION, MATERIAL=OUTER_BASE, ELSET=0OUTER_BASE
*SOLID SECTION, MATERIAL=CONCRETE, ELSET=TOWER_DETAIL



*SHELL SECTION, MATERIAL=CONCRETEPART1, ELSET=TOWER_PT1, OFFSET=SPOS

El.‘)'SSI:IIS:?LL SECTION, MATERIAL=CONCRETEPART3, ELSET=TOWER_PT3, OFFSET=SPOS

El.‘)'SSI:HS—ELL SECTION, MATERIAL=CONCRETE_LOADSECTION, ELSET=TOWER_PT2, OFFSET=SPOS
gssﬁISELL SECTION, MATERIAL=CONCRETEPART4, ELSET=TOWER_PT4, OFFSET=SPOS

Ek).SZI;HSELL SECTION, MATERIAL=CONCRETE, ELSET=TOWER_PT4_M1_CENTER, OFFSET=SPOS
Ek).SZI;HSELL SECTION, MATERIAL=CONCRETE, ELSET=TOWER_PT4_M2_CENTER, OFFSET=SPOS
SSfIi—EiL SECTION, MATERIAL=CONCRETE, ELSET=TOWER_PT4_U_CENTER, OFFSET=SPOS
g‘)'SZI:HS-ELL SECTION, MATERIAL=CONCRETEPART6, ELSET=TOWER_PT6, OFFSET=SPOS

VED PART

kg

sfe st sfe sfe s sfe sk sk skoskoskoskokok

** ASSEMBLY **

st st sfe sfe sfe sfe sk sk skoskoskoskokok

kg

*ASSEMBLY, NAME=LIGHTHOUSE

kk

*INSTANCE, NAME=LIGHTHOUSE, PART=LIGHTHOUSE
00, 00, 00

*END INSTANCE

kk

*END ASSEMBLY

kg

s sfe sfe sfe sfe sk sk sk sk skosko ke ket

**MATERIALS**

e st sfe sfe sfe sk sk sk sk skeosko sk keokeok

kg

*Material, name=INNER_BASE
*Density

2400.,

*Elastic

3.4e+10, 0.15

*Material, name=OUTER_BASE
*Density

15364.,

*Elastic

3.4e+10, 0.15

*Material, name=Concrete
*Density

2400.,

*Elastic

3.4e+10, 0.15

*Material, name=ConcretePart1
*Density

5172,

*Elastic

3.4e+10, 0.15

*Material, name=Concrete_loadsection
*Density

5172.,

*Elastic

3.4e10, 0.15

*Material, name=ConcretePart3



*Density
2193.,

*Elastic

3.4e+10, 0.15

*Material, name=ConcretePart4
*Density
2274.,

*Elastic

3.4e+10, 0.15

*Material, name=ConcretePart6
*Density

1880.,

*Elastic

3.4e+10, 0.15

*Material, name=SEABED_LLAYERI1
*Elastic

8e+07,0.3

*Material, name=SEABED LAYER2
*Elastic

1e+08, 0.3

*Material, name=SEABED LAYER3
*Elastic

1.2e+08, 0.3

*Material, name=SEABED_LAYER4
*Elastic

1.4e+08, 0.3

*Material, name=SEABED_LAYERS
*Elastic

1.6e+08, 0.3

kg



