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SYNOPSIS 
 
The latest development in the area of off-
shore wind turbines has necessitated an 
expansion of the test facility in 
Frederikshavn. 
This report deals with the design of 
suitable foundations for offshore wind 
turbines, which are to be erected at the test 
facility.  
Before the designing of the offshore 
foundation is started, an analysis of the 
geological and the climatic conditions at 
the location is performed. The conceptual 
design of the foundation is carried out by 
investigating three different foundation 
concepts.  
The optimum foundation for the location is 
then improved in the detail design, on basis 
of upper and lower bounds of the bearing 
capacity and a numerical solution. Analytic 
and numeric calculations of the foundation 
settlement are also performed. 
The material models in the numerical 
model are calibrated with the experimental 
results. The validity of the mathematical 
wave theories for wave elevation and 
forces are demonstrated based on scale 
experiments. Finally, the necessary scour 
protection is designed, so erosion is 
avoided. 
 



 



Preface 
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off-shore constructions”. The report is divided into the following parts.  

• Introduction 
• Preliminary investigation 
• Conceptual design 
• Detail design 
• Conclusion 
• Geotechnical experiments 
• Hydraulic experiments 

On the back cover of the report, a DVD is enclosed with the calculation-files made in re-
spectively MATLAB, MAPLE, PLAXIS and Excel. Furthermore, the DVD contains the 
data colleted from the triaxial experiment and the hydraulic experiments including an elec-
tronic version of this report. 
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name, year]. References to internet sites are specified with the firm name and year. The 
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Chapter 1 Introduction  
The CO2 emission from the power industry constitutes internationally, as well as in Den-
mark, to the majority of the man made emission of green house gases. For this reason, 
there has been an increasing interest in wind energy during the last decade.  

A wind turbine producing energy will reduce the emission of CO2 in relations to a conven-
tional electricity generation. As an example, an offshore wind turbine of the type V90 – 3.0 
MW, in average discharges 5 g/kWh, while a coal-fired power station discharges 826 
g/kWh. [Vestas, 2006] 

In 1996, the Danish government prepared a strategy for energy production which stipulates 
that by 2030 half of the Danish electricity supply should come from wind energy. Further-
more, the strategy states that this energy supply primarily should come from wind turbines 
erected in the Danish waters. The reason why the wind turbines should be erected offshore 
is that the number of acceptable locations on land is limited. Also, the wind potential is 
larger at sea than over land.  

Besides stipulation a reduction in the CO2 emission, the purpose of the strategy is also to 
consolidate the position of the Danish wind turbine manufactures as world market leaders. 
In order to realize the strategy, suitable harbours are required to test both the turbines and 
the foundation methods. [Frederikshavn Kommune, A]  

1.1 Frederikshavn 
In relation to the research in the field of wind turbine technology, it is necessary to expand 
the research locations. One of these locations is placed at Frederikshavn, which is geo-
graphically located in the northern Jutland by the Kattegat. The reason why Frederikshavn 
was chosen, as a base harbour for the wind turbine project, was due to its geographical lo-
cation and the infrastructure conditions in the area. [Frederikshavn Kommune, A]  

In 2003, the public authorities at Frederikshavn authorized the construction of four proto-
type wind turbines. These prototypes are built to detect and repair possible failures, before 
the wind turbines are put in production for offshore wind farms. The approved location for 
the project is illustrated in Figure 1-1, where the wind turbines are marked with a dot. 
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Figure 1-1: The location of the wind turbines inside the district plans area. [Frederikshavn Kommune, B] 

Prior to the authorization, new district plans and an evaluation of environmental effects 
were devised in which several design and location restrictions were stated. In the follow-
ing, the most important regulations from these reports are listed. 

Location: 

• The wind turbines should be placed as close to larger existing plants at the harbour as 
possible. 

• The district plan states that the wind turbines must not hinder the view to the pre-
served area “Nordre Skanse”, cf. Figure 1-2.  

  
Figure 1-2: The preservation area to Nordre Skanse. [Frederikshavn Kommune, C] 
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• Close to the location is an EU bird preservation area, which sets another boundary to 
the north, cf. Figure 1-3. 

 
Figure 1-3: The bird preservation area. [Frederikshavn Kommune, B] 

Design: 

• The nacelle height of the wind turbines must be between 70 and 80 m, with a total 
height of maximum 125 m.  

• The ratio between the nacelle height and the rotor diameter must lie in the interval of 
0.9 to 1.1.  

• The maximum height difference of the four wind turbines is 5 m. 
• The inclination of the wind turbines must not exceed 0.5 degrees. 

[Frederikshavn Kommune, B & C] 

1.2 New Wind Turbines 
The latest development of wind turbines requires an expansion of the test facility at 
Frederikshavn Harbour. The plan is to expand with four new wind turbines, each with a 
capacity of 3-5 MW, a nacelle height of maximum a 100 m and a rotor diameter of maxi-
mum a 110 m.  

The four new wind turbines are going to be placed in extension of the existing wind tur-
bines, but in doing so, the limitations need to be observed. To the north and east the pres-
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ervation areas limit the placing of the new wind turbines and to the south is the harbours 
navigation channel located, cf. Figure 1-4. Due to variations at the sea floor, ships entering 
the harbour from the north have to navigate south-east around Borrebjerg and Laursrev to 
maintain the necessary water depth. When placing the new wind turbines it is also neces-
sary to investigate the wind directions in the area. This is done so the wind turbines seldom 
are leeward of each other. In DMI (1971), it is stated that the wind direction is mainly west 
and south-west. Taking these limitations into consideration, the new wind turbines will be 
placed in a slightly curved line toward Borrebjerg and Laursrev as illustrated in Figure 1-4. 
This placing of the wind turbines close together may result in a focus of the waves, which 
eventually could cause larger waves on the pier constructions in the harbour. It is sug-
gested that this phenomenon is investigated before construction the wind turbines. By plac-
ing the wind turbines at these locations, the water level is never deeper than 10 m. 

 
Figure 1-4: The yellow area signifies the bird preservation area; the red and blue dots illustrate respectively 

the existing and future wind turbines, while the red arrow illustrates the shipping routes.  

1.3 Problem Definition 
The previous section stated that four new wind turbines are to be erected, as an expansion 
of the test facility in Frederikshavn. This report deals with the establishment of one of the 
four wind turbines.  

In this report, there is initially prepared a conceptual design, which contains estimate cal-
culations of the loads and the foundations for the selected offshore wind turbine. Before 
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these calculations can be launched, preliminary investigations of the subsoil conditions and 
climate conditions are performed. In the conceptual design, the following foundations con-
cepts are examined: 

• Bucket foundation 
• Gravitation foundation 
• Monopiles 

Given the conceptual design, it is evaluated which foundation concept is most suitable for 
utilization at the test facility at Frederikshavn. Thereafter, the chosen foundation concept is 
dimensioned in the detail design. The detail design contains: 

• An analysis of the hydraulic experiments, which will be used to verify the wave 
loads on the gravitation foundation 

• An analysis of the geotechnical experiments, which will form the basis for a new 
geotechnical report 

• Analytic and numeric calculation of the bearing capacity and settlements of the 
gravitation foundation. 



 



PRELIMINARY 
INVESTIGATION 
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Chapter 2 Wind Turbine 
As previously described, four wind turbines are to be placed at the chosen location at 
Frederikshavn. The chosen type of wind turbine is a Vestas offshore V90 – 3.0 MW. This 
type of wind turbine fulfills the restrictions given in Section 1.2. In Figure 2-1, the wind 
turbine and its primary dimensions are given. The diameter of the wind turbines tower is 
4.2 m at the assembling with the foundation. 

90m

80m

6.2m

 
Figure 2-1: The primary dimensions of a Vestas offshore V90 – 3.0 MW wind turbine. 

The loads at the bottom of the tower from the wind turbine are listed in Table 2-1, with the 
directions shown in Figure 2-2. The loads have basis at the bottom of the wind turbine 
tower. [Ibsen, 2006] 

Load 
 

Fatigue force 
[kN] 

Moment arm  
[m] 

Failure force 
[kN] 

Moment arm  
[m] 

Fx  - - 26 30 
Fy 300 56.7 530 78.7 
Fz - - 2350 - 

Table 2-1: Characteristic loads at the bottom of the tower from the wind turbine. 
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y

z

x

 
Figure 2-2: The wind turbine, where the system of coordinates is illustrated. 

In this project it is chosen to vectorially add the two components from the horizontal force 
in the x and y direction to a joint component. This is also done for the moments around the 
x and y axis. Hereby the following loads will be used in the project, cf. Table 2-2. 

Load 
 

Fatigue force 
[kN] 

Moment arm  
[m] 

Failure force 
[kN] 

Moment arm  
[m] 

Fxy  300 56.7 530,6 78.7 
Fz  - - -2350 - 

Table 2-2: Characteristic loads on the foundation from wind turbine. 
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Chapter 3 Geology at Frederikshavn 
This chapter contains a short description of the geological conditions at Frederikshavn and 
a survey of the soil deposits. The area is geological interesting because it shows how sea 
sediments and coast formation partly in the Ice Age and partly afterwards have advanced 
across the raised areas, cf. [Jacobsen and Thorsen, 1984]. The area of interest is shown in 
Figure 3-1. 

 
Figure 3-1: A map of Frederikshavn, the new wind turbines will be placed within the marked area, which 

therefore is the one of interest. 

The lowest of the principal layers consist of white chalk from the Cretaceous Period. The 
sediments from the oldest part come from chemically precipitated chalk together with re-
mains of dead aquatic plants and animals. In the white chalk, it is also common to find lay-
ers of flint and hard, siliceous rock. The chalk is the highest pre-quaternary layer at 
Frederikshavn, cf. Figure 3-2. 
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Figure 3-2: A map of the layers from the Tertiary Period. 

The Quaternary Period was marked by a series of climate changes due to six ice ages di-
vided by five warm Inter Glacial ice ages. The periods between the ice ages were relatively 
warm, which brought fairly good conditions for rich organic life. Generally, the Quater-
nary Period is divided into three sub periods. The first is called the Glacial Period and was 
dominated by glacier deposits (moraine clay, sand, gravel, rock) varying with melt water 
deposits. These layers are possibly divided by some layers of loose glacial flake such as 
older Yoldia clay. The deposits from this sub period can therefore be quite varying. Since, 
these layers have been exposed to large ice pressures they are expected to be pre-
consolidated. Following the Glacial Period was the Late Glacial Period, where melting of 
the ice caused an increased sea level. The sea was forced over some regions where the ice 
had melted. Especially in northern Jutland, the Yoldia Sea was forced over the present-day 
land regions and deposited sand along the coast and clay at greater water depths. As a re-
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sult of the raised terrain, the Yoldia Sea’s coastal line is today found at an elevation about 
+60 (DVR90) at Frederikshavn. The clay from the Yoldia Sea is gray and rather fat clay. 
The last sub-period, in the Quaternary Period, was the Post Glacial Period, where the lay-
ers are dominated by marine deposits such as sand. In this period, the ocean was once more 
forced over some of the present-day land regions. This sea was called the Stone Age Sea 
and it deposited sand and clay at greater depths. The coastal line of the Stone Ages Sea is 
today found at an elevation about +15 (DVR90) at Frederikshavn. Because the area of in-
terest is at sea, there are only expected aquatic sediments such as sand above the described 
layers. 
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Chapter 4 Subsoil Conditions  
In Chapter 3, the general geology of northern Jutland was described, and as an elaboration 
of this, the following is a detailed description of the subsoil conditions at Frederikshavn. 
The subsoil conditions are based on the two geotechnical reports Geoteknisk rapport 
(1974) and Geoteknisk rapport (2002), concerning the location where the existing wind 
turbines are located. In the detail design a new geotechnical report will be constructed to 
cover the area of interest.  

The geotechnical reports contain data from a total of 17 borings and the locations of these 
are illustrated in Figure 4-1.  

 
Figure 4-1: The location of the 17 borings. 

The borings marked 1A, 2A, 3A and 4A are from the exact locations of the existing wind 
turbines and were obtained in 2002, while the borings marked 1 to 13 were obtained in 
1974.  

As the boring profiles and the description in Chapter 3 indicates, all the borings end in 
older yoldia layers, which were rebedded during the last ice age. These yoldia layers are 
superposed by postglacial layers, which vary in depths from approximately 0.2 m in boring 
no. 6 to approximately 19.7 m in boring no. 10. In the south-eastern borings (no. 4 to 8 and 
13), the yoldia layers are primarily fat clay while the yoldia layers in the remaining borings 
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consist of varying layers of sand and clay. The postglacial layers are primarily dominated 
by sand containing gravel and shells. 

The load-bearing soil layer is found at the sea bed level in all the borings, except boring 
no. 6, where the first 0.2 m above the yoldia clay is mired clay, and boring no. 10 the load-
bearing soil layer is found 17.9 m below sea level. Since, boring no. 10 is located in a re-
sent land reclamation area; the boring has no interest for this project. In all the borings, the 
top side of the yoldia layers marks the transition to more compact layers. Based on the two 
geotechnical reports, the subsurface is plotted as illustrated in Figure 4-2.  

 
Figure 4-2: The design subsurface at Frederikshavn. 

The subsurface conditions closest to the shore have not been included in Figure 4-2, be-
cause the new wind turbines will be placed further out at sea. An overview of the boring 
used in Figure 4-2 is illustrated in Figure 4-3.  

 
Figure 4-3: An overview of the borings included in Figure 4-2. 
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As mentioned in Section 1.2, the new wind turbines will be placed in extension of the ex-
isting wind turbines, cf. Figure 4-4. The design subsurface for the new wind turbines then 
lies between boring 5 and 6.  

 
Figure 4-4: The new wind turbines will be placed in extensions of the arrow and the existing wind turbines, 

which are located at 1A, 2A, 3A and 4A. 

By comparing the borings in the south-eastern corner of Figure 4-2, and the fact that the 
top sand layer most likely increase in depth further out to sea, boring no. 5 is chosen as the 
design subsurface for the new wind turbines, cf. Figure 4-5 . 
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Boring record no. 5

-21.2

-13.5

-8.4

-6.2

γ 3 = 20.3 kN/mclay

γ 3 = 20.2 kN/msand

γ 3 = 20.6 kN/mclay

c    = 147.3 kN/mu
2

c    = 294.6 kN/mu
2

ϕ = 38o

 
Figure 4-5: Boring no. 5, the design subsurface for the new wind turbines. 

The characteristic soil parameters for the boring are listed in Table 4-1, and based on the 
geotechnical report obtained in 1974, cf. Geoteknisk rapport (1974).  

Material Layer thickness γ γ ′/  w kϕ  cu e ID 

[-] [m] [kN/m3] [%] [˚] [kN/m2] [-] [-] 
Sand 2,2 20.2 / 10,2 22 38 - 0,58 0,96 
Clay 5,1 20,3 / 10,3 23 - 147,3 - - 
Clay - 20,6 / 10,6 22 - 294,6 - - 

Table 4-1: Characteristic soil parameters for boring no. 5. 
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Chapter 5 Analysis of the Climate 
In order to calculate the maximum wave height, an analysis of the climate is conducted. 
This is done since there are no data available of the wave heights at Frederikshavn. The 
following chapter begins with an analysis of the water level at Frederikshavn which is later 
used to determine the wave loads and design an ice cone on the foundation. Next, the cur-
rent is determined and then the maximum wave height is calculated.      

5.1 Water Level 
In this section, the variations in the water level at Frederikshavn are discussed, utilizing 
Danish Coastal Authority (2002). The deviations from the mean water level (MWL) due to 
wind, tides and the greenhouse effect are considered. The changes due to land and MWL-
movements are not considered because it is small in comparison. MWL is determined ac-
cording to the Danish Vertical Reference 1990 (DVR90). The definitions of water levels 
are shown in Figure 5-1. 

Highest Observed Water Level

Highest Astronomical Tide

Mean Highest Water Level

Mean Water Level

Mean Lowest Water Level

Lowest Astronomical Tide

Lowest Observed Water Level

HOWL

HAT

MHWL

MWL

MLWL

LAT

LOWL

 
Figure 5-1: Definition of water levels.  

In Danish Coastal Authority (2002), measured data of the deviation from MWL are fitted 
to a Weibull distribution, whereby values of the highest observed water level (HOWL) 
with a given return period are found. In the following, a return period of 50 years is ap-
plied. Furthermore, the greenhouse effect should be taken into account. In Danish Coastal 
Authority (2002), the prescribed MWL-rise for the 50 year return period is 15 cm which 
yields 

 50HOWL = MWL + 1.45 m + 0,15 m  

It is assumed that the lowest observed water level (LOWL) has the same variation from the 
MWL as the HOWL without greenhouse effect. Therefore the LOWL is 
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 LOWL MWL-1.45m=  

The conclusion is therefore that the variation of the water level with a return period of 50 
years is approximately 3 m. 

5.2 Current  
There are no current data available for Frederikshavn; therefore data from Sæby, 15 km 
south down the coast from Frederikshavn, are used. The tidal currents at Sæby and 
Frederikshavn are assumed to be the same. The outflow of freshwater from the Baltic Sea 
generates a northbound current at the surface level, while the higher salinity in the North 
Sea a southbound current is generated at the sea bed level. The main part of the 
southbound current is assumed to take place in Læsø Rende a few kilometers east of the 
coast, and therefore only the surface current is considered. The surface current changes 
with the tide, and the direction of the current is therefore either northbound or southbound. 
Based on these facts, Aalborg University (1979) suggests a maximum tidal current of 0.5 
m/s a 1000 m off the coast of Sæby. This value is used throughout the detail dimensioning 
with the worst of the two directions, depending on the load case. 

Two other phenomena are also known to create current. These are backwater and wave in-
duced current. Backwater is created by the shear stress between the wind and the water. 
This shear stress makes the water at the surface level move with the wind. In order to 
maintain equilibrium, the water at the sea bed flows opposite of the wind direction, cf. 
Figure 5-2. [Engelund, 1969] 

τ

 
Figure 5-2: Shear stress between air and water in shallow water. 

The other phenomenon occurs when waves break which causes a loss of energy. This en-
ergy loss is also a loss in the force on the water particles, and the direction of the water 
flow is therefore changed. Hereby a current is created along the coast, cf. Figure 5-3. 
[Fredsøe, 1990] 



Chapter 5 – Analysis of the Climate  

29  

Wave front

Breaking line

Coast

U

 
Figure 5-3: Principle of wave induced current. 

Both phenomena create current in the direction as the waves propagate. In Appendix A, it 
is found that the largest forces occur, on a structure, when the current is in the same direc-
tion of the waves propagation. Therefore, these phenomena are not considered in the con-
ceptual design or in the detail design. 

5.3 Wind-generated Waves 
In the following section, wave parameters at Frederikshavn will be generated from wind 
data from the lighthouse at Hirsholm, a small island slightly north-east of Frederikshavn. 
To account for irregularities, the maximum wind speed is compared with two other loca-
tions. The lighthouses at Hals Barre and Anholt, because the geographical conditions are 
quite similar to those at Hirsholm, cf. Figure 5-4. Furthermore only the wind speeds from 
south and south-east are considered. The argument for this restriction is discussed in Sec-
tion 5.3.2. 
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Figure 5-4: Lighthouse locations.  

The wind data are obtained from DMI (1971), from the period 1931 - 1960, and the rele-
vant data are shown in Table 5-1. At Hirsholm and Hals Barre, the wind speed is observed 
five times daily and at Anholt the wind speed is observed three times daily.  

Wind speed Observation % 
Beaufort [m/s] Hirsholm Hals Barre Anholt 

1 0.3-1.5 1.4 1.9 1.8 
2 1.6-3.3 1.9 3.6 2.2 
3 3.4-5.4 3.0 3.9 3.0 
4 5.5-7.9 2.1 2.6 2.0 
5 8.0-10.7 1.2 1.1 1.2 
6 10.8-13.8 0.7 0.6 0.6 
7 13.9-17.1 0.3 0.2 0.2 
8 17.2-20.7 0.2 0.1 * 
9 20.8-24.4 * * * 

10 24.5-28.4 * * 0 
11 28.5-32.6 0 * 0 
12  32.7- 0 0 0 

Total 10.8 14.0 11.0 

Table 5-1: Wind data from south direction, * is between 0 and 0.05 %. The percentage rate is determined 

from the total wind data. 
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These data are re-calculated to the non-exceendence probability shown in Table 5-2. 

Wind speed Non-exceedence probability 
Beaufort [m/s] Hirsholm Hals Barre Anholt 

2 3.4 0.130 0.136 0.146 
3 5.5 0.306 0.393 0.346 
4 8.0 0.583 0.671 0.618 
5 10.8 0.778 0.857 0.800 
6 13.9 0.889 0.936 0.909 
7 17.2 0.954 0.979 0.964 
8 20.8 0.982 0.993 0.982 

Nobservations,total 54769 54784 32744 
Nobservations,S  5915 7670 3602 

Table 5-2: Wind data from south direction. 

The non-exceedence probability of Beaufort’s scale 1 is not shown in Table 5-2, because it 
corresponds to calm weather, and therefore does not have any direction. The observations 
corresponding to calm weather is from approximately 3 - 4.5 % of all the observations, i.e. 
from all directions. Neither is the non-exceedence probability of wind speeds larger than 9 
on Beaufort’s scale shown. Observations of these wind speeds from south have been made, 
but the count is at a maximum less than 0.3 % of the total observations from the south di-
rection. 

Firstly, the wind data are fitted to different candidate distributions to obtain the best model 
and a design wind speed. Afterwards, the design wave parameters are calculated. 

5.3.1  Design Wind Speed 
The design wind speed at Hirsholm is estimated as the wind speed with a return period of 
50 years. This wind speed is compared with similar wind speeds at Hals Barre and Anholt 
to account for possible irregularities. 

The wind data is fitted to two candidate distributions, the Weibull and the Gumbel distribu-
tions. These are used because they often fit wind data very well. 

The candidate distributions are given as 

 ( )Weibull: ( ) 1 exp
k

X
x BF F x P X x

A
⎛ ⎞−⎛ ⎞= = < = − −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (5.1) 

 ( )Gumbel: ( ) exp expX
x BF F x P X x

A
⎛ ⎞⎛ − ⎞⎛ ⎞= = < = − −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠⎝ ⎠

 (5.2) 
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where 
 X  is a characteristic value of the wind speed 
 x  is the realization of X 
 F  is the non-exceedence probability of x 
 A, B, k are the distribution parameters to be fitted 

The distribution parameters are determined from the Least Square Method, where (5.1) and 
(5.2) are written on the form 

 X A Y B= ⋅ +  (5.3) 

where 
Y  is the reduced variable of the candidate distribution 

The reduced variables are determined from 

 ( )( )
1

Weibull: ln 1 kY F= − −  (5.4) 

 ( )Gumbel: ln lnY F= − −  (5.5) 

The distribution parameters A and B are determined by 
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 (5.6) 

In case of the Weibull distribution, there is no equation to determine the parameter k. 
Therefore several guesses of the parameter k are used in order to find the best fit. The best 
fit is selected on account of the mean error calculated from 
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−
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where 
 xi,estimated  is the data calculated from (5.3) with estimated parameters A and B 
 xi,observed  is the data observed at location 

The procedure for calculating E is to first make a guess on k and then calculate A and B. 
From these values E can be calculated and then the procedure is made again. For the 
Weibull distribution, the relation between E and k is shown in Figure 5-5. The optimum 
value is k = 1.425. 

 
Figure 5-5: Relation between k and the mean error at Hirsholm with wind from the south. 

The mean errors of the two candidate distributions are compared in Table 5-3. 

Distribution 
 

A 
[-] 

B 
[-] 

k 
[-] 

E 
[%] 

Weibull 7.15 1.61 1.425 1.87 
Gumbel 3.70 5.94 - 1.85 

Table 5-3: Comparison of candidate distribution at Hirsholm with wind from the south. 

In the following the Weibull distribution with the parameters in Table 5-3 are utilized, al-
though the Gumbel distribution yields a betted fit. The reason for this choice is that an er-
ror in the fitting procedure of the Gumbel distribution was discovered late in the project 
period, when it was not possible to correct the values of the wind speed throughout the re-
port. In Figure 5-6 the data from Table 5-2 are plotted against the fitted Weibull and Gum-
bel distributions, and it shows a very good correlation with the both the Weibull distribu-
tion and the Gumbel distribution. 
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Figure 5-6: Comparison between observed data and fitted Weibull and Gumbel distributions at Hirsholm 

with wind from the south. 

The data are measured in a 30 year period and in the following, the probability is calcu-
lated with a return period of 50 years. The design wind speed U50 is calculated using equa-
tions (5.3) and (5.4) with the parameters in Table 5-2 and a non-exceedence probability 
determined by 

 11F
Tλ

= −
⋅

 (5.8) 

where 
 T  is the return period 
 λ is the sample intensity (number of extreme data / number of years of obser-

vation) 

This yields 

 

1
1.425

50 5915
30

17.15 ln 1 1 1.61 35.5 m/s
50

U
⎛ ⎞⎛ ⎞⎛ ⎞

= ⋅ − − − + =⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⋅⎝ ⎠⎝ ⎠⎝ ⎠
 

Similar computations are made for Hals Barre and Anholt. The results are shown in Table 
5-4. 
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 U50  [m/s] 
Location South South-east 
Hirsholm 35.5 34.5 
Hals Barre 31.4 37.1 
Anholt 34.2 33.5 

Table 5-4: Design wind speed from south and south-east. 

The maximum difference between the design wind speeds at the three locations is quite 
small. Hals Barre has the highest wind speed from south-east and the lowest from the 
south. The explanation can be that Hals Barre has the longest fetch from south-east and 
shortest fetch from south of the three locations, cf. section 5.3.2. It is concluded that there 
are no significant irregularities in the observed data and because of the 30 year observation 
period the uncertainty of the data is at a minimum.  

5.3.2  Calculation of Design Wave Parameters 
In this section, the wave height Hm0 and wave period Tp is calculated with the revised 
SPM-method, Hurdle and Stive (1989). 

In order to estimate the highest wave, both fetch, cf. (5.9), and wind data must be com-
pared. It turns out that the highest over sea wind speed is from south, cf. Figure 5-7. 
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Figure 5-7: Wind speed distribution from different directions with a sample period of 30 years.  

The fetch is the distance between the point of interest and the shoreline in the up-wind di-
rection. The fetch is calculated as the mean value of 9 radials with intervals of 3 degrees, 
cf. Liu and Frigaard (2001). 
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The longest fetch is illustrated in Figure 5-8. 

 
Figure 5-8: The longest fetch for Frederikshavn. 

The fetch illustrated in Figure 5-8 yields F = 180 km. This fetch is from south, south-east 
and since there are no data from this direction, the data from south are used. Hence, the 
value U50 = 35.5 m/s is applied in the further calculations. 

The wind data are equal to the wind speed at 10 m above the ground, and therefore no 
height adjustment is needed. Since, the wind data are collected at Hirsholm, the measured 
wind speed is assumed equal to the wind speed over water. Therefore, RL is equal to 1.0. 
Furthermore, it is assumed what the influence of the temperature is RT equal to 1.1. The 
corrected wind speed is then calculated with 

 10 1 1 35 5m/s 39 1m/sT LU R R U . . .= ⋅ ⋅ = ⋅ =  (5.10) 
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The wind speed is given for a duration of 10 minutes. According to Brorsen (2006), there 
are two different methods to calculate the wind speed, which must be used to calculate the 
wave height. The first method is built on the assumption, that the wind speed for the dura-
tion of 10 minutes is the maximum wind speed. Therefore, the wind speed with the dura-
tion of 10 minutes must be reduced. This method is believed to give too small wave 
heights. The second method is based on the assumption that the wind field is varying so 
slowly, that the wave height at all time is fetch limited. This means that the wind speed for 
duration of 10 minutes is used to calculate the wave height with the SPM (1982). This 
method is believed to give wave heights that are too high. This means that the actual wave 
height is somewhere between the wave heights calculated by the two methods. Therefore 
both methods are used to determine the range between these values, and thereafter the 
value of wave height from the second method is used in the following calculations.  

Using the first method, the wind with duration of 10 minutes must be converted to an ap-
propriate storm duration which is set to 5 hours. The wind speed is first calculated to 3600 
s with (5.11), then it is calculated to the entire storm with (5.12). 
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 (5.12) 

There is a non-linear relationship between the wind stress and the wind speed, therefore the 
wind stress factor is introduced in (5.13). Because of the non-linearity (5.13) does not 
match in units.  

 ( )1 231 230 71 0 71 33 6 m/s 53 5m/s..
AU . U . . .= ⋅ = ⋅ =  (5.13) 

Using Hurdle and Stive (1989), the wave height Hs and peak period Tm can be calculated. 
In order to use this method, distance, height and depth are non-dimensionalized with use of 
(5.14) and time is non-dimensionalized by use of  (5.15) 

 2
A

g
U

 (5.14) 
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In order to determine whether the storm is fetch limited or duration limited, a minimum 
necessary duration can be calculated by (5.16). Notice that all non-dimensional values are 
indicated with ΄. 

 ( )
2
365 9mint . F′ ′= ⋅  (5.16) 

The minimum duration is then calculated 
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 (5.17) 

This minimum duration is longer than the duration of the storm set to 5 hours, which indi-
cates that the fetch should be modified. Since no storm starts and ends instantly, it is esti-
mated that some waves are formed before the storm begins. It is not possible to determine 
this effect on the waves. Therefore no correction on the original fetch is made. This means 
that the fetch used here may be longer than necessary. This yields an effect on the wave 
height which is higher than necessary.  

The equations for calculation of the wave height Hs and peak period Tp are given by  

 ( )( )
( )( )
5

0 75 0 5
0 752

4 3 100 25 tanh 0 6 tanh
tanh 0 6

. .
s .

. FH . . d
. d

−⎡ ⎤
⋅ ⋅⎢ ⎥′ ′= ⋅ ⋅ ⋅

⎢ ⎥′⋅⎢ ⎥⎣ ⎦

 (5.18) 
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.
p .

. FT . . d
. d

−⎡ ⎤′⋅ ⋅⎢ ⎥′ ′= ⋅ ⋅ ⋅
⎢ ⎥′⋅⎢ ⎥⎣ ⎦

 (5.19) 

At the location outside Frederikshavn, the water depth varies between 2 m and 8 m. Fur-
thermore the variation of the water level must be included, cf. section 5.1 the MWL must 
be added 1.6 m. Therefore different values of the wave height Hs and period of peak Tp 
have been calculated, cf. Table 5-5.  

The second method uses the duration of 10 minutes given by (5.10). The nonlinear rela-
tionship between the wind stress and the wind speed is taken into account by (5.13) which 
yields  
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 ( )1 231 230 71 0 71 39 1m/s 64 5m/s..
AU . U . . .= ⋅ = ⋅ =  (5.20) 

The wave height and peak period is then calculated by (5.18) and (5.19). The results are 
shown in Table 5-5. 

The relation between Hs and Hmax is given by (5.21), cf. DNV (2004). Notice that (5.21) is 
for a storm of 1000 waves which normally is used, and that (5.21) assumes Rayleigh dis-
tributed waves.  

 1 86max sH . H= ⋅  (5.21) 

 
Water depth   

[m] 
Hs  
[m] 

Tp  
[s] 

Hmax  
[m] 

3.8 1.6 6.6 3.0 
5.8 2.3 7.7 4.3 
7.8 2.8 8.6 5.2 

Method 1 

9.8 3.4 9.4 6.3 
3.8 1.8 6.9 3.3 
5.8 2.5 8.1 4.7 
7.8 3.1 9.1 5.8 

Method 2 

9.8 3.7 9.9 6.9 

Table 5-5: Significant and maximum wave height and period of peak at given water depths. 

The variation of the results from method 1 and method 2 is about 5 %. Therefore, it is cho-
sen to use the results calculated with method 2 which are conservative. 

Since, there is no generally accepted relation for the distribution of the wave period an em-
pirical relation in turn of (5.22) is used. 

 max pT T≈  (5.22) 

5.3.3  Wave Breaking  
When wave breaking takes place it is a result of shoaling and limited water depth. The wa-
ter breaking implies a depth dependency, which shall be taken into when the design wave 
heights are to be determined. For this determination, the water depth corresponding to the 
maximum water level at the location must be assumed. A conservative breaking criterion is 
given by (5.23). [DNV, 2004] 

 0 78H .
d

=  (5.23) 
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where 
 H is the wave height  
 d  is the water depth 

The highest possible wave height is determined by (5.23), and the results are compared 
with the maximum wave height determined by Hurdle and Stive (1989), as shown in Table 
5-1.  

Water depth   
[m] 

Hmax  
[m] 

Hbreak 

[m] 
3.8 3.3 2.8 
5.8 4.7 4.4 
7.8 5.8 5.9 
9.8 6.9 7.5 

Table 5-1: The wave height. 

The conclusion is that the wave breaking occurs at a depth of 5.8 m and lower. 

5.3.4  Wave Information on the Location 
The wave parameters estimated in Section 5.3.2 indicates some situations where breaking 
waves occurs. The mean water level was estimated to 6.2 m and the maximum wave height 
to 5.0 m, while the wave period was 8.4 s. Because the maximum wave height is higher 
than the criterion for breaking waves, wave breaking must be taken into account. It is how-
ever important to note that wave breaking does not take place when the maximum water 
level occurs, that is when the water depth is 7.8 m. Thereby, the following two situations 
are chosen to be analyzed in the project, cf. Table 5-6, where wave breaking first is ana-
lyzed in the detail design.  

Situation 
 

Water depth   
[m] 

Tp  
[s] 

Hmax  
[m] 

Max water depth without wave breaking 7.8 9.1 5.8 
Wave breaking for the mean water level 6.2 7.6 5.0 

Table 5-6: Significant wave height and period of peak at given water depths. 
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Chapter 6 Loads for the Conceptual Design 
In the following chapter, the characteristic loads are combined to design loads for the con-
ceptual design. This is done by using the load combinations from DNV (2004), which are 
expected to be the most relevant. In Chapter 2, the load from the wind turbine is given and 
in Appendix A and B the loads from ice and wave are calculated. These loads are listed in 
Table 6-1. Each of the loads positions are shown in Figure 6-1, where the moment arms 
also are shown, cf. Table 6-2. 

Load type 
 
 

Wind 
Turbine 

[kN] 

Wind 
 

[kN] 

Wave 
 

[kN] 

Ice 
 

[kN] 
Fy - -530.6 - 1022 - 5544 
Fz -2350 - - ±222 

Table 6-1: Characteristic loads on the foundation. 

All the loads on the wind turbine foundation are calculated with diameter of 4.2 m as illus-
trated in Figure 6-1. This yields smaller wave loads on the wind turbines foundation, than 
if the geometry of the gravitation foundation is taken into account.   
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Figure 6-1: Illustration of wind turbine with the point of attack for the forces. 

Note that the loads are calculated with a water level of 7.8 m above the sea bed, which is 
equal to the maximum water level, cf. Figure 6-1. 

Moment arm 
for load type 

Wind 
Turbine 

[m] 

Wind 
 

[m] 

Wave 
 

[m] 

Ice 
 

[m] 
Fy - 96.6 8.2 7.8 
Fz - - - - 

Table 6-2: The moment arms for the load type. 

A set of load factors used with the mentioned characteristic loads on the foundation are 
next combined from the design load. It is chosen to take the Ultimate Limit State, ULS, as 
reference. This corresponds to the limit of the load-carrying capacity, cf. Table 6-3. The 
load factors apply to design of support structures and foundations for wind turbines and 
transformer stations. 
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Load factor set Limit state G Q E 
a)  ULS 1.25 1.25 0.7 
b)  ULS 1.0 1.0 1.35 

Table 6-3: Load factors, where G is the permanent load, Q is the variable functional load and E is the envi-

ronmental load. 

Hereby, the following load combinations is formulated, cf. Table 6-4. Wave and ice loads 
are assumed not to occur simultaneously.  

Load combination  Combination 

LC1  1.25 0.7 ( )wind iceG E E⋅ + ⋅ +  

LC2 1.25 0.7 ( )wave windG E E⋅ + ⋅ +  

LC3 1.0 1.35 0.7ice windG E E⋅ + ⋅ + ⋅  

LC4 1.0 1.35 0.7wind iceG E E⋅ + ⋅ + ⋅  

LC5 1.0 1.35 0.7wind waveG E E⋅ + ⋅ + ⋅  

LC6 1.0 1.35 0.7wave windG E E⋅ + ⋅ + ⋅  

Table 6-4: The load combinations in the ULS. 
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Chapter 7 Material Coefficients 
In the following chapter, the material coefficients for soil will be described utilizing DNV 
(2004) and DS415 (1998). Thereby, it is necessary to estimate the foundation class and 
safety class for the construction. 

The foundation class, which can be eased, normal or increased, defines a class division of 
minimum requirements for the quality of geotechnical examination, calculations and con-
struction control. In the project, it is assessed that the foundations for the wind turbines are 
in increased foundation class, because the total vertical loads are assumed higher than 5000 
kN. However, it is not estimated that there are any particular difficult load or soil condi-
tions at the location, but this does not validate that a lower class can be chosen. Because 
the foundations are estimated to be in increased foundation class, the distance between bor-
ings at the location should be about 100 – 200 m. This is predicted to be an allowable as-
sumption with respect to the recommendations in DS415 (1998), because it is offshore 
constructions built in an area, where the earth conditions are assumed to be reasonable 
known. The actual geotechnical report from the location, Geoteknisk rapport (2002) fulfills 
these recommendations, because the borings are about 200 m apart. 

Furthermore, the safety class has to be selected, because a foundation dimension has to be 
verified in some boundary states. This is the ultimate stress limit and application limit, 
where the material coefficients in the first limit are dependent on the safety class. It is es-
timated that the safety class is normal, as the consequences of a failure do not cause large 
risk of damaging people or great social consequences. 

Given the safety class, the following material coefficients will be used in the project, corre-
sponding to ultimate limit state, cf. Table 7-1 and Table 7-2. 

 Partial coefficients Normal safety class 
 Without test loading γb 2.0 

Table 7-1: Partial coefficients for piles and anchors. 

 Partial coefficients Normal safety class 
Tangent to the friction angle  γφ 1.2 
Cohesion at bearing capacity of foundations γc1 1.8 
Cohesion at stability and earth pressure γc2 1.5 

Table 7-2: Partial coefficients for other constructions. 
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Chapter 8 Foundation Concepts 
The choice of foundation concept for an offshore wind turbine is governed by a number of 
factors. These factors are primarily soil condition, water depth, possible erosion, climate 
and loading condition such as waves, current, wind and ice. Furthermore, the knowledge 
and reference of a concept may influence on the decision process. Besides these factors it 
is very important to consider environmental concerns, district plans and finally how to 
achieve the lowest cost.  

In the following, three basic types of offshore foundations will be discussed:  

• Gravity based foundations 

• Piled foundations 

• Bucket foundation 

After the discussion, a calculation of the foundation dimensions will be carried out with 
use of the soil parameters from Geoteknisk rapport (2002) at the location and the loads. 
Information about the offshore foundations is acquired from the following sources: Ram-
bøll (2006), COFS (2006) and DNV (2006). 

8.1 Gravity Based 
The gravity foundation is designed to avoid tensile loads between the support structure and 
the seabed. Furthermore, it is a design criterion for the structure to provide sufficient dead 
load to stabilize itself under influence of overturning moments, resulting from wind, wave 
and/or ice. It is also the dead load which is the largest disadvantage because it demands 
that the diameter is quite large. Because of the load and large dimensions it is often quite 
expensive to construct and place, because it demands special machinery. A gravity based 
foundation can be made of steel, concrete or a hybrid i.e. a concrete plate with a steel shaft. 
An illustration of a gravity based foundation is shown in Figure 8-1. Generally, the bound-
ary for this type of foundation is the water depth where DNV (2004) recommends that 
gravitation foundation is used with water depth ranging from 0 to 25 m.  
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Figure 8-1: An illustration of a concrete gravity based foundation. [Rambøll, 2006]  

Before installation of the gravitation foundation, the seabed must be prepared which can 
have a great cost. Next, the base of the foundation must be protected against erosion. Grav-
ity foundations can be demolished completely but it requires large machinery in form of 
cranes and ships.  

8.2 Piled 
Piled foundations are the most common form of offshore foundations. Piles are contrary to 
gravity foundations often relative economical to produce. Offshore, the piles are either 
driven or vibrated into the seabed. On top of the pile, the main structure is attached. A 
piled foundation can be constructed as monopiles cf. Figure 8-2. It is recommended, by 
DNV (2004), that monopiles are used with water depths ranging from 0 to 25 m. An ad-
vantage with the pile is that it requires no preparation of the seabed before installation. De-
pending on the design the seabed must be protected from erosion around the pile. 

 
Figure 8-2: A monopile consists of a single pile, which is pinned to the seabed. [Rambøll, 2006] 

If the water is relative deep, a jacket construction can be used with supporting piles, cf. 
Figure 8-3. The jacket construction is suited for depths of 20 to 50 m. [DNV, 2004] 
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Figure 8-3: Illustration of a jacket construction supported by piles. [Rambøll, 2006]  

 The piles transfer the vertical loading from the wind turbine to the supporting soils by 
shaft resistance and point resistance and the horizontal loading is transferred by soil pres-
sure. The piles must therefore have a certain length, depending on the soil strength in order 
to have the sufficient bearing capacity. The disadvantage of the piled foundations is that 
the piles either have to be driven or vibrated into the seabed, which sets some boundaries, 
depending on the soil parameters.  

8.3 Bucket Foundation 
The idea behind the bucket foundation concept is to make use of the suction, negative pore 
pressure, occurring during tension, and allowing the soil to carry part of the load thus 
minimizing the design force. When a bucket foundation is placed at a given location, it is 
penetrated into the soil by applied suction. The amount of suction depends on the bucket 
geometry and the soil conditions at the site. Once the desired penetration is reached, the 
suction is removed cf. Figure 8-4. When the wind turbine has reached its lifetime it must 
be removed. This is done by reversing the suction process and pumps an overpressure into 
the bucket. 
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Figure 8-4: Bucket foundation. The soil in the bucket gives a contribution to the bearing capacity. [COFS, 

2006] 

Like the gravitation foundation and the monopile, the bucket is best suited for shallow wa-
ter in depths of 0 to 25 m. Some of the disadvantages with suction based buckets can be the 
steel frame of the bucket together with the soil type. The steel frame has limited bearing 
capacity and when the bucket is penetrating the soil the suction can cause the steel frame to 
buckle. [Geoteknisk rapport, 2002] 

8.4 Comparison of Foundation Concepts 
In order to compare these types of foundation, a matrix with the advantages and disadvan-
tages is made, cf. Table 8-1. 

Type of foundation Advantages Disadvantage 

Gravity 
Shallow water with ice (0-25 m) 
No limits for soil conditions 

Requires seabed preparation 

Monopile 
Shallow water (0-25 m) 
No seabed preparation 

Not stiff clay  
Impossible to remove completely 

Jacket 
Deep water (20-50 m) 
No seabed preparation 

Not stiff clay 

Bucket 
Shallow water (0-25 m) 
Easy removed  (in theory) 

Requires seabed preparation 
Only sand 
Still to be tested offshore 

Table 8-1: Comparison of four types of foundations.  

Since, it is known from Chapter 1that the water level is less than 10 m, it is decided not to 
use jacket in this project. The three other types are chosen, for further investigation in the 
conceptual design, since they all are suited the conditions at Frederikshavn. 
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Chapter 9 Conceptual Design of the Foun-
dation 

The following chapter deals with the conceptual design of bucket foundation, gravitation 
foundation and a monopile. The ultimate limit state is considered in order to make a quali-
fied estimate of which foundation that fits the given conditions best. The calculations are 
conducted without an ice cone because the results only are used for a comparison on how 
the designs fit the location. 

9.1  Bucket Foundation 
In the following section, the bearing capacity and sliding resistance of the bucket founda-
tion is calculated for a bucket with a diameter of 18.5 m.  

The purpose of this section is to calculate the failure surface for given values of the vertical 
force and the bucket diameter of 18.5 m. The failure surface is determined as functions of 
the horizontal force and the moment at the bottom of the bucket foundation where the ver-
tical force is held constant. The elevation of the bucket foundation and the connection to 
the construction above water is shown in Figure 9-1.  

4.2m

h
h

D

MWL

sandbucket foundation2
1

 
Figure 9-1: Principal design of skirted footing on location. 

The bucket foundation is assumed to be a gravitation foundation existing of sand instead of 
concrete. The weight of the steel bucket is estimated to be insignificant and is therefore not 
taken into account. The forces are shown in Figure 9-2. 
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Figure 9-2: Forces at the bottom of foundation. 

The bucket foundation can not penetrate the Yoldia clay as concluded in Section 8.3. In 
order to exploit the capacity of the bucket foundation fully, the bucket must be placed on 
the Yoldia clay. The height of the bucket is therefore equal to the depth of the sand layer 
which is approximately 2.2 m. When this depth is known, it is possible to calculate the 
loads shown in Figure 9-2. With the load combinations from Chapter 6, the design loads 
are given in Table 9-1. 

Load combination number 
 

V  
[kN] 

H  
[kN] 

M  
[kNm] 

LC1 11127 4252 73222 
LC2 11127 1087 42171 
LC3 8902 7856 108900 
LC4 8902 4597 105540 
LC5 8902 1432 74487 
LC6 8902 1751 49013 

Table 9-1: Design loads at the bottom of the foundation. 

Only two kinds of failure are considered in the following. The first is the bearing capacity 
and the second is sliding resistance. In order to calculate these bearing capacities, the effec-
tive foundation area must be defined, cf. Figure 9-3. 
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Figure 9-3: Effective area and equivalent rectangular area.  

The elliptical effective size is calculated by 
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From the elliptical sizes, the effective rectangular can be determined by 
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DNV (2004) has a method to calculate eccentricity but does not contain embedded founda-
tion. If used, the results will be conservative. Instead it refers to DNV (1992) for embedded 
foundation which does not contain eccentricity. It is therefore chosen to use DNV (2004), 
which contains solution to the eccentricity and this solution is conservative. None of the 
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two classification notes contains the effect of soil pressure. Therefore soil pressure is in the 
following taken in account according to DS 415 (1998). 

9.1.1  Undrained Bearing Capacity for Bucket Foundation 
Since, the bucket is placed on the Yoldia clay the bearing capacity is calculated for an 
undrained state. The bearing capacity is calculated with 

 0 0 0
0d ud c c cq c N s i p'= ⋅ ⋅ ⋅ +  (9.6) 

where 
 cud is the design undrained shear strength at the depth where the bearing capac-

ity is calculated in 
 Nc

0 is a dimensionless bearing capacity factor 
 sc

0 is a dimensionless shape factor 
 ic

0 is a dimensionless inclination factor 
 p’0 is the effective overburden pressure at the level of the foundation-soil inter-

face 

The design undrained shear strength is determined from the characteristic shear strength 
with 

 uc
ud

c

cc
γ

=  (9.7) 

where 
γc is the material factors and must be calculated with the actual design code 

The dimensionless factors are determined by the following equations 

 0 2cN π= +  (9.8) 

 0 1 0 2 eff
c

eff

b
s .

l
= + ⋅  (9.9) 

 0 0 5 0 5 1c
eff ud

Hi . .
A c

= + ⋅ −
⋅

 (9.10) 

Since, the bucket is subject to active and passive soil pressure, Ea and Ep, cf. (9.17) and 
(9.18), the dimensionless factor in (9.10) is modified to (9.11). The soil pressure is dis-
cussed in section 9.1.2.  
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( )

0 0 5 0 5 1c
eff ud p a

Hi . .
A c E E

= + ⋅ −
⋅ + −

 (9.11) 

In case of extreme eccentric loading, where the eccentricity is larger than 0.3 times the 
foundation width, another bearing capacity formula corresponding to rupture under the 
foundation is applied, and the smallest value of qd calculated with (9.6) and (9.12) is em-
ployed as the bearing capacity. 

 1 05d ud c c cq c N s i .= ⋅ ⋅ ⋅ ⋅  (9.12) 

The only difference is that the inclination factor is calculated by 

 ( )
0 0 5 0 5 1c

eff ud p a

Hi . .
A c E E

= + ⋅ +
⋅ + −

 (9.13) 

Again the active- and passive soil pressure is taken into account.  

The vertical load is constant and the failure surface is determined as a function of the hori-
zontal force and the moment, given by 

 ( ) ( )v d H ,M eff H ,MF q A≈ ⋅  (9.14) 

The result is shown in Figure 9-6 combined with the sliding resistance which is calculated 
in the following section. 

9.1.2  Sliding Resistance 
According to DNV (2004), the sliding resistance is determined from  

 eff udH A c< ⋅  (9.15) 

However, it must be verified that 

 0 4H .
V

<  (9.16) 

The effect of soil pressure is taken into account by assuming that the bucket foundation 
outer wall is smooth. The consequence of this assumption is that there is no shear stress 
between the bucket and the soil. The effect of this is estimated to be a little conservative. 
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Next, Coulombs soil pressure theory is applied for sliding. This theory is a good assump-
tion for this case since the walls of the bucket are assumed to be smooth and the displace-
ment is assumed to be a translation. The Coulombs soil theory is the equilibrium equation 
used for the projection axis shown in Figure 9-4. The Coulombs soil theory is not dis-
cussed further in this report.  
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Figure 9-4: Coloumbs soil pressure theory.  

The force is assumed uniformed distributed over the diameter, cf. Figure 9-5. 

EpEa

  
Figure 9-5: Distribution of soil pressure on bucket foundation. 

The results is given by 

 2 21 45
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o
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 (9.17) 

 2 21 45
2 2

o
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 (9.18) 

Then (9.17) and (9.18) is used to modify (9.15) and (9.16). The sliding resistance is deter-
mined to 

 eff ud p aH A c E E< ⋅ + +  (9.19) 
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The failure surface is calculated according to bearing capacity given by (9.14) and the slid-
ing resistance is calculated by (9.19) and (9.20). The failure surface is shown in Figure 9-6.  
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Figure 9-6: Failure surface for bucket foundation, cf. Table 6-4. 

9.1.3  Bucket with Ballast Skirts  
As an extra feature, it is possible to construct the bucket foundation with a skirt over the 
seabed, which will be filled with concrete, cf. Figure 9-7. 
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Figure 9-7: The geometric of the bucket with ballast. 

By constructing a skirt and filling it with concrete, it is possible to make a smaller diameter 
of the bucket foundation. When the skirts are raised above the seabed, there will be a 
change in the wave load and the arm of the load. Furthermore, erosion around the bucket 
foundation will increase. To see the difference, the diameter is determined both without 
changing the wave force and with a change of the force according to the diameter and 
height of the skirt. The results of this analysis are given in Table 9-1.  

hfilled_skrit 

 
[m] 

D  
Uncorrected force 

[m] 

D  
Corrected force 

[m] 
0 18.5 18.5 
1 17.5 17.5 
2 16.8 16.8 
3 16.2 16.3 
4 15.8 15.9 
5 15.4 15.5 
6 15.3 15.2 

Table 9-1: The diameters for different heights of the skirt.  

The results from Table 9-1 are shown in Figure 9-8. It is assumed that the similarities be-
tween the results are a coincident.  
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Figure 9-8: The diameters for different heights of the skirt. 

In Figure 9-8 it is seen that the effect of construction the bucket foundation with skirt and 
filling it with concrete only reduces the diameter a little. It is therefore estimated, that the 
extra cost there will be by producing the skirt and later filling it with concrete is not profit-
able. This leaves the bucket foundation with no skirt and a diameter of 18.5 m. 

9.1.4  Penetration Resistance of Skirt 
Before the wind turbine itself is transported to the location and erected, the process to place 
the bucket foundation must be carried out. When a bucket foundation is placed at the se-
lected location, it is installed by penetrates the soil by applied suction if the dead load is 
not large enough. The amount of suction depends on the buckets geometry and the soil 
conditions, but also of the foundations dead load. Once the desired penetration is reached, 
the suction is removed. 

The penetration resistance of the skirt is the sum of surface resistance and tip resistance. 
The principles of calculating the two contributions are described below, where two states 
are relevant. A “most probable” and “highest expected” resistance. In the following, the 
latter will govern the requirements to penetration force. It is noted that all calculations are 
based on material coefficients γm = 1.0, i.e. characteristic parameters. 

The basis of the calculations is a cone penetration test, CPT, from the location. This is 
presently the best field test because it gives a continuous record of the cone penetration re-
sistance with depth. From the CPT, the soil strata are identified; whereas it from boring 5 is 
known, that the first 2.2 m is sand. This is the area of interest. For the given sand layer, an 
average cone penetration resistance is estimated from the measurements. The value is set to 
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 4, 2 MPacq =  

The penetration resistance is calculated from DNV (1992). 

 
0

( ) ( ) ( ) ( )
z

p p s fc cR k z A q z A k z q z dz= ⋅ ⋅ + ⋅∫  (9.21) 

where 
 z  is the depth of the penetrating skirt 
 kp(z) is the empirical coefficient relating qc to the tip resistance 
 kf(z) is the empirical coefficient relating qc to the surface friction 
 Ap is the area of the skirt 
 As is side area of the skirt per unit penetration depth 

In the following, the empirical coefficients are estimated to the values given in Table 9-2. 
[DNV, 1992] 

Type of soil Most probable Highest expected 
 kp  kf kp kf 

Clay 0.4 0.03 0.6 0.05 
Sand 0.3 0.001 0.6 0.003 

Table 9-2: Numerical values of kp and kf. 

DNV (1992) gives the option to set the values in Table 9-2 25 – 50 % lower in the upper 1 
– 1.5 m, because lateral movement of the skirt can form cracks in the upper layers. How-
ever, this is not taken into consideration. 

The penetration resistance is estimated to 
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2 2
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2

          0.003 4200kPa 5519.2kN

highR

dz

π π= ⋅ − − ⋅ ⋅ + ⋅ ⋅
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Besides the foundation dimensions given in the previous sections, an estimated model is 
used to calculate the dead load of the bucket foundation. The model is illustrated in Figure 
9-9.  
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Figure 9-9: Illustration of bucket foundation with given dimensions. 

The total dead load of the foundation inclusive the steel rips are estimated to  

 3 335.5m 78 kN/m 2753kNz steel steelF V ρ= ⋅ = ⋅ =  

The suction force must then fulfill 

 5520kN 2753kN 2767 kNsF = − =  

9.1.5  Results 
From the previous sections, it is concluded that the chosen dimensions of the bucket foun-
dation are sufficient in respect to the six loads combinations listed in Chapter 6. From 
Table 9-1 and Figure 9-6 is it also concluded that the critical load combination is LC3. Fur-
thermore, the bucket foundation is designed with a skirt filled with concrete, which proved 
not to be profitable. The dimensions of the bucket foundation are shown in Figure 9-10. 
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Figure 9-10: Dimensions of bucket foundation. 

9.2  Gravitation Foundation 
In the following, a gravitation foundation is designed to be placed at the location with the 
subsoil conditions described in Chapter 4.  

A sketch of the foundation is shown in Figure 9-11. In this rough calculation, the founda-
tion is designed without an ice cone, and the height of the foundation disc is restricted by 
the lowest water level, i.e. the foundation disc height hdisc is 1 m smaller than the smallest 
water depth.  
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Figure 9-11: Definition sketch of dimensions. 

Because of the relatively thin sand layer, it is necessary to investigate the depth of the fail-
ure mode in sand. The maximum depth of the failure mode is dependant on the friction an-
gle of the sand. For a given friction angle, the ratio between the failure mode depth and the 
foundation width is constant. The failure mode is illustrated in Figure 9-12a, and the de-
pendency of the friction angle is shown in Figure 9-12b. 
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Figure 9-12: a) Failure mode in sand. b) Maximum depth dependency on the friction angle. 

If the depth of the failure mode exceeds the stratum boundary between sand and clay, then 
this failure mode is neglected and other failure modes must be considered, i.e. failure in 
clay with punching through, cf. Section 9.2.2, or a combined failure mode must be as-
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sessed. In this rough calculation, only the former is considered. In addition to the regular 
sliding criteria, also sliding between layers must be investigated. 

In sections 9.2.1 to 9.2.3, the failure criteria are described and in section 9.2.4 results of the 
failure criteria with respect to the load combinations in Chapter 6 are given. 

9.2.1  Bearing Capacity on Sand 
The bearing capacity on sand is calculated with the bearing capacity formula 

 1
02 ' 'd eff q q q d c c cq b N s i p N s i c N s iγ γ γγ= + +  (9.22) 

where 
 qd  is the design bearing capacity pr. m2 of effective area 
 γ’  is the effective unit weight 
 p’0  is the effective overburden pressure at foundation level 
 cd  is the design cohesion 
 Nγ  Nq  Nc  is a dimensionless bearing capacity factors 
 sγ  sq  sc  is a dimensionless shape factors 
 iγ  iq  ic  is a dimensionless inclination factors 

The bearing capacity factors are given by 

 ( )

( )

tan

3
2

1 sin
1 sin

1 cot

1 tan

d d
q

d

c q d

q d

N e

N N

N N

π ϕ

γ

ϕ
ϕ

ϕ

ϕ

+
=

−

= −

= −

 (9.23) 

where   
φd is the design angle of friction 

The shape factors are 
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And the inclination factors are 
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If the foundation is extremely eccentric loaded, another bearing capacity formula corre-
sponding to rupture in under the foundation is applied, and the smallest value of qd calcu-
lated with (9.22) and (9.26) is employed as the bearing capacity. 

 ( )3' 1.05 tand eff d c c c dq b N s i c N s iγ γ γγ ϕ= + +  (9.26) 

The inclination factors relating to (9.26) are given as 
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 (9.27) 

9.2.2  Punching through 
When the failure mode in sand exceeds the stratum boundary, punching through is consid-
ered. Punching through is when the foundation load is transferred to the stratum boundary, 
as shown in Figure 9-13a, and a separate bearing capacity calculation on clay is carried 
out, where the sand layer is considered as an effective load p0΄ at the foundation level, cf. 
Figure 9-13b. 
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Figure 9-13: Punching through. a) Load is transferred to stratum boundary. b) Failure mode in clay with 

effective load from sand layer. 



Offshore Wind Turbines at Frederikshavn 

68 

The bearing capacity in clay is given as in Section 9.1.1. 

9.2.3  Sliding Resistance 
The sliding resistance needs to be investigated in two different levels, first at the founda-
tion level and secondly at the stratum boundary. The sliding resistance is then chosen as 
the smallest value. 

The sliding resistance at the foundation level is calculated by means of a drained situation 
with 

 ( )tan 'H V ϕ≤ ⋅  (9.28) 

At the stratum boundary, the sliding resistance is the smallest value of drained, cf. (9.28),  
and undrained conditions. The criterion for undrained conditions is 

 min
0.4
eff udA c

H
V

⋅⎧
< ⎨ ⋅⎩

 (9.29) 

Undrained conditions are used because the latter expression in (9.29) corresponds to a fric-
tion angle of 21 degrees and will therefore seldom be bigger than (9.28). In the former ex-
pression in (9.29), the effective area at the stratum boundary are used. As a conservative 
value, the effective area at the foundation level is used. If this is too conservative, the crite-
rion can be improved by taking resistance in the sand layer into consideration.  

9.2.4  Results 
In this section, results from the criteria above are determined by means of the load combi-
nations in Chapter 6. The criteria are reformulated on the form  

 Load 1
Resistance

≤  (9.30) 

The dimensions of the foundation are shown in Figure 9-14. 
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Figure 9-14: Dimensions of gravitation foundation. 

In Table 9-3 the results of the calculations are shown. 

Criterion LC1 LC2 LC3 LC4 LC5 LC6 
Sand* - - - - - - 
Sand eccentric* - - - - - - 
Punching through 0.19 0.14 0.28 0.27 0.19 0.15 
Sliding 0.53 0.14 0.9996 0.59 0.19 0.23 

Table 9-3: Bearing capacity ratios for gravitation foundation. * There are no results for the bearing capaci-

ties on sand, because the failure mode exceeds the sand layer thickness. 

It is seen from Table 9-3 that the crucial load combination is LC3 with large ice forces, and 
the crucial failure criterion is sliding. The foundation dimensions can be reduced by appli-
cation of a better sliding model as mentioned previously, since the failure ratio of sliding is 
significantly higher than the ratio with punching through. Note that the sliding resistances 
for all load combinations are dominated by the undrained criterion H < 0.4·V. 

9.3  Monopiles 
In the following section, the length and the bearing capacity of a monopile foundation is 
determined. The calculations will be performed with geotechnical parameters determined 
in Chapter 4 and the material coefficients described in Chapter 7. 

9.3.1  Determination of the Pile Length 
When the pile length is to be determined, it is necessary to go through the procedure listed 
below. First of all the depth of fissure, ds, and the transition depth, dt, where the failure 
mode develops needs to be determined, cf. Figure 9-15. 



Offshore Wind Turbines at Frederikshavn 

70 

G

Active Passive

T

d
d

s
t

H

 
Figure 9-15: The passive and active earth pressures on the pile. 

The total length of the pile is determined by the following produce, cf. Figure 9-16: 

1. Guess a to small value of the depth of rotation, dr 
2. The depth y is determined by horizontal projection 
3. The moment, M, from the earth pressure around H is calculated 
4. Step 1. to 3. is repeated with a new estimated value of dr 
5. Finally dr is determined by linear interpolation where M = 0 
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Figure 9-16: A definition sketch for the determination of the pile length.  

As illustrated in Figure 9-15, the depth of fissure occurs when the stabilizing force, T, and 
the gravity force of the soil, G, are in equilibrium. 

Because the wind turbine is subjected to a horizontal force, H, the pile foundation will 
move horizontally resulting in the passive pressure on the front of the pile. This passive 
pressure can be determined projecting all forces on the failure plane, on the condition that 
the pile is smooth and square. [Jacobsen et al., 1992] 
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= + +

∂
= = + +

∂

 (9.31) 

where  
 pp is the passive pressure on the pile 
 cu is the undrained shear strength 
 B  is the width of a footing 
 d  is the depth (length of pile in the soil) 
 mγ  is submerged density of the soil 
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The corresponding active pressure on the back side of the pile is determined by  

 2 2 2a u u m
dp c c d
B

γ= − − +  (9.32) 

The pile foundation used in this project is cylindrical. Therefore, the width of the footing, 
B, must be corrected.   

 
4
DB π

=  (9.33) 

where 
 D is the diameter of the cylindrical pile 

The American Petroleum Institute (API), cf. Pygmy (2000), recommends that a piles hori-
zontal resistance in clay at great depths is calculated by (9.34), on the condition that the 
pile is smooth and cylindrical. 

 9u up c=  (9.34) 

API recommends that the bearing pressure, pu, for sand at shallow and deep depths are 
given by (9.35) and (9.36). [Pygmy, 2000] 

 ( )1 2 vshallow
u

C x C D
p

D
σ ′+

=  (9.35) 

 

 3
deep
u vp C σ ′=  (9.36) 

where 
 pu is the ultimate bearing pressure at the current depth, x 
 C1 is equal 0.04050.115 10 ϕ⋅  
 C2 is equal 0.0220.571 10 ϕ⋅  
 C3 is equal 0.05550.646 10 ϕ⋅  
 x  is the depth below surface 
 D is the pile diameter 
 vσ ′  is the vertical effective stress at depth x 
 ϕ  is the angle of friction  
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Because the passive and active pressures on the pile are taken into account in (9.35), the 
depth of fissure, ds, is only calculated for the layers of clay. By isolating d in (9.31), the 
depth of fissure can be determined. 
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+ + =

⇓

=
− −

 (9.37) 

The width of the footing, B, is first corrected.  

 4.2m 3.30m
4

B π ⋅
= =  

For the first layer of clay, the undrained design shear strength is 98.2 kN/m2 and the sub-
merged density of the soil is 10.3 kN/m3, which yields that ds is equal to -2.08 m. Due to 
the negative value of ds the fissure continues all the way down to the transition depth, dt, 
and the active pressure is equal to zero.  

The transition depth is the depth where the shallow and deep bearing pressures are in equi-
librium. The criterion for sand is given in (9.35) and (9.36), which results in a transition 
depth of 65.0 m when the design angle of friction is 31.7˚. The depth of the sand layer is 
only 2.2 m, which means that the transition depth continues in the next layer. The transi-
tion depth in the first layer of clay is determined by (9.31) and (9.34), which yield that dt is 
equal to 7.27 m. Since the depth of the first layer of clay is 5.1 m the transition depth con-
tinues in the next layer, where the undrained design shear strength is 196.4 kN/m2 and the 
submerged density of the soil is 10.6 kN/m3. The transition depth in the second clay layer 
is then 7.68 m, and the total length of the transition depth is thereby equal to 15.0 m. The 
earth pressure on the pile is illustrated in Figure 9-17.  
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Figure 9-17: The earth pressure on the pile. 

The horizontal force, H, the vertical force, V, and the point at which the force H acts, a, are 
specified in Table 9-4 for the six different load combinations.  

Load combination V H a 
 [kN] [kN] [m] 
LC1 21897 4252 20.8 
LC2 21897 1087 40.2 
LC3 21265 7856 17.8 
LC4 21265 4597 26.0 
LC5 21265 1432 52.2 
LC6 21265 1751 30.3 

Table 9-4: V, H and a for the six different load combinations. 

It can be concluded that the design load combination is LC3, where H is 7856 kN. The 
procedure listed in the beginning of this section is then followed and the results at listed in 
Table 9-5. 
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The guessed value of dr 
[m] 

y 
[m] 

M 
[kNm] 

15 4.95 231096 
30 19.95 -453885 

 Table 9-5: The results from followed the procedure. 

In Figure 9-18 the linear interpolation between the two points is illustrated. 
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Figure 9-18: Linear interpolation between the two points is used to determine dr. 

The value of dr is determined to 20.1 m, where the moment is equal to zero, cf. Figure 9-3. 
A new value of y is calculated to be 10 m by horizontal projection, and the total length of 
the pile, dm, in the ground is then determined as 30.1 m. 

9.3.2  Determination of the Bearing Capacity 
The ultimate bearing capacity of a pile, Q, consists of the two contributions from respec-
tively the point resistance, Qp, and the shaft resistance, Qm. [Jacobsen et al., 1992] 

 p mQ Q Q= +  (9.38) 

For a pile with its tip in a layer of clay the point resistance, Qp, can be determined by 

 9p ud pQ c A= ⋅ ⋅  (9.39) 

The shaft resistance, Qm, for a pile in respectively sand and clay is determined by 
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 _ ,m sand m v md mQ N q A′= ⋅ ⋅  (9.40) 

 _m clay ud mQ c Aα= ⋅ ⋅  (9.41) 

where 
 Ap is the tip area of the pile 
 Nm is 0.6 in compression and 0.2 in extension 
 q’v,m is the overburden pressure at pile tip level 
 Am is the surface area of the pile 
 α is a coefficient activated undrained shear strength, which varies between 0.3 

for moraine clay and 1 for normally consolidated clay 

The bearing capacity of the pile is then determined. Since, the vertical force of 21265 kN is 
smaller then 53033 kN, the ultimate bearing capacity is sufficient. 

9.3.3  Results  
From the calculation in Section 9.3.1 and 9.3.2, it is concluded what the critical load com-
bination is LC3, cf. Table 9-6. 

Load type  
Horizontal load, H [kN] 7856 
Vertical load, V [kN] 21265 
Moment arm, a, [m] 17.8 

Table 9-6: The loads from LC3. 

The dimension of the monopile, with loads and earth pressures is illustrated in Figure 9-19.  
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Figure 9-19: The dimensions of the monopile.  
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Chapter 10 Conclusion of the Conceptual 
Design 

In the previous chapters, the conceptual design for the new wind turbines is analyzed. In 
this analysis, three different types of foundation are designed. The foundation concepts are 
bucket foundation, gravitation foundation and finally monopile. Each foundation is de-
signed for the six load combinations listed in Chapter 6. 

The bucket foundation is designed for both undrained bearing capacity and sliding resis-
tance. Furthermore, the bucket foundation is analyzed with an alternative design, where the 
skirt above the seabed is filled with concrete, which thereby should reduce the diameter of 
the bucket. Combining the two designs proves that the difference in the diameter is so 
small, that the alternative design is not estimated to be profitable. The gravitation founda-
tion is dimensioned for bearing capacity on sand, punching through and sliding resistance, 
which also is the crucial failure criterion. Finally, the dimensioning of the monopile con-
sists of the determination of the pile length from the criterion that the vertical force is 
smaller than the point resistance, and the determination of the bearing capacity.  

The dimensions of the three different wind turbine foundations are illustrated in Figure 
10-1. 
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Figure 10-1: The dimensions of the three analyzed foundations. 
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With basis in the previous analysis, a comparison of the three concepts is now performed, 
by which a foundation concept for the detail design is chosen. 

The monopile is not chosen, due to the subsoil conditions in the area. Because of the 
Yoldia clay it will probably not be possible to use pile driving alone. This means that the 
monopiles have to be installed as drilled piles, which will add to the expenses and the in-
stallation time. 

The difference between the gravitation and bucket foundation is barely notable. Therefore, 
the ice cone is taken into consideration to determine which foundation concept is must op-
timal. Another limitation regarding the selection of the foundation is the orientation of the 
ice cone, which will be designed in the detail design. It is chosen that the ice cones diame-
ter will decrease upwards because of the relatively shallow water at the location. This lim-
its the shape of the whole foundation inclusive the ice cone. Eventually, it is concluded that 
it is least complicated and expensive to construct a gravitation foundation with an ice cone. 
A sketch of the chosen gravitation foundation with an ice cone is illustrated in Figure 10-2. 
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Figure 10-2: A sketch of the ice cone on the gravitation foundation. 

 



DETAIL DESIGN 
 



 



Chapter 11 – Detail Design  

83  

Chapter 11 Detail Design 
The chosen gravitation foundation is in this part of the report detail-dimensioned. The de-
sign-dimensioning is based on the optimal design found in the conceptual design, which is 
a gravitation foundation with an ice cone.  

The validity of the Morison equation is examined, by conducting hydraulic experiments on 
a scale model of the gravitation foundation, so the wave forces are insured to be correct 
within a given tolerance area. The scour protection around the foundation is dimensioned, 
and the necessary precaution to prevent erosion is determined. 

The bearing capacity of the soil, at the location, is determined in both the ultimate limit 
state and the serviceability limit state. In the ultimate limit state, the bearing capacity is de-
termined by use of upper and lower boundary methods. Furthermore, the finite element 
program PLAXIS, which uses more advanced material-models, is used for the final opti-
mization of the foundation dimensions. In the serviceability limit state, the foundation set-
tlement is determined by uses of analytical calculations and by use of the numerical solu-
tion in PLAXIS. The analyzed results from the classification and the triaxial experiments 
are used as in-put parameters in PLAXIS. Furthermore, the accuracy of PLAXIS is verified 
by re-creation of the triaxial experiments in PLAXIS, and thereafter comparing the results.  
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Chapter 12 Ice Cone  
In this section, it is examined how the angle of the slope affects the forces on an ice cone 
for both ice and wave loads. The ice cone is not used to optimize the loads and dimensions 
of foundation concepts in the conceptual design; instead, the analysis is used to see the 
need of an ice cone by comparing wave and ice forces.  

12.1 Model of Ice Cone 
Besides the conditions mentioned in Appendix B, new parameters are specified, so the 
only parameter that is variable, is the angle of the slope, α. The primary selection is the 
orientation of the ice cone, which is seen in Figure 12-1. The given orientation of the ice 
cone is chosen because of the relatively shallow water. This limits the shape of the whole 
foundation inclusive the ice cone, and the model which is implemented is seen in Figure 
12-1. 
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Figure 12-1: Model of the structure implemented in detail design, where the variable parameter is α. 

It is important to note that the height h1 must be so large that the slope length above water 
is at a minimum 5.5 m. Varying the angle shows, that the structure must have a diameter of 
at least 12.7 m, with an angle of 65 º, to fulfill the requirement for the length of the slope. 
The angle of the ice cone can be smaller than 65 º if the foundation diameter is larger than 
12.7 m. With the given geometry, the wave and ice forces are estimated when varying the 
angle. 



Offshore Wind Turbines at Frederikshavn 

86 

12.2  Ice Forces with Varying Angle 
To calculate the ice loads with a varying angle, the Ralston method is used. By plotting the 
horizontal force and moment as function of the slope angle, the diagrams given in Figure 
12-2  and Figure 12-3 is mapped.  
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Figure 12-2: Horizontal ice forces as function of the slope angle, α. 
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Figure 12-3: Moment from the ice load as function of the slope angle, α. 

From Figure 12-2 and Figure 12-3 it is seen that the horizontal force and moment starts to 
increase very rapidly for angles greater than roughly 50˚. The optimum solution is to 
choose the angle as small as possible. This is however not very practical from a structural 
point of view because the width of the foundation then becomes very large. Furthermore, 
the wave load increases, and this is described in the following.  

12.3  Wave Forces with Varying Angle 
To calculate the wave forces on a structure with varying angle, the Morison equation is 
utilized, as done in Appendix A. After the model in Figure 12-1 is implemented in the 
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wave program, it is possible to change the angle, which though also changes the diameter 
of the foundation. It has to be noted, that the Morison equation only is valid for a structure 
with a diameter smaller than 17 m for the given maximum wave length at the location. 
This is taken into consideration in the following. By plotting the horizontal force as func-
tion of the slope angle, the graph in Figure 12-4 and Figure 12-5 can be plotted.  
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Figure 12-4: Horizontal wave forces as function of the slope angle α for α between 51˚ and 65˚. 

54 56 58 60 62 64

1.6

1.8

2

x 104

α  [°]

M
x [k

N
m

]

Angle,wave-moment curve

 
Figure 12-5: Moment from the ice load as function of the slope angle α for α between 51˚ and 65˚. 

12.4 Optimal Slope Angle 
Regards to the ice load, the angle should be as small as possible. However, this means that 
the width of the foundation becomes larger as the angle of the slope is increased. The wave 
forces are increased as the structure under water becomes larger and generally the wave 
forces exceed the ice forces. To verify that this is the outcome for all load combinations 
described in Chapter 6, Figure 12-6 and Figure 12-7 is plotted. 
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Figure 12-6: Horizontal loads for all load combinations. 
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Figure 12-7: Moments for all load combinations. 

It is seen that the optimal angle of the slope still is 65º, which gives the smallest wave 
loads. This is also emphasized by the loads on the tower from the conceptual design in Ap-
pendix B. Here, the moment exceeds the largest moments found on the ice cone, and 
thereby it is important to construct the wind turbine with an ice cone.  
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Chapter 13 Verification of Design Loads 
The following chapter deals with the hydraulic experiments carried out in the hydraulic 
laboratory. It is seldom possible to make a model in full scale, therefore scale models are 
made. Experiments are performed on two different scale models, a cylinder and a model of 
a gravitation foundation. 

The experiments on the cylinder are performed to verify that the Morison equation yields 
good results on a cylinder. Thereby it is possible to recognize and discard errors from the 
results on the foundation model. The two scale models are shown in Figure 13-1. 

 
Figure 13-1: The two scale models used in the experiments. 

Experiments are carried out with use of regular waves to investigate whether there is a lin-
ear relation between wave height and wave force. This is especially expected when linear 
waves are used. Furthermore, experiments with irregular waves are performed in order to 
find a distribution for the wave force. By fitting a distribution, the maximum wave force 
can be calculated. In addition, experiments regarding the scour-protection of the founda-
tion are also carried out. 

All experiments are without current, and it is therefore only the pure wave forces, which 
are examined in these experiments. A ground plan of the flume used for the hydraulic ex-
periments is shown in Figure 13-2.  
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Figure 13-2: Ground plan showing the dimensions of the flume and placing of the model and wave gages.   

To acquire the data from the experiments, the application WaveLab2 (2006), is used. The 
collected data are enclosed on a CD-ROM, as are calculation files to use in MATLAB and 
WaveLab2. 

13.1  Model Scale 
In order to maintain useful measurements from the scale model, there must be a unique re-
lationship between the scale model and the construction. This is done by maintaining the 
three following similarities [Brorsen, 2003]: 

1. Geometric similarities  

2. Kinematic similarities  

3. Dynamic similarities 

The geometric similarities are easily obtained since the scale model must be an exact copy 
of the construction. There can be problems with roughness in form of scaling of sand and 
marine growth and other friction materials. The scale models have the dimensions shown 
in Figure 13-3.  
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Figure 13-3: Profiles of the two scale models. Dimensions in mm. 

By using the diameter of the wind turbine tower, the geometric scale is given by (13.1)  

 4 2m 35
0 12m

N
L

M

L .
L .

λ = = =  (13.1) 

where 
 λL is the length scale factor 
 LN is the length in the construction (nature sizes) 
 LM is the length in the model 

If it is possible to find a liquid with a viscosity that fulfills (13.2), then the dynamic simi-
larities can be fulfilled. This is not possible when the liquid is water, in both the prototype 
and the scale model, and therefore an approximate dynamic solution is used.  

 1 5 0 5. .
L gνλ λ λ= ⋅  (13.2) 

where 
 λv is the velocity scale factor 
 λg is the gravity scale factor 

There are two different approaches to make an approximate solution to the dynamic simi-
larities. The difference is whether it is the gravity force or the viscose shear forces that are 
dominant. In case of free surface, it is in most cases the gravity force, which is dominant 
and therefore is the Froude model law the best approximation. Especially for reproduction 
of waves, the use of the Froude model is vital. Therefore, the Froude model law is used and 
the Froude number is given by (13.3), which must be the same for the model and the con-
struction. 
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 VFr
g L

=
⋅

 (13.3) 

where 
 V  is a characteristic value of the speed 
 g  is gravity acceleration  
 L  is a characteristic length  

Identical Froude numbers in the prototype and the model yields 

 0 5 0 5 0 5 0 535 1 5 9. . . .
V L G .λ λ λ= ⋅ = ⋅ =  (13.4) 

The length scale is determined by (13.1) and by using this, the time scale is determined by 
using the kinematic similarity   

 0 5 0 5
0 5 35 5 9. .L L

t L.
V L

.λ λλ λ
λ λ

= = = = =  (13.5) 

Further, the scale for force is determined by  

 3 31 35 42875F Lρλ λ λ= ⋅ = ⋅ =  (13.6) 

where 
 λρ is the density scale factor 

Finally, the scale factor for the moment is given by  

 4 435M F L Lρλ λ λ λ λ= ⋅ = ⋅ =  (13.7) 

If the viscose forces are dominant, then it is not the Froude model law but the Reynolds 
model law which must be used. This is not the case but it will only bring better results if 
this law is also maintained. The Reynolds number is given by (13.8) and must be the same 
for the model and the construction. 

 maxRe V L
ν

⋅
=  (13.8) 

Here ν is the kinematic viscosity, which for water is 10-6 m2/s. 
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In Appendix A, the velocity is calculated for the waves to 9.4 m/s, and by using (13.4), the 
velocity in the model is determined to 

 9 4m s 1 6m s
5 9

N
V M

M

V .V .
V .

λ = ⇒ = =  (13.9) 

From this velocity, it is possible to calculate Reynolds number for both the model and the 
construction 

 6
6 2

9.4m s 4.2mRe 39.5 10
10 m sN −

⋅
= = ⋅  (13.10) 

 4
6 2

1.6m s 0.12mRe 19 10
10 m sM −

⋅
= = ⋅  (13.11) 

Since, (13.10) is not equal to (13.11) further investigation is needed. A comparison of the 
drag coefficient for different Reynolds numbers is shown in Figure 13-4, where the Rey-
nolds numbers for the model and the construction are plotted. 

 
Figure 13-4: Drag coefficient given by Reynolds number [Burcharth, 2002]. 

Figure 13-4 shows that the drag coefficient for the prototype is approximate 0.7 for the 
construction and 2 for the scale model. However, since the drag coefficient has an insig-
nificant influence on the force it is chosen to 0.7 for both model and prototype, cf. Appen-
dix A.  

The scale factors for the construction and the model is shown in Table 13-1. 
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Scale Factor 

Length Lλ  = 35 

Velocity Lλ  = 5.9 

Time Lλ  = 5.9 

Force 
3
Lλ  = 42875 

Moment 
4
Lλ  = 354 

Table 13-1: The scale factors for the construction and the model. 

13.2  Calibration of Force-meter 
In this appendix, the calibration constants c1 and c2, for the force-meter used in the hydrau-
lic experiments, are determined. Hereby it is possible to calculate a given force on the scale 
model and the distance to the line of action. The force-meter is an aluminum bar with eight 
strain gages mounted in two Wheatstone full-bridges. In each full-bridge, two strain gages 
are mounted in the direction of bending strain on the top side of the bar, the other two are 
mounted in the direction of bending strain on the bottom side. Hereby the full-bridge re-
jects axial strain and is highly sensitive to bending strain. A diagram of the force-meter is 
shown in Figure 13-5 and the test setup is shown in Figure 13-6. 

Δa = 150 mm a

F

Strain gages

12

 
Figure 13-5: Illustration of force-meter. 

The calibration of the force-meter is carried out by applying known static loads F in known 
distances a from the strain gages. Because the output voltage of the full-bridges corre-
sponds to bending strain, a linear relation between the output voltage and the applied mo-
ment is expected due to linear elasticity, and the calibration coefficients c1 and c2 can be 
determined from 

 
( )

1 1 1 1

2 2 2 2

M a F c U b
M a a F c U b

= ⋅ = ⋅ +

= + Δ ⋅ = ⋅ +
 (13.12) 

where  
 M1 is the moment at full-bridge number 1 
 M2  is the moment at full-bridge number 2 
 F  is the static load 
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 a  is the distance from the static load to the full-bridge number 1 

 Δa is the distance between the two full-bridges 
 U1 is the output voltage from full-bridge number 1 
 U2 is the output voltage from full-bridge number 2 
 b1 , b2 are the dislocations from zero, these values can be reset in WaveLab2. 
 

When the calibration coefficients have been determined, rearranging of (13.12) leads to 
expressions for calculating the force F and the distance a 

 

2 1

1

M MF
a

Ma
F

−
=

Δ

=
 (13.13) 

The test setup for the calibration is shown in Figure 13-6. 

 
Figure 13-6: Test setup for calibration. 

When using this method, vertical forces are not included in the force or the arm because 
the two moments are measured on top of each other. 

The calibration coefficients are determined from (13.12), with known loads applied at dif-
ferent known distances a. The applied moments are plotted against the output voltages in 
Figure 13-7. 
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Figure 13-7: Applied moment plotted against the output voltage. 

Linear regression leads to the following calibration constants, where the b-values have 
been reset to zero. 

 1

2

7.68 Nm V
7.30 Nm V

c
c

= −
= −

 

In order to get positive forces in the wave propagation direction, it can be necessary to 
change the signs of the calibration constants, depending on the test setup. 

13.3  Eigenvibrations of Scale Models 
This appendix concerns the determination of the eigenfrequencies of the two scale models 
described in 13.1. 

For each model, the eigenfrequencies in both air and water are found by applying an initial 
displacement to the model, and hereafter measure a time series of the moment. The eigen-
frequency is determined in air and at two different water levels: One, where almost the 
whole cylinder is submerged, and another corresponding to the design water level. 

A time series of the vibration of the cylinder submerged in water is shown in Figure 13-8. 
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Figure 13-8: Vibration time series of cylinder submerged in water. 

Afterwards, the time series is analyzed with a zero-downcrossing analysis and a frequency 
domain analysis with the objective to find the eigenfrequency. The eigenfrequency is cho-
sen as the lowest value from the two methods. The reason to choose the lowest eigenfre-
quency is that it is closest to the wave frequency therefore it is the most critical. 

In the zero-downcrossing analysis, the eigenfrequency is estimated as the frequency corre-
sponding to the mean of the vibration periods 

 0

1

1
1 N

i
i

f
T

N =

=

∑
 (13.14) 

where  
 f0  is the eigenfrequency 
 N is the number of vibrations 
 Ti is the period of the ith vibration 

In the frequency domain analysis, the vibration is divided into N linear vibrations, where 
information about frequencies f and amplitudes a are maintained. The division into N linear 
vibrations is done with a Fast Fourier Transform, FFT. Then the spectral density can be 
calculated 

 ( )
21

2
MM

aS f
f

=
Δ

 (13.15) 

The eigenfrequency is estimated as the peak frequency, i.e. the frequency with the highest 
spectral density. In Figure 13-9 the variance spectrum from the time series in Figure 13-8 
is shown. 
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Figure 13-9: Variance spectrum from cylinder fully submerged in water. 

The eigenfrequencies are given in Table 13-2. 

  Zero-downcrossing Frequency-domain Chosen 
 Air 11.53 11.64 11.53 
Cylinder model Water – design level 7.91 8.0 7.91 
 Water – submerged 7.19 7.10 7.09 
 Air 6.94 6.88 6.88 
Foundation model Water – design level 4.02 3.92 3.92 
 Water – submerged 3.21 3.18 3.18 

Table 13-2: Eigenfrequencies of cylinder and foundation model [Hz]. 

The eigenfrequencies in air and those for a fully submerged model are used to estimate an 
inertia coefficient in Section 13.4. The eigenfrequency at the design water level sets an up-
per bound for the frequency of the waves, because dynamic amplification is unwanted. 

The effect of the dynamic amplification can be filtered out from the recorded force signals 
in WaveLab2 by application of a dynamic amplification filter. The dynamic amplification 
filters for the two scale models are shown in Figure 13-10. These filters are applied in the 
following appendices, as is a lowpass filter. The signals passes through an 8 Hz lowpass 
filter, which filters out frequencies above 8 Hz, for example noise from the power supply 
frequency. 
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Figure 13-10: Dynamic amplification filters for the two scale models. 

It is noted that with a wave frequency of 2 Hz, the dynamic amplification is about 8 % for 
the cylinder and about 28 % for the foundation model. If waves with higher frequency are 
used then larger corrections are needed. It should likewise be noted that the foundation 
model is not completely waterproof because the bottom is made of expanded polystyrene, 
and therefore it sucks in water which increases the mass by approximately 40 %. This in-
crease lowers the eigenfrequency by approximately 15 %, using (13.16). This increment is 
not used in the report because it is a time dependant increment.  

13.4  Inertia Coefficient 
This appendix deals with the estimation of the inertia coefficients for both scale models 
described in 13.1. 

Because the model is a system with a single degree of freedom, the eigenfrequency is 
given as follows. [Nielsen, 2004] 

 0
1

2
kf
mπ

=  (13.16) 

where  
  k is the stiffness of the model 
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  m is the mass of the vibrating system 

It is assumed that water in the flume does not influence the stiffness of the model, thereby 
the vibrating mass of the submerged system is 
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submerged air submerged

fm m
f

⎛ ⎞
= ⋅⎜ ⎟

⎝ ⎠
 (13.17) 

The hydrodynamic mass, also known as added mass, can be found as 

 h submerged airm m m= −  (13.18) 

The added mass coefficient is given as 

 h
m

disp

mC
m

=  (13.19) 

where   
  mdisp is the mass of the displaced water 

Finally, the inertia coefficient can be found 

 1M mC C= +  (13.20) 

In Table 13-3 the inertia coefficients of the two scale models are shown. 

 Cylinder model Foundation model 
fair   [Hz] 11.53 6.88 
fsub   [Hz] 7.09 3.18 
mair   [kg] 1.78 6.10 
Cm      [-] 0.67 0.88 
CM     [-] 1.67 1.88 

Table 13-3: Determination of inertia coefficient. 

It should be noted that the value of the inertia coefficient is highly dependant on a precise 
determination of the eigenfrequencies, since the eigenfrequencies enters in quadratic form. 
Furthermore, the inertia coefficient is also dependant on a good determination of the mass 
of the model. Especially with the foundation model, the determination of the mass is unre-
liable, because the expanded polystyrene sucks water.  
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Altogether, the values of the inertia coefficients can differ much from the values in Table 
13-3, and they are not necessarily constant. Therefore, the inertia coefficient will be deter-
mined from Figure A.1 shown in Appendix A, when comparing the experiments with the 
Morison equation. 

13.5  Cylinder Experiments 
The purpose of the experiments on the cylinder is to compare the measured wave forces 
with the wave forces, calculated with the Morison equation. 

The test setup is shown in Figure 13-11. The model is placed in the middle of the flume, 
and three wave gages are located in front of the paddle. Three other wave gages are placed 
at the model close to the wall of the flume, and shielded from reflecting waves from the 
model by a wooden plate. 

 
Figure 13-11: Test setup for experiments on cylinder. In the background, the breakwater created to absorb 

the waves can be seen. 

13.5.1  Regular Waves 
After calibration of the wave gages using WaveLab2, four series of regular waves were 
generated with different wave steepness H/L. The data were collected with a sampling fre-
quency of 100 Hz. 

From each signal from the wave gages, a time series of the wave elevation is measured. 
Likewise it is possible to get a time series of the wave force from the strain gages on the 
force meter. A single wave of these time series is shown in Figure 13-12. It is seen that the 
stream function theory is a fairly good approximation, whereas the linear wave theory is 
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too plain. Therefore, when referring to the Morison equation in the following, the wave 
theory utilized is the stream function theory. 
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Figure 13-12: Comparison of experimental results and the wave theories for experiment 3, cf. Table 13-4. 

To compare the maximum forces from the experiment with the forces calculated with the 
Morison equation, both the measured forces and the calculated forces are plotted in Figure 
13-13. The measured forces are shown in Table 13-4. 
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H/Ltarget Exp. No T H Fmax Mmax H/Lachieved 

1 0.66 0.020 2.373 0.373 0.0299 
2 1.04 0.041 3.445 0.472 0.0306 
3 1.42 0.059 4.888 0.724 0.0295 
4 1.79 0.081 7.604 1.094 0.0302 

0.0300 

5 2.12 0.100 6.253 0.884 0.0301 
6 0.60 0.036 3.516 0.552 0.0621 
7 0.77 0.057 6.296 0.900 0.0640 
8 0.94 0.078 8.171 1.111 0.0645 
9 1.10 0.094 10.04 1.365 0.0618 

0.0626 

10 1.26 0.120 15.01 2.466 0.0645 
11 0.57 0.032 3.282 0.487 0.0615 
12 0.74 0.057 6.035 0.764 0.0679 
13 0.89 0.072 7.613 1.015 0.0643 
14 1.04 0.097 9.190 1.221 0.0683 
15 1.19 0.110 9.984 1.363 0.0643 

0.0676 

16 1.32 0.133 11.830 1.969 0.0665 
17 0.55 0.036 3.311 0.554 0.0735 
18 0.70 0.055 5.481 0.767 0.0714 
19 0.84 0.074 8.070 1.102 0.0712 
20 0.99 0.099 9.100 1.256 0.0739 

0.726 

21 1.12 0.119 11.510 1.599 0.0744 

Table 13-4: Wave forces and moments from experiments. 
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Figure 13-13: Comparison of the maximum wave force calculated by the Morison equation and experimental 

results for different wave steepness. 

From Figure 13-13, it cannot be concluded that the wave force is dependant on the wave 
steepness, although it seems that the waves with steepness 0.0300 generally yields smaller 
wave forces than the steep waves. Therefore a slight uncertainty when determining the 
wave period does not yield large differences in the wave force. 

On the other hand, it is obvious that there is an approximate linear dependency between the 
wave height and the wave force. Also, it is seen that the Morison equation yields a quite 
good approximation of the wave force, although the results diverge more with higher 
waves. 

This can be due to reflection from the beach at the end of the flume. With WaveLab2 the 
reflection coefficient is calculated to be in the interval 0.05 - 0.10, which is an acceptable 
reflection, and with the model located in the middle of the flume, a series of waves pass by 
the model before the reflected waves return.  

Furthermore, the moment determined with the Morison equation is compared with the ex-
perimental results, cf. Figure 13-14. As the comparison of the forces, it is seen that there 
also is a fine connection between the Morison equation and the results. 
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Figure 13-14: Comparison of the maximum moment calculated by the Morison equation and experimental 

results for different wave steepness. 

The Morison equation also states that the line of attack of the wave force is constant for a 
given wave height, when the drag term is neglected. This can also be seen from the ex-
perimental results. The attack point is found by dividing the moment with the force. In 
Figure 13-15, the results from the experiment and the Morison equation are shown where 
the line is the Morison equation. 
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Figure 13-15: Moment-Force diagram from experiment number 3. 
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For an example, the distance from the bottom to the line of attack is calculated by the Mo-
rison equation to 0.131 m for experiment number 3. In Figure 13-16, the attack point is 
plotted as a function of the force for both the experiment and the Morison equation. It 
shows that there is a good correlation between experiments and the Morison equation. 
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Figure 13-16: Attack point with respect to the wave force from experiment number 3. 

The reason for the diversity of the attack point around the force equal to zero is because the 
attack point is found by dividing the moment with the force. When the force is close to 
zero, the moment is likewise close to zero, and even a small measuring uncertainty gives a 
large error on the attack point. The same thing occurs with the Morison equation. 

13.5.2  Irregular Waves 
An experiment with irregular waves has also been performed on the cylinder in order to 
determine the maximum wave force on the cylinder. 

The irregular waves in the laboratory are generated by a JONSWAP spectrum, because it is 
assumed that this spectrum is valid for Frederikshavn. The data is collected with a sam-
pling frequency of 20 Hz and duration of 20 minutes. The wave generator in the laboratory 
generates smaller waves than the target waves. Therefore the wanted spectrum with peak 
period Tp = 0.89 s and significant wave height Hs = 0.076 m, was instead generated with Hs 
= 0.063 m and with the right peak period. 

To verify that the waves were generated by a JONSWAP spectrum, the measured spectrum 
is plotted in Figure 13-17 with a parameterized JONSWAP spectrum. 

The JONSWAP spectrum is calculated as   

 ( )
4

2 4 5 5exp
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p
s p

f
S f H f f

f
β

η α γ−
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 (13.21) 
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where 
 α  is determined by (13.22) 
 Hs is the significant wave height 
 fp  is the peak frequency, determined as fp = Tp

-1 

 f  is the frequency 
 γ is the peak enhancement coefficient and the mean value for the North Sea is 

γ = 3.3 
 β  is determined by (13.23) 
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where σ is determined by 
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The measured spectrum is determined from a frequency domain analysis with 32 sub-series 
with 20% tapering and 20% overlapping. 
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Figure 13-17: Comparison of measured and parameterized JONSWAP spectrum. 

Figure 13-17 shows that the irregular waves are generated from a JONSWAP spectrum, 
and almost no waves have frequencies above 2.5 Hz, and therefore no significant dynamic 
amplification is expected, cf. 13.3. 
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From the measured moment signals from the force meter, the largest wave force Fmax is 
calculated. The force time series is shown in Figure 13-18. 
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Figure 13-18: Force time series for irregular waves. 

The maximum force from the time series in Figure 13-18 is Fmax = 12.97 N. There is uncer-
tainty about the determination of the maximum force, as the maximum value of the time 
series is a stochastic variable. Therefore, the maximum wave force is calculated with a 
time domain analysis in the following, with the assumption that the wave forces are 
Rayleigh distributed. This is a good assumption since the waves are Rayleigh distributed 
and there is a linear connection between the wave height and the force. To verify this, a 
histogram of the wave force is plotted in Figure 13-19. 
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Figure 13-19: Wave force histogram. 

In order to compare the histogram with the Rayleigh distribution, the axes is non-
dimensionalized. For the x-axis this is done by dividing with the mean wave force Fmean. 
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The y-axis is non-dimensionalized by determining the probability density; see Liu and Fri-
gaard (2001). 
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where 
 N is the total number of observations 

The Rayleigh distribution is found from (13.26), cf. Liu and Frigaard (2001). 
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The non-dimensionalized histogram is plotted with the Rayleigh distribution in Figure 
13-20. 
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Figure 13-20: Non-dimensionalized wave force histogram. 

From Figure 13-20, it is seen that there is good correlation between the wave force distri-
bution and the Rayleigh distribution, and it is therefore concluded that the wave forces are 
Rayleigh distributed. Now, the force signal is analyzed with a time domain analysis.  

The significant wave force is found as the mean of the highest third of the wave forces. 
Hereby the significant force amplitude is calculated to 6.52 N. The maximum wave force is 
estimated by (13.27), because the wave force is Rayleigh distributed, cf. Liu and Frigaard 
(2001). 
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 0.1% 1.86max sF F F= ≈  (13.27) 

The maximum wave force is then Fmax = 12.13 N. 

In the following, the Morison equation is used to calculate the maximum force. This can be 
done by calculating the wave force for each wave in the irregular time series, although it 
may still give different results in comparison to regular waves. This is a rather demanding 
process when utilizing the stream function theory, and because both the wave height and 
the wave force is Rayleigh distributed, and because it is shown in Section 13.5.1 that there 
is a linear correlation between the wave height and the wave force, the following procedure 
is performed. The significant wave height Hs and peak period Tp is found with a frequency 
domain analysis and these parameters are used to calculate a significant wave force. This 
force is then inserted in (13.27) to find the maximum wave force. 

With Hs = 0.063 m and Tp = 0.89 s the Morison equation yields a significant wave force Fs 
= 6.04 N. By insertion in (13.27) the maximum force is Fmax = 11.23 N. 

In Table 13-5 the maximum wave forces and moments are summarized.  

Method Fmax  [N] Mmax  [Nm] 
Measured time series 12.97 2.55 
Time domain analysis 12.13 1.85 
The Morison Equation 11.23 1.52 

Table 13-5: Maximum wave force and moments 

The wave force and moment from the measured time series is the largest, but the signal can 
be affected by noise, and therefore the force found by the time domain analysis is consid-
ered a better estimate. The Morison equation yields a value of the wave force, which devi-
ates 7.4 % from time domain analysis. This is estimated to be an acceptable deviation for a 
simple geometry as the cylinder, and if the force on the foundation model does not differ 
significantly more, then it can be concluded that the Morison equation is also valid for the 
foundation model. 

The Rayleigh distributed waves yields Rayleigh distributed forces. Furthermore, there is a 
linear relation between the wave heights and the forces. It is therefore concluded that the 
Morison equation is valid for irregular waves.     

13.6  Foundation Model Experiments 
The purpose of the experiments on the foundation model is to determine whether the Mori-
son equation yields good results on this model. 
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The test setup is similar to the setup used in 13.5, only the model is changed. The model 
placed in the flume is seen in Figure 13-21. 

 
Figure 13-21: Test setup for foundation model. In the background, the wave paddle can be seen and to the 

right, the wooden shield plate is seen. 

13.6.1  Regular Waves 
The object of the experiments with regular waves is to determine whether the Morison 
equation is valid for the foundation model. Four series experiments with the same wave 
steepness as in 13.5 are conducted, cf. Table 13-6.  
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H/Ltarget Exp. No T H Fmax Mmax H/Lachieved 

1 0.66 0.020 6.802 0.872 0.0300 
2 1.04 0.040 21.800 2.578 0.0300 
3 1.42 0.060 30.520 3.551 0.0300 

0.0300 

4 1.79 0.080 58.770 7.079 0.0300 
5 0.60 0.029 7.009 0.864 0.0509 
6 0.77 0.053 22.900 2.670 0.0596 0.0626 
7 0.94 0.075 48.070 5.543 0.0620 
8 0.57 0.035 6.393 0.828 0.0660 
9 0.74 0.056 19.640 2.237 0.0667 

10 0.89 0.073 38.730 4.571 0.0652 
0.0676 

11 1.04 0.095 47.650 5.460 0.0674 
12 0.55 0.029 5.455 0.716 0.0592 
13 0.70 0.050 16.370 1.932 0.0658 0.726 
14 0.84 0.073 35.410 4.163 0.0709 

Table 13-6: Wave forces and moments from experiments. 

The maximum forces from the experiments are plotted against the maximum force calcu-
lated with the Morison equation in Figure 13-22. The Morison equation is only plotted for 
two different wave steepnesses, because as seen in 13.5, a slight difference in the wave 
steepness does not affect the wave force significantly. It is seen as for the cylinder that 
there are no dependency of the wave steepness and thereby the wave period. It is therefore 
concluded that an uncertainty in determining the wave period is insignificant. 
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Figure 13-22: Comparison of the maximum wave force calculated by the Morison equation and experimental 

results for different wave steepness. 

Whether there is a linear correlation between the wave height and the maximum force is 
questionable, e.g. the reflection from the model can contribute to this uncertainty. The re-
flection from the model is very large and reflected waves propagate in radial direction, 
which causes the incoming waves to be very irregular in the longitudinal direction of the 
individual wave. 

Comparing the moment for the Morison equation and the experimental results gives the 
same results as found by comparing the force, cf. Figure 13-23. 
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Figure 13-23: Comparison of the maximum wave moment calculated by the Morison equation and experi-

mental results for different wave steepness. 

In order to determine if the wave force is dominated by the inertia-term, the correlation be-
tween the wave force and the moment is shown in Figure 13-24 for experiment number 3 
for both the experiment results and the Morison equation. 
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Figure 13-24: Moment-Force diagram from experiment number 3. 
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It is seen that there is a linear correlation between the wave force and the moment, which 
states that the wave force is inertia-dominated. The straight line signifies that the point of 
attack of the wave force is constant. Furthermore, it is seen that there are a very small dif-
ference between the Morison solution and the experimental results. This is also seen in 
Figure 13-25, where both the experimental results and the Morison solution are shown. 
The attack point is 0.105 m over the seabed. This is lower than for the cylinder, as ex-
pected, because of the larger diameter in the lower part of the model. 
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Figure 13-25: Attack point with respect to the wave force from experiment number 3. 

The results with regular waves for the foundation model does not divert significantly from 
the results achieved from the experiments on the cylinder. The only major difference is the 
reflection from the model itself, which might cause some scattering of the wave forces 
with irregular waves. However, it is concluded that the Morison equation yields good re-
sults.  

13.6.2  Irregular Waves 
From the experiment with irregular waves, the objective is to determine whether the Mori-
son equation can be used to find the maximum force. 

First a frequency domain analysis is carried out to verify that the waves are generated as a 
JONSWAP spectrum with peak period Tp = 0.74 s and significant wave height Hs = 0.056 
m as required. The procedure is described in 13.5, and the spectra are shown in Figure 
13-26. 
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Figure 13-26: Comparison of measured and parameterized JONSWAP spectrum. 

The obtained spectrum has Hs = 0.050, which is lower than required, but the peak period is 
the same as required, which can be seen in Figure 13-26. The reason for the smaller sig-
nificant wave height is because the wave generator generally generates too small waves, 
and it is chosen to use the obtained value of Hs in the following calculations. 

When comparing the spectrum with the dynamic amplification filter in Section 13.3, large 
dynamic amplification of the wave force is expected. In Figure 13-27, both the filtered and 
the unfiltered wave force histograms are shown. 
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Figure 13-27: Unfiltered and filtered wave force histograms. 

It is seen that the maximum force are reduced by the filtering, and that the filtered histo-
gram has the characteristic shape of Rayleigh distribution, which is further confirmed in 
Figure 13-28.  
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Figure 13-28: Comparison of wave force histogram and the Rayleigh distribution. 

When determining the wave forces in the following, it is done from the filtered signal, and 
because of the wave force being Rayleigh distributed, the following relation is used 

 0.1% 1.86max sF F F= ≈  (13.28) 

The maximum wave force and moment are found in three different ways; as the maximum 
value from the force time series; from time domain analysis of the force time series finding 
the significant wave force and utilizing (13.28); and with the Morison equation using the 
significant wave height and the peak period and utilization of (13.28). The results are 
shown in Table 13-7 

Method Fmax  [N] Mmax  [Nm] 
Measured time series 34.9 5.08 
Time domain analysis 34.5 4.90 
The Morison equation 46.7 5.41 

Table 13-7: Maximum wave force and moment. 

The maximum wave force from the time domain analysis is slightly smaller than the one 
found from the measured time series, as expected. Also, the maximum wave force from the 
time domain analysis is assumed a better value, because of the uncertainty concerning the 
single force in a time series. The Morison equation yields a value of the maximum force 35 
% greater than measured. This can be caused by of the uncertainty in determining the iner-
tia coefficient, and it is suggested that experiments concerning a better determination of the 
inertia coefficient is initiated. 
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Unfortunately, it was not possible to create wave heights corresponding to the design wave 
at Frederikshavn. This is either because of effects from the flume being too small, or be-
cause it is not possible that the waves are so large at Frederikshavn. Therefore, it is sug-
gested that a measurement of the waves at Frederikshavn is initiated.  
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Chapter 14 Loads for the Detail Design 
In the following chapter, the loads for the detail design are estimated and described. Due to 
the conclusions reached from the conceptual design, it is chosen to outline a qualified es-
timate of the foundation dimensions. Hereby it is possible to estimate some design loads. 
These design loads have to be changed later on, if the foundation dimensions are changed 
dramatically.  

The foundation dimensions are seen in Figure 14-1. The design and dimensions of the 
foundation is chosen in context with the conceptual design, whereas it was found, that the 
diameter should be approximately 19 m. Also, the foundation is placed a meter into the 
filter layer. The foundation is constructed with an ice cone due to the fact that the moment 
from the ice thereby drops dramatically. Even though the submerged part of the foundation 
is increased, the wave forces are still smaller than the ice load, if there were no ice cone. It 
is chosen to fulfill the recommended length of the slope from Section 12.4, and thereby it 
is known, that the angle has to be as large as possible. However, it is not advisable to let 
the diameter be constant to a certain level, so the angle can be raised, because this in-
creases the wave forces at the bottom. Figure 14-1 illustrates the dimensions of the gravita-
tion foundation used as a starting point for the detail design.  
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Figure 14-1: Dimensions of the foundation used to estimate the loads for the detail design. 

The loads that have to be recalculated are wave and ice loads mentioned in Appendix A 
and Appendix B. Information of the loads from the wind turbine itself is given in Chapter 2 
and is not changed. Loads from waves and ice are estimated in the following. 

14.1  Wave Forces for the Detail Design 
The wave parameters, estimated in Chapter 5, indicate some situations where wave break-
ing occurs. This issue is specified in section 5.3. Because of possible wave breaking, wave 
forces from breaking waves and from waves at maximum water level are analyzed. This is 
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done despite the fact that the analysis in Section 14.1.2 shows, that breaking waves does 
not change the force dramatically. The largest horizontal force and moment affecting the 
foundation from each event is utilized in the detail design. It has to be noted, that the mo-
ments are calculated to work at level equal to the sea bed. 

14.1.1  Wave Forces at Maximum Water Level 
When the maximum water level is reached, the wave forces listed in Table 14-1 affect the 
foundation. However, a surface current of 0.5 m/s is also taken into consideration. As ex-
plained in Section 5.2, the surface current changes with the tide. Therefore, the direction of 
the current is either northbound or southbound. Both situations are analyzed in the follow-
ing, where it is estimated, that the current either moves with or against the wave diffusion 
velocity. The worst situation takes place, when the current moves with the wave, and the 
results are shown in Table 14-1. 

14.1.2  Wave Forces from Breaking Waves 
When wave breaking is a possibility, the theory described in Appendix A is utilized. 
Hereby, the wave forces affecting the foundation are found, cf. Table 14-1. 

 Forces HOWL  HOWL incl. current HOWL incl. current and wave breaking 
Fx,max [kN] 4978 5013 5208 
My,max [kNm] 21271 21618 23788 

Table 14-1: Size of wave forces for three different situations. 

In Table 14-1, it is seen that the effect of breaking waves is approximately 4 %. It was not 
possible to verify this effect in the laboratory because the waves were breaking before they 
has reached the model. 

14.2  Ice Forces for the Detail Design 
In Appendix B, the theory for ice forces on a given structure is described. By using the 
model shown in Figure 14-1, it is possible to calculate a new set of loads for the founda-
tion. Again, the slope angle of the ice cone is the governing parameter, and the horizontal 
force becomes 1770 kN and the vertical force becomes 839 kN. By taking the moment 
equilibrium at the bottom of the sea bed, the maximum moment becomes 9779 kNm. 

14.3  Combination of Characteristic Loads for the Detail De-
sign 

By using the described characteristic loads in Section 14.1 and Section 14.2, besides the 
wind and dead loads, it is possible to estimate the load combinations for the detail design. 
The characteristic loads are listed in Table 14-1. Each of the loads positions are shown in 
Figure 14-2, where the moment arms also are shown, cf. Table 14-2. All the loads on the 
foundation are calculated from the model in Figure 14-1. The utilized load factors are de-
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scribed in Chapter 6. These correspond to design of support structures and foundations for 
wind turbines and transformer stations. 

Load type 
 
 

Wind 
Turbine 

[kN] 

Wind 
 

[kN] 

Wave 
 

[kN] 

Ice 
 

[kN] 
Fy - -530.6 - 5208 - 1770 
Fz -2350 - - ±839 

Table 14-2: Characteristic loads on the foundation.   
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Figure 14-2: Dimensions of the foundation used to estimate the loads for the detail design. 

Moment arm 
for load type 

Wind 
Turbine 

[m] 

Wind 
 

[m] 

Wave 
 

[m] 

Ice 
 

[m] 
Fy - 80 8.2 5 
Fz - - - 4.8 

Table 14-3: The moment arms for the load type. 



 



Chapter 15 – Determination of Geotechnical Parameters  

123  

Chapter 15 Determination of Geotechnical 
Parameters 

In order to design the gravitation foundation, a finite element program is used. It is chosen 
to use the program PLAXIS which contains several soil models. In order to make a quali-
fied choice of the soil models, PLAXIS is used to simulate the experiments in order to test 
if it is possible to recreate the experiments. The soil models that fit the soil at the location 
best is used to design the gravitation foundation. 

There are conducted a consolidating experiment, a triaxial experiment and a constant rate 
of strain experiment on the Yoldia clay from boring 4, sample no. 6. Furthermore, other 
project groups have conducted triaxial and constant rate of strain experiment on the sand. 
These results are also used in this report. The experiments are fully described in Appendix 
G. In Appendix H, the soil models from PLAXIS and the comparison of the soil models 
and experimental results are described.  

15.1  Comparison of Soil Models with Experiment Results 
PLAXIS contains several soil models, which are build to from a set of mathematical equa-
tion that described the relation between the stress and the strain. When analyzing the ex-
perimental results only two models are relevant Mohr-Coulomb and Hardening-Soil, cf. 
Appendix I. 

15.1.1  Mohr-Coulomb 
The Mohr-Coulomb model is valid for both sand and clay and is therefore fitted to both 
sand and clay. A detailed description of the model is given in Appendix H. 

Sand 
When using the parameters, determined in Appendix I for sand 49, the experimental results 
fits the PLAXIS results. The results are shown in Figure 15-1, where the dotted lines are 
the Mohr-Coulomb results. 
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Figure 15-1: Stress-strain curves for sand 49 with Mohr-Coulomb on sand. 

It is seen in Figure 15-1 that the yield stress is fitted very well. However, the yield strain 
does not fit. It is seen that the Mohr-Coulomb model will give too small settlements com-
pared with the experiment results. It is therefore recommended that the Mohr-Coulomb 
only is used to bearing capacity and not to the determination of the settlements. The pa-
rameters are given in Table 15-1. 

Parameters  Sand 49 
Chamber pressure  [kPa] 50 
E50  [kPa] 27400 
c  [kPa] 0 
φtr  [˚] 42 
Ψ  [˚] 17 
ν  [-] 0.21 

Table 15-1: Parameters for the Mohr-Coulomb model for sand 49. 

Clay 
Opposite sand, it was necessary to make a change in some of the parameters determined in 
the experiment. The changed parameter was the cohesion, cf. Appendix I. The fitted results 
are shown in Figure 15-2, where the dotted line is the Mohr-Coulomb model. 
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Figure 15-2: Stress-strain curves for Mohr-Coulomb on clay. 

It is seen in Figure 15-2 that the Mohr-Coulomb model does not fit the clay very well. For 
the lowest stress, cf. the red line, the strain is similarly shaped for both the model and the 
experiment, but it is recommended that the Mohr-Coulomb model is not used for the clay. 
The fitted parameters are given in Table 15-2. 

Parameters   
Chamber pressure  [kPa] 30 
E50   [kPa] 12600 
c  [kPa] 65 
φtr  [˚] 30.5 
ψ  [˚] 0 
ν  [-] 0,32 

Table 15-2: Fitted parameters for the Mohr-Coulomb model on clay. 

15.1.2  Hardening Soil 
Since, both sand and clay are able to harden the hardening soil model is fitted to both mate-
rials. A detailed description of the model is given in Appendix H. 

Sand 
As for the Mohr-Coulomb model, it is not necessary to change the parameters determined 
in the experiment, since the hardening soil model fits the results from the triaxial experi-
ments very well, cf. Figure 15-3. The dotted lines in Figure 15-3 are the hardening soil 
model used in PLAXIS. 
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Figure 15-3: Stress-strain curves for sand 61 with hardening soil. 

Because the experiments fits the results, the yield stress and strain can be used and there-
fore the hardening soil model can be used to both calculation of bearing capacity and set-
tlements. However, this model needs eight parameters against the five parameters in Mohr-
Coulomb. Therefore, the hardening soil model requires a larger number of experiments 
than the Mohr-Coulomb. The parameters determined for the hardening soil model are 
given in Table 15-3. 

Parameters  Sand 49 
Chamber pressure  [kPa] 50 
E50  [kPa] 27400 
Eur  [kPa] 69000 
Eoed  [kPa] 35500 
c  [kPa] 0 
φtr  [˚] 42 
Ψ  [˚] 17 
ν  [-] 0.21 
m  [-] 0.60 
pref [kPa] 50 

Table 15-3: Parameters for the hardening soil model on sand. 
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Clay 
Again, it was necessary to change some of the parameters determined in the experiments. 
Furthermore, it was not possible to fit one set of data to all three yield experiments. There-
fore, the data are only fitted to the yield experiment with the lowest chamber pressure since 
this pressure is nearly similar to the in-situ stresses after the installation of the wind tur-
bine. The fitted result is shown in Figure 15-4, where the dotted line is the hardening soil 
model. 
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Figure 15-4: Fitted Hardening Soil stress-strain curve for a chamber pressure of 30 kPa. 

Figure 15-4 indicates that with the fitted parameters, it is possible both to calculate bearing 
capacity and settlements with the hardening soil model in PLAXIS. The fitted parameters 
are given in Table 15-4. 

Parameters   
Chamber pressure  [kPa] 30 
E50  [kPa] 15000 
Eur  [kPa] 50000 
Eoed  [kPa] 15000 
c  [kPa] 60 
φtr [˚] 30.5 
ψ  [˚] 0 
ν  [-] 0,15 
m  [-] 0,85 
pref  [kPa] 30 

Table 15-4: Fitted parameters for the hardening soil model on clay. 
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15.2  Choice of soil models 
From the comparison of the soil models and the experimental results, it is concluded that 
the Mohr-Coulomb model only gives proper results if it is used to calculate bearing capac-
ity. However, since the parameters are determined for the hardening soil model it is rec-
ommended that this model is used both for calculation of bearing capacity and settlements. 
The reason for this recommendation is that this model describes the real soil behavior most 
accurately, which confirms compression. 
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Chapter 16 Scour Protection 
In order to avoid erosion at the foundation, stones are placed around the foundation. This 
chapter contains a calculation of the armor layer and filter layer. An example of the con-
cept of scour protection is illustrated in Figure 16-1. Notice, the armor layer is leveled with 
the sea bed. This is done to minimize the shear stress on the stones caused by waves.  

Concrete slab

Foundation

Amour layer
Filter layer

Sea bed

 
Figure 16-1:  A sketch of scour protection.  

16.1  Armor Layer 
The calculations are conducted according to the Fredsøe method described in Liu (2001). 
This method is chosen because it combines the effects from both waves and current. Since, 
the largest wind generated waves will be from the south, cf. section 5.3, and the current is 
either northbound or southbound, the bed shear stress is calculated where waves and cur-
rent are propagating in the same direction. This gives the largest bed shear stress. Using 
this method, the combined bed shear stress is calculated by  

 21
2wc w wf uτ ρ= ⋅ ⋅ ⋅  (16.1) 

where 
 ρw is the water density 
 fw is a friction coefficient given in (16.2), [Nielsen, 1992] 
 u  is the combined instantaneous flow given by (16.4) 

 
0 2

5 5 6 3
.

s
w

kf exp . .
A

⎛ ⎞⎛ ⎞= ⋅ −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 (16.2) 
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where 
 A  is the amplitude of water particle oscillation at the sea bed given by (16.3) 
 ks is the equivalent grain roughness, Nikuradse roughness, which in the fol-

lowing is set to the stone diameter 

 
( )2

1
2 sinh h

L

HA
π⋅ ⋅

= ⋅  (16.3) 

The combined instantaneous flow is determined by 

 mu U Uδ= +  (16.4) 

where 
 Um is the maximum horizontal velocity on the sea bed given by (16.5) 
 Uδ is the current velocity on the top of the boundary layer given by (16.6) 

 2
mU A A

T
πω ⋅

= ⋅ = ⋅  (16.5) 

 2 2U C C Uδ = − −  (16.6) 

where 
 U is the average velocity 0.5 m/s from Section 5.2 
 C is a constant given by (16.7) 

 ( )( )21 1
306 2 h

w mC U f U . lnπ κ δ⋅= + ⋅ ⋅ ⋅ + ⋅  (16.7) 

where 
 κ  is the Von Karman constant which is equal to 0.4 
 δ is the distance from the boundary layer surface to the point where 

0 995u . U= ⋅  

The linear wave theory is utilized since the horizontal velocity at the sea bed is only 
slightly dependent of the wave theory. Since, the bed shear stress is calculated in the undis-
turbed flow, a correction is made to the flow around the cylinder foundation. This is done 
by using a so-called amplification factor. In Appendix D, the amplification factor is found 
to 2.7. However, for a cylinder foundation, the amplification factor has a magnitude of 4 
according to Sumer et al. (1996). The bed shear stress is calculated for three different water 
levels equivalent to the LOWL, MWL and HOWL, where the data are given in Table 16-1. 
In Appendix D, it is suggested that it is the significant wave height is used.  
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 LOWL MWL HOWL 
h     [m] 4.8 6.2 7.8 
Hs   [m] 1.2 1.5 3.1 
T     [s] 7.6 8.4 9.1 

Table 16-1: Period and wave height for different water levels. 

The bed shear stress is calculated according to (16.1) with the data in Table 16-1 and the 
results are given in Table 16-2. 

Stone diameter [m] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
LOWL 18 31 44 57 70 84 99 113 129 
MWL 19 32 44 57 69 83 97 111 126 
HOWL 42 65 87 108 129 150 171 193 214 

Table 16-2: Bed shear stress in undisturbed flow [MPa]. 

The largest bed shear stress occurs at the HOWL, cf. Table 16-2. Therefore, it must be 
shown that no sediment transport will occur. This is done according to the Shield diagram, 
with use of the following formulas 

 ( )
1
3

502

1g s
D d

ν
∗ ⋅ −⎛ ⎞

= ⋅⎜ ⎟
⎝ ⎠

 (16.8) 

 ( )( )0 24 0 055 1 0 02cr
. . exp . D
D

θ ∗
∗= + ⋅ − − ⋅  (16.9) 

 
( )1

wc

w s g d
τθ

ρ
=

⋅ − ⋅ ⋅
 (16.10) 

where 
 s  is the ratio between the stone density, ρs, and ρw 

 d50 is median diameter of the grain which is sat to ks  

So far, research has only involved small stones and uncertainties are therefore connected 
with using this theory on larger stones. Therefore, Shields diagram is fitted in Appendix D 
in order to fit larger stones. The experiments are conducted with the scour protection raised 
above the sea bed. It is estimated that the effect of this is that larger bed shear stress occur 
on the stones in the experiment.  

The results, using the Fredsøe model on the full scale foundation, are shown in Figure 
16-2, where the diameter of the stones is the upper horizontal axis. In order to examine the 
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difference between using the significant wave height and the maximum wave height, both 
are shown in Figure 16-2. 
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Figure 16-2: Critical bed shear stress as function of D*. 

From Figure 16-2, it is concluded that a diameter of about 0.6 m is a conservative value. 
Due to the experimental results showing that the significant wave height is sufficient to use 
and that the critical Shields parameter can be modified, it is possible to use a stone size of 
0.1 m in diameter. However, this is not supported by any other sources and therefore the 
conservative value of 0.6 m is chosen. 

16.2  Filter Layer 
Next, it must be examined whether a filter layer is needed. This is done according to Liu 
and Burcharth (1999). At first, the amour layer thickness is calculated by 

 ( )
1

3
3

1
42 2 0 3 m 1 m
3a nt c D .π⎛ ⎞= ⋅ ⋅ = ⋅ ⋅ ⋅ =⎜ ⎟

⎝ ⎠
 (16.11) 

where 
 c1  is a constant, which is equal to 1 for stones 
 Dn is the equivalent cube length  

Next, the mass of the filter stone layer stone is calculated with 
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 3 3 3
2

1 2 65 0 3  t/m 0 002 t/m
15filter stonesM c M . . .= ⋅ = ⋅ ⋅ =  (16.12) 

where 
 c2  is a constant which is 1/15 for stones as armor layer and stones as filter 

layer 

With this mass, the diameter of the stones in the filter layer can be calculated to 0.12 m. 
However, it is chosen to use a conservative diameter of 0.2 m and (16.11) is used to deter-
mine the filter layer thickness to 0.4 m. Altogether; this yields a total layer thickness of 1.4 
m. In order to avoid further filter layer, it is chosen to install a geotextile between the sea 
bottom and the filter layer. The scour protection is shown in Figure 16-3. 
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Figure 16-3: Design of armor and filter layers.  

Note that, the extension of the scour protection layer is set to the width of the foundation. 
The extension can be optimized, but this optimization is not conducted. Since, the amplifi-
cation factor varies depending on the distance from the foundation; it is possible to vary 
the stone size over the extension of the armor layer. However, this demands more experi-
ments and therefore it is not investigated in this report. 

16.3  Discussion of Scour Protection 
The armor layer and the filter layer are designed according to Fredsøe (1981). Also, ex-
periments are conducted to verify the accuracy of the Fredsøe model. This proved the va-
lidity of the model when the amplification factor of 2.7 was used, cf. Appendix D. In order 
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to avoid erosion of the sand from beneath the filter layer, it is suggested to install a geotex-
tile under the filter layer. The results are shown in Figure 16-3. It is important that the lay-
ers are stamped proper and leveled so that it is possible to install a foundation on top of the 
filter layer. 
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Chapter 17 Detail Design of the Foundation 
The following chapter deals with the detail design of the gravitation foundation. The detail 
design consists of both analytical and numeric calculations of the gravitation foundations 
bearing capacity and settlements. In the analytical calculations, the upper and lower bound-
ary of the bearing capacity is determined, while the numerical calculation, performed in the 
finite element program PLAXIS, are used for comparison and optimizing the foundation 
dimensions.  

17.1  Static Admissible Solution  
In the following chapter, the vertical bearing capacity and the sliding resistance for the 
gravitation foundation with a diameter of 19 m is determined. This is done by using a static 
admissible solution, which is a lower boundary condition and associated plasticity is as-
sumed. The parameters used for determining the bearing capacity are listed in Table 17-1. 

Soil parameters   
The drained design friction angle, φd [˚] 30.3 
The undrained design shear strength, cu,d [kPa] 83.3 
The effective density for the sand layer [kN/m3] 9.00 
The effective density for the clay layer [kN/m3] 10.8 

Table 17-1: The parameters used for determining the bearing capacity.  

Coulombs failure condition for respectively pure friction soil and pure cohesive soil is 
given by 

 tan dτ σ ϕ=  (18.1) 

 ,u dcτ =  (18.2) 

Note that the vertical bearing capacity only is determined for the contribution from the ver-
tical load, V, while the sliding resistance only is analyzed for the contribution from the 
horizontal force, H.  

17.1.1  The Vertical Bearing Capacity 
The determination of the vertical bearing capacity is conducted, based on a method where 
the soil is divided into stress bands. The static solution is analyzed for two different cases, 
one where the soil beneath the effective area of the foundation is divided into two stress 
bands and another with an infinite number of stress bands.  
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Two Stress Bands 
The stress is transferred to the soil through the effective foundation area and therefore, the 
two stress bands are placed around this area, cf. Figure 17-1.  
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Figure 17-1: A sketch of the two stress bands beneath the effective foundation area. 

Figure 15-1 illustrates how the stress bands divide the soil into three areas, where the an-
gle, θ, indicates the stress bands inclination. The bearing capacity is analyzed for two val-
ues of the angle, θ, to find the optimal inclination of the stress bands. Furthermore, it is as-
sumed that the stratum boundary goes through area number 3, cf. Figure 17-1.  

The forces acting on the wind turbines are specified in Table 17-2, for the six different load 
combinations.  

Load combination V H 
 [kN] [kN] 
LC1 47135 1610 
LC2 47135 4017 
LC3 46757 2761 
LC4 46757 1955 
LC5 46757 4362 
LC6 46757 7402 

Table 17-2: V and H for the six different load combinations 

From Table 17-2 it can be concluded that the design load combination is LC6.  
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The bearing capacity is determined by plotting the Mohr’s circles for the three areas in 
Figure 15-1. Since, the location of the stratum boundary in the stress bands is unknown, the 
failure condition for both friction soil and cohesive soil must be considered. The failure 
conditions given in (18.1) and (18.2) sets the limitation illustrated in Figure 17-2. 
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Figure 17-2: The limitation of the failure conditions. 

It is not possible to plot Mohr’s circle for a state of stress in frictions soil if the smallest 
principal stress, σ’min, is equal to zero. The context between the smallest and largest princi-
pal stress is given by (18.3). [Jacobsen, 1989] 

2
max mintan 45

2
ϕσ σ⎛ ⎞′ ′= +⎜ ⎟

⎝ ⎠
  (18.3) 

The smallest principal stress, σ’min, in area no.1 is given as the surface stress, p. The sur-
face stress is determined from the foundations failure pattern. The depth of the failure pat-
tern is often equal to the foundation width. Therefore is p determined as the effective 
stress, in the depth equal to half of the foundation width, which in this case is 9.5 m. By 
doing so, the stress in the top of the layer is overestimated, while the stress in the bottom is 
accordingly underestimated. Furthermore, to prevent erosion around the gravitation foun-
dation, 1.4 m of the sea bed is excavated, and thereafter filled with a layer of scour protec-
tion, cf. Figure 15-3. 
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Figure 17-3: The dimensions of the gravitation foundation and the layer thickness of the scour protection. 

The density of the layer of scour protection is 2200 kg/m3, which yields an effective den-
sity of 11.6 kN/m3. Given an effective density for the sand layer of 9 kN/m3, p is deter-
mined to  

 ( )3 31
2 0.4 11.6 kN/m 9.1 m 9.0 kN/m 43.3 kPap = ⋅ ⋅ + ⋅ =  

In the following the bearing capacity is analyzed for θ equal to respectively 30˚ and 24˚, 
and inclination, θ, is thereafter optimized. 

Inclination of 30˚ 
The surface stress, p, is equal to the smallest principal stress in area number 1, and the 
largest Mohr’s circle that comply with the failure condition is plotted, cf. Figure 17-4. 
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Figure 17-4: Mohr’s circle for area no. 1, with θ equal to 30˚. 

Figure 17-4 illustrates that the failure condition for friction soil dictates the magnitude of 
the stress in area no. 1. The normal stress which is perpendicular to the line between area 
no. 1 and 2 is determined by rotation the point p the angle π - 2θ, which in this case is 
equal to 120˚. This point is called P1(σn,τ). The state of stress in area no. 2 is determined by 
plotting the largest possible circle, which goes through point P1, cf. Figure 17-5. 
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Figure 17-5: Mohr’s circle for area no. 1 and no. 2, with θ equal to 30˚. 

Figure 17-5 illustrates that the failure condition for cohesive soil dictates the magnitude of 
the stress in area no. 2. The state of stress is then determined in point P2(σn,τ), by rotating 
point P1 the angle 4θ, which in this case is equal to 120˚. The vertical stress, q, is then de-
termined by rotating a horizontal line the angle π - 2θ. The third Mohr’s circle is then plot-
ted cf. Figure 17-6. 
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Figure 17-6: Mohr’s circle for area no. 1 and no. 2, with θ equal to 30˚. 

The bearing capacity, b, is then determined by multiplying q with the effective area of the 
gravitation foundation which is 209.5 m2. From Figure 17-6 the stress q is determined to 
325.1 kPa, which yields 

 2325.1 kPa 209.5 m 68109 kNQ = ⋅ =  

Figure 17-6 illustrates that Mohr’s circle in area no. 3 has not reached the failure condition, 
due to the size of the angle θ. Since, the radius of Mohr’s circle for area no. 3 can be in-
creased, it is therefore concluded that the largest bearing capacity has not been found. If 
the size of θ is decreased, the center of Mohr’s circle (for area no. 3) will move further out 
on the σ-axis, and thereby provide a larger bearing capacity.   

Inclination of 24˚ 
The angle, θ, is reduced to 24˚, and the Mohr’s circles for the three areas are illustrated in 
Figure 17-7. 
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Figure 17-7: Mohr’s circle for area no. 1, 2 and 3, with θ equal to 24.0˚. 

Figure 17-7 illustrates that the chosen angle of θ equal to 24˚ is too small, which yields 
failure in area no. 3. 

The Optimized Inclination 
From the previous inclinations of stress bands, is it now possible to determine the optimal 
angle of θ. The optimal angle is found as 24.25˚, and Mohr’s circles are plotted in Figure 
17-8. 
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Figure 17-8: Mohr’s circle for area no. 1, 2 and 3, with θ equal to 24.25˚. 
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Figure 17-8 illustrates that this angle of θ provide for the largest possible Mohr’s circle to 
be plotted, without the failure condition dictating the magnitude. It is therefore concluded 
that the optimal angle of θ, and the largest bearing capacity is determined. 

 2411.3 kPa 209.5 m 86167 kNQ = ⋅ =  

Infinite Stress Bands 
A better solution for the bearing capacity is found by using an infinite number of stress 
bands. A sketch of this is illustrated in Figure 17-9.  
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Figure 17-9: A sketch of the infinite number of stress bands. 

In this section punching through is considered, the location of the stratum boundary in the 
stress bands is unknown. As mentioned in the section 9.2, punching through occur when 
the failure pattern in the sand layer exceeds the stratum boundary. The foundation load is 
therefore transferred to stratum boundary, and the bearing capacity on clay is calculated 
with the effective load p from the sand at the foundation level, cf. Figure 17-10. 
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Figure 17-10: Punching trough. 
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In Figure 17-11 a sketch of the plotted Mohr’s circles for an infinite number of stress bands 
are illustrated.   
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Figure 17-11: A sketch of Mohr’s circles for an infinite number of stress bands. 

From Figure 17-11 it is seen that length of the arc is dθ for respectively the first and last 
two Mohr’s circle. The lengths of the arc between the remaining Mohr’s circles are equal 
to 2dθ. Since the angle, dθ, is small, the increase of the mean stress, dσc, becomes 

2c cd c dσ θ= ⋅ ⋅  (18.4) 

As illustrated in Figure 17-9, it is seen that the angle β is equal to π/2, which yields that the 
total length of arc is also π/2. The bearing capacity is then 

effQ q A= ⋅  (18.5) 

where 
 ( ) ( )2 2 2u u uq p c c d p cθ π= + ⋅ + ⋅ ⋅ = + + ⋅  

The effective area on the clay layer is determined to 278.4 m2 which yields a bearing ca-
pacity of 131321 kN.  
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Evaluation of the Bearing Capacity 
The bearing capacities for the two cases are listed in Table 17-3. 

 
Bearing capacity 

[kN] 
Two stress bands 86167 
An infinite number of stress bands 131321 

Table 17-3: The calculated bearing capacities for respectively two stress bands and an infinite number of 

stress bands. 

From Table 17-3, it is concluded that the bearing capacity found for an infinite number of 
stress bands, significantly larger then the bearing capacity found for the two stress bands. 

The vertical load from LC6 is equal to 46757 kN, which means that bearing capacity is met 
for the calculated surface stress. The static admissible solution is as mentioned a lower 
boundary condition, and it is therefore concluded that either is the surface stress equal to 
43.3 kPa a reasonable stress level or the gravitation foundation is overdimensioned in re-
spect to the vertical load. 

17.1.2 Sliding Resistance 
Like in the conceptual design, the sliding resistance, H, is investigated in two different lev-
els, first at the foundation level and then at the stratum boundary. The sliding resistance is 
then chosen as the smallest of these values. 

At the foundation level, the sliding resistance is determined by a consideration of equilib-
rium and Coulombs failure condition for pure friction soil, cf. (18.1). By rewriting Cou-
lombs failure condition, and using the vertical force, V, of 46757 kN this yields 

 

( )o

tan

tan

46757 kN tan 36.9 35106 kN

d

d d
d

d

H V
A A

H

τ σ ϕ

ϕ

′= ⋅

⇓

′= ⋅
′ ′

⇓

= ⋅ =

 (18.6) 

At the stratum boundary, the sliding resistance is the smallest value of either the drained, 
cf. (18.6),  or undrained conditions. The criterion for undrained conditions is determined 
by 
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min
0.4

278.4 m 83.3 kPa = 23191 kN
min

0.4 46757 kN = 18703 kN

eff udA c
H

V

H

⋅⎧
< ⎨ ⋅⎩

⇓

⋅⎧
< ⎨ ⋅⎩

 (18.7) 

It is thereby concluded that the undrained conditions at the stratum boundary dictates the 
magnitude of the design sliding resistance, which in this case is equal to 18703 kN. 

17.2  Kinematic Admissible Solution 
In this chapter, the bearing capacity of the gravitation foundation is determined. This is 
done by using a kinematic admissible solution, which is an upper boundary solution and 
associated plasticity is assumed. The parameters used for determining the bearing capacity 
are listed in Table 17-4. 

Soil parameters  
The undrained design shear strength, cu,d [kPa] 83.3 
The effective density for the clay layer [kN/m3] 10.8 

  Table 17-4: The parameters used for determining the bearing capacity.  

As determined in the previous section, the gravitation foundation has a diameter of 19 m, 
and is subjected to a horizontal force, H, of 7402 kN and a vertical force, V, of 46757 kN. 
In this chapter, punching through is also considered. The forces then yield an effective 
foundation width of 15.2 m and an effective foundation length of 18.3 m on the clay layer. 
For the kinematic admissible solutions a combined failure pattern is used, which is illus-
trated in Figure 17-12.  
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Figure 17-12: A sketch of a combined failure pattern. 
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The combined failure pattern consists of two rigid elements, cf. no. 1 and 3 in Figure 
17-12. The intermediated element, cf. no. 2 in Figure 17-12, is not being rigid and there-
fore cracks and overlaps. This is called the Prandtl-zone. 

Given the foundations displacement, δ, is equal to 1, the length of the displacement is then 
equal to √2 along the edge of the failure pattern. The work performed along the edges is 
given by  

 

2 2 22
2 2 2 2

       2
2

edge u

u

B B BW c

B c

π

π

⎛ ⎞
= ⋅ ⋅ + ⋅ +⎜ ⎟⎜ ⎟

⎝ ⎠
⎛ ⎞= + ⋅ ⋅⎜ ⎟
⎝ ⎠

 (18.8) 

The work performed in the Prandtl-zone is given by 

 ( ) 22 2
2 2zone u u

BW c c Bπ π
⎛ ⎞⋅

= + ⋅ ⋅ ⋅ = ⋅ ⋅⎜ ⎟⎜ ⎟
⎝ ⎠

 (18.9) 

As mentioned, the punching through is considered. The effective load p from the sand at 
the foundation level, are therefore providing an amount of work along the vertical edge of 
area no. 3, cf. Figure 17-12. 

 _ 2vertical edgeW p B= ⋅ ⋅  (18.10) 

The bearing capacity is then determined by 

 

( )

( )

1 2 2

2 2

u

u

eff

P c B p B

Pq c p
B

Q q A

π

π

⋅ = + ⋅ ⋅ + ⋅ ⋅

⇓

= = + ⋅ + ⋅

⇓
= ⋅

 (18.11) 

With an effective area on the clay layer of 278.4 m2, the bearing capacity yields 136332 
kN.  
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17.3  Analytical Estimation of Settlement 
In this chapter the settlement of the gravitation foundation is calculated by an analytical 
method. The method is presented in Harremoës et al (1974). The settlement is calculated 
for the vertical loads listed in Table 17-5.  

 Vertical load [kN] 
Wind turbine  2350 
Foundation  45246 
Total  47596 

Table 17-5: The vertical loads.  

Settlements can be divided into two phases, the initial phase and the consolidation phase 
where the deformations are stretched over a long period of time depending on the soil 
properties. The soil is assumed to be ideal-elastic, and the additional stresses are consid-
ered in the centerline beneath the foundation.  

For sand, only the initial settlements are calculated, and for the clay layer both the initial 
and the consolidation settlements are calculated. The soil conditions are shown in Figure 
17-3.  

Clay ' = 10.8 kN/m3

Sand ' = 9 kN/m3

 

Figure 17-13: The gravitation foundation with the conditions on the location.  

 

The total settlement, δt, is given as  

 t ciδ δ δ= +  (18.12) 
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where  
 δi  is the initial settlement 
 δc  is the consolidation settlement  

Initial Settlement  
The initial settlement is calculated by consideration of the deviatoric stresses Δ(σ1 – σ3). 
This is done by use of influence lines for additional stresses in the centerline under a circu-
lar foundation. For the influence lines used, ν is equal to 0.5. The settlement in an arbitrary 
layer is found from  

 
0

H
zdzδ ε= ∫  (18.13) 

where  
 H  is the thickness of the layer where the settlement is calculated  
 εz is the unit deformation in the depth z under the foundation  

The calculation is performed by dividing the subsoil into different layers. The deformation 
in each layer is given as  

 z
z K

σε ΔΔ =  (18.14) 

where  
 Δσz   is the added stress from the foundation  
 K is the consolidation modulus  

The added stresses are found by use of influence lines, where the added stress is found 
with respect to the depth in dimensionless mapping. The consolidation modulus used to 
calculate the deformations are chosen so that they correspond to the in-situ stresses, cf. 
Table 17-6 The subsoil is divided into 6 layers with increasing layer thickness in order to 
make the settlement calculation, and they are called fictive layers. 

 

σ’ 
[kPa] 

Consolidation modulus 
[kPa] 

52.4 39932.4 
103.3 35263.9 
256.3 22788.8 

Table 17-6: The consolidation modulus for the three stresses.  



Chapter 17 – Detail Design of the Foundation  

149  

The first consolidation modulus which is determined corresponding to an effective stress, 
σ’, of 52.4 kPa because the first three in situ stresses are lower than this. Therefore, the K = 
39932.4 kPa is used for the first two fictive clay layers. For the other two fictive layers, a 
linear interpolation between the second and third value in Table 17-6 are made.  

To calculate the settlement in the sand layer, the bulk modulus must be determined. The 
bulk modulus is calculated by (18.15). The Young’s modulus determined from the experi-
ment with a chamber pressure of 50 kPa is equal to 7300 kPa, which yield 

 
( ) ( )

7300 kPa 1363 kPa
3 1 2 3 1 2 0.22

EK
ν

= = =
⋅ − ⋅ − ⋅

 (18.15) 

The calculations are made in a scheme shown in Table 17-7. First the thickness of the lay-
ers is chosen and the depth to the middle of each layer is found. The in-situ stresses σ0 are 
calculated with respect to the depth from the sea floor. The additional stresses Δσ1 and Δσ3 
are found from the influence lines for pm = 1, where pm is the average stress at the bottom 
of the foundation. Then the average stress becomes  

 2
47596 kN 167.9 kPa
283.5 mmp = =  (18.16) 

Layer no.  1 2 3 4 5 6 
Layer thickness, H [m] 1 1.2 2 4 8 16 
Middle of layer, z [m] 0.25 1 2.5 5.5 11.5 19.5 
σ0 [kPa] 4.5 13.5 31.1 61.0 122.8 270.1 
 z/D [-] 0.03 0.08 0.17 0.33 0.64 1.28 
Δσ1            pm=1 [kPa] 0.5 0.51 0.53 0.57 0.43 0.18 
Δσ3            pm=1 [kPa] 0.5 0.48 0.46 0.33 0.32 0.12 
Δ(σ1- σ3)   pm=1 [kPa] 0.00 0.03 0.05 0.22 0.25 0.38 
Δ(σ1-σ3)  pm=167.9 [kPa] 0.0 10.07 16.79 53.73 62.12 28.54 
K [kPa] 1363 1363 39932 39932 33670 21660 
ε [‰] 0 7.4 0.4 1.3 1.8 1.3 
Σ δ [mm] 0.0 7.4 7.8 9.1 10.9 12.2 

Table 17-7: The initial settlement.  

The initial settlement is found to 12.2 mm.  

Consolidation Settlement  
The consolidation settlements are calculated in a similar way except that the additional ver-
tical stresses are neglected. The consolidation settlements are given as  

 c convδ μ δ= ⋅  (18.17) 
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where  
 µ  is a dimensionless coefficient  
 δconv  is the conventional settlement  

The coefficient µ depends on the proportion z/D with z taken as the total depth of the layers 
and Skemptons coefficient of pore pressure A. For pre-consolidated clay A can be taken as 
0.25 and  

 32.2 m 1.7
19 m

z
D

= =  

Then the coefficient µ can be found from a diagram as 0.65. The calculations of the con-
ventional settlements are given in Table 17-8.  

Layer no.  1 2 3 4 5 6 
Layer thickness, H [m] 1 1.2 2 4 8 16 
Middle of layer, z [m] 0.25 1 2.5 5.5 11.5 19.5 
σ0 [kPa] 4.5 13.5 31.1 61.0 122.8 270.1 
 z/D [-] 0.03 0.08 0.17 0.33 0.64 1.28 
Δσ1            pm=1 [kPa] 0.5 0.51 0.53 0.57 0.43 0.18 
Δσ1            pm=167.9 [kPa] 83.95 85.63 88.99 95.70 72.20 30.22 
σ1 [kPa] 88.5 99.1 120.1 156.7 195.0 300.3 
K [kPa] 0 0 39932 39932 33670 21660 
ε [‰] 0 0 0.23 0.24 0.22 0.14 
Σ δconv [mm] 0 0 2.3 4.7 6.9 8.3 

Table 17-8: The consolidation settlement.  

The consolidation settlement is then found from (18.17) as  

 0.65 8.3 mm 5.4 mmcδ = ⋅ =  

Then the total settlements are then found from (18.12)  

 12.2 mm 5.4 mm 17.6 mmtδ = + =  

This analytical result is then to be compared with results from PLAXIS.  

17.4 Numeric Estimation of the Bearing Capacity 
In the following chapter, the bearing capacity of the gravitation foundation is determined. 
This is done by use of the non-linear finite element program, PLAXIS, where simplified 
models of the subsoil conditions are applied. As seen in Appendix H, the non-linear stress-
strain behavior of soil and rock can be modeled at several levels of detail. When choosing 
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a more precise model, the number of model parameters increase. The following models are 
utilized for the calculation representation seen in Figure 17-14. 

• Mohr-Coulomb model 
• Hardening-Soil 

x

y

A A

6

A

B
7

A

B

 
Figure 17-14: Illustration of the calculation representation in PLAXIS. 

The material models are used for respectively the sand and clay layers, where the model 
preferences are described under each calculation model. However, it is important to note 
that the Soft Soil Creep model is not used, because creep and relaxation in the clay mate-
rial are not expected. This is due to the large pre-loading stress the clay has been exposed 
to. Also, the time dependent behavior is of no interest. 

Under the assumption that associated plasticity is valid, the bearing capacity and failure 
pattern, are determined in the following. These are compared with the bearing capacities 
and failure patterns from Section 17.2 and 17.3. 

17.4.1 Assumptions for the Numerical Models 
In the geotechnical survey, cf. Appendix J, it is concluded that the clay layer has to be di-
vided into two sub-layers, because of the soil characteristics. However, since only the pa-
rameters for one of the layers are adjusted in Section 15.1.1 and 15.1.2, it is chosen to use 
these parameters for the whole clay layer, cf. Figure 17-15. 
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Boring record no. 5

-8.4

-6.2

Post Glacial:
SAND, sample no. 49

Glacial:
CLAY, sample no. 6

 
Figure 17-15: Boring no. 5, with the marked strata and belonging sample parameters. 

17.4.2 Preliminary Investigations of the Soil Models 
Preliminary investigations of the soil models are performed in Section 15.1, where the soil 
models are adjusted to the real soil conditions. The results are given in Table 17.9. 

  Sand Clay 
  Mohr-Coulomb Hardening-Soil Mohr-Coulomb Hardening-Soil 
Layer thickness   [m] 2.2 2.2 27.8 27.8 
γsat/ γunsat [kN/m3] 19/25 19/25 20.8 20.8 
Permeability [m/day] 10000 10000 10000 10000 
Eref [kPa] 27400 - 12600 - 
E50 [kPa] - 27400 - 15000 
Eoed [kPa] - 35500 - 15000 
Eur [kPa] - 69000 - 50000 
m [-] - 0.47 - 0.85 
pref [kPa] - 30 - 30 
ν [-] 0.21 0.21 0.32 0.15 
c [kPa] 0 0 36.1 33.3 
φ [˚] 35 35 25.4 25.4 
ψ [˚] 14.2 14.2 0 0 

Table 17.9: Parameters used in PLAXIS, design parameters. 

It is important to note that these parameters are not identically to the ones mentioned in the 
geotechnical survey, cf. Appendix J, because they are fitted to PLAXIS. Also, the clay 
layer is modeled as undrained when calculating the bearing capacity, while it is calculated 
as drained when analyzing the angle of rotation. 

17.4.3 Calculation Procedure in PLAXIS 
In PLAXIS, it is necessary to define some calculation phases for the foundation problem, 
so the soil behaviour and influence of the structure is correct. Theses phases are described 
in the following. 
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• Phase 0: Initial phase. All input parameters are defined and the in situ states of the 
soil strata are defined 

• Phase 1: Pre-loading phase. The sand stratum is turned off and a state of stress is ap-
plied to the clay, simulating the highest loading the clay has experienced 

• Phase 2: Consolidation phase. In this phase, the clay consolidates, whereby the pore 
over-pressure is drained away 

• Phase 4: Location phase. The pre-loading is removed and the sand stratum is turned 
on 

• Phase 5: Foundation phase. The foundation is placed at the location, but only the 
dead load is defined 

• Phase 6: Load phase. The model is exposed to load combinations until failure in the 
soil 

A screenshot from PLAXIS illustrates the mentioned phases, cf. Figure 17-16. 

 
Figure 17-16: Screenshot from the calculation window in PLAXIS. 

17.4.4 Mohr-Coulomb Model 
In the first model, all soil layers are modeled by the Mohr-Coulomb model. Due to the 
models prescribed description of constant stiffness, computations tend to be relatively fast 
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and it is possible to get a first impression of deformations. However, the only interest in 
this section is the bearing capacity, and from Section 15.1, it is seen that the model gives a 
good estimate of the failure state. The input parameters are seen in Table 17.9, where the 
start value for the foundation diameter is 19 m, cf. Chapter 11. 

By applying the load case in Figure 17-14, together with the described load phases, it is 
possible to find the bearing capacity by analyzing the failure model and related data from 
PLAXIS. It is possible to let PLAXIS estimate the failure state for the chosen foundation, 
but in the following LC6 is analyzed; cf. Chapter 13. The deformed mesh is illustrated in 
Figure 17-17, while the shear strain in the soil strata is seen in Figure 17-18.  

 
Figure 17-17: Illustration of deformed mesh. The mesh is scaled a factor 50 to illustrate the  deformation.  

 
Figure 17-18: Screenshot from PLAXIS of the shear strain in the soil strata. 

From the shear strain, it is seen that there are singularities at the end of the foundation. 
This is a weakness in the model, due to the moment being applied as to vertical loads. A 
better model is to apply a horizontal load a distance above the foundation, but this type of 
model is rather difficult to model in PLAXIS. Therefore, the present model is used, being 
aware of some singularities right below the vertical forces. Also, the total displacements is 
shown, cf. Figure 17-19. 
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Figure 17-19: Total displacements. 

To find the bearing capacity of the soil, the moment is mapped as a function of the rota-
tion, cf. Figure 17-20. In the application limit, an acceptable rotation boundary is defined 
to 0.5, whereas it can be concluded that the application limit already is fulfilled, because 
the angle of rotation only is about 0.27.  
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Figure 17-20: Data from PLAXIS for a loading state corresponding to LC6. 

From Figure 17-20, it is seen that the ultimate bearing capacity is not reached, because the 
load state for LC6 fully is transferred to the soil without failure. However, it is from this 
point of view not possible to estimate how much of the bearing capacity that is used. 
Therefore, Figure 17-21 is programmed, where the failure mode for the 19 m foundation is 
shown.  
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Figure 17-21: Data from PLAXIS, where the moment is mapped as a function of the rotation. The foundation 

diameter is 19 m. 

The failure value for the moment is defined to about 250000 kNm, which is a high bearing 
capacity in relation to the applied moment from the wind turbine and associated nature 
loads, which is 92000 kNm. Therefore, it is possible to reduce the diameter of the founda-
tion considerably. 

17.4.5  Hardening-Soil Model 
The second utilized model for both soil layers is the Hardening-Soil model. Because the 
soil stiffness is described much more accurately, as it models the stiffness moduli in con-
text with the stress, it simulates soil behavior better. The Hardening-Soil model is chosen 
instead of the Soft Soil Creep model because the clay layers are not assumed to be soft like 
example peat. The input parameters are seen in Table 17.9. 

By applying the load case in Figure 17-14, together with the described load phases, it is 
possible to estimate the same figures as the ones shown in Section 17.4.4. However, these 
are not shown in this section, because PLAXIS computes the same results, i.e. the bearing 
capacity is identical for both material models. It can then be concluded that it does not mat-
ter which model that is utilized in the present case. In the following, it is chosen to use the 
Hardening-Soil model to analyze the soil problem, because the foundation diameter has to 
be optimized. 
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17.4.6 Optimizing the Foundation Dimension 
By varying the diameter, and thereby the effective area in PLAXIS, it is possible to find 
the foundations optimal dimension. It is chosen to set a lower boundary at 12.5m because 
of the foundation requirements to the slope of the ice cone.  

When analyzing the structure in PLAXIS it is found that the optimal dimension is with a 
diameter at 18 m. The bearing capacity is exploited to about 85 %, because the total bear-
ing capacity is about 108000 MPa, cf. Figure 17-22. 
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Figure 17-22: Data from PLAXIS, where the moment is mapped as a function of the rotation. The foundation 

diameter is 18 m. 

In order to analyze the bearing capacity of the gravitation foundation in relation to the load 
combinations, the failure envelope is determined with PLAXIS. The envelope is deter-
mined from five simulations in PLAXIS, cf. Figure 17-23. The six load combinations are 
also drawn. 
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Figure 17-23: Failure surface of optimized foundation. 

Because the angular rotation in the ultimate limit is larger than 0.5 it is necessary to calcu-
late the rotation in the application limit. Hereby, the material parameters are changed, be-
cause new material coefficients are utilized. Also, the clay is analyzed as drained. Figure 
17-24 shows that rotation in the application limit is lower than the 0.5. 
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Figure 17-24: Application limit for the foundation with a diameter at 18 m. It is seen that the requirement to 

the rotation is fulfilled. 

Last, the final design of the foundation is shown in Figure 17-25. 
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Figure 17-25: Design of foundation. 
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17.5 Comparison of Numerical and Analytic Bearing Capacities 
The numerical and analytic solution of the bearing capacity, cf. Section 17.1, 17.2 and 
17.4, gives an opportunity to evaluate the exactness of the two methods. The upper- and 
lower bound methods in the analytical solution give an interval for the bearing capacity. 
The results show that the foundation needs a diameter at 19.0 m, which also was the ini-
tially guess in Chapter 14. However, the numerical solution showed that the foundation 
diameter could be reduced to 18.0 m.  

This suggests that the analytical solution is conservative in proportion to the numerical so-
lution, even though the work from the horizontal force was not included in the analytic so-
lutions. The reason is that the simplified models, which only use a few soil parameters, to a 
considerably extent do not take the interaction between the soil layers into consideration. 
Also, the complexity of the numerical method means that the soil layers characteristics are 
modeled much more accurate. 

The conclusion is that the analytic method generally models to conservative results, which 
is an advantage, when fast calculations are needed. But, for an optimal design it is neces-
sary to take the non-linear behavior into consideration. 
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Chapter 18 Conclusion 
In the introduction it is stated that an expansion of the wind turbine test facility in 
Frederikshavn Harbor is required. The most optimal location for the new wind turbines is 
found to be in prolongation of the line formed by the existing four wind turbines. Hereby, 
both national and international regulations are kept. 

On basis of simple load models and soil characteristics, the optimal foundation concept is 
analyzed in the conceptual design phase. This analysis affects three different foundation 
types: bucket foundation, gravitation foundation and a piled foundation.  

It is concluded that the piled foundation is too expensive, because it must be installed as 
drilled piles, due to a firm Yoldia clay layer a few meters below the sea bed. Also, this clay 
layer limits the penetration depth of a bucket foundation, which thereby requires a large 
diameter to gain the demanded bearing capacity. The diameter of the bucket foundation is 
only half a meter shorter than the diameter of a gravitation foundation. Due to the need for 
an ice cone, the gravitation foundation is suggested as the optimum foundation concept, 
because the ice cone is easy to integrate in a gravitation foundation. An optimized design 
of the gravitation foundation is analyzed in the detail design. 

To determine some more advanced soil characteristics for the detail design, a variety of 
soil experiments are carried out. These are triaxial tests on a sample from the top sand 
layer and also triaxial tests and consolidation experiments on the Yoldia clay. The results 
from these experiments form the basis for a geotechnical report, which is found in the back 
of this report. 

Furthermore, the validity of the Morison equation to determine wave loads on the founda-
tion is investigated. This is done by conducting experiments on a scale model of the foun-
dation and comparing the experimental results with results obtained with the Morison 
equation. The forces calculated with the Morison equation show good correlation with the 
experiments, although it is noted, that it was not possible to create the design wave in the 
laboratory. Therefore it is suggested to initiate a measurement of the wave heights at 
Frederikshavn to validate the wave parameters calculated from wind data. 

In the detail design, the foundation is dimensioned with upper- and lower bound methods. 
These methods only require few soil parameters, but they prove to be conservative in com-
parison with numerical methods, because the analytical methods are based on simplified 
models. The foundation dimensions are optimized by use of the non-linear finite-element 
program PLAXIS. The optimization shows that the foundation diameter can be reduced 
from 19 m to 18 m.  
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The final dimensions are summarized in Table 18-1 and the foundation is shown in Figure 
18-1.  

Final dimensions  [m] 
Diameter at sea bed 18 
Height of cone 13 
Diameter at top of foundation 4.2 

Table 18-1: Final dimensions of foundation. 

 
Figure 18-1: Optimized foundation. 

Furthermore, the differential settlements are analyzed with PLAXIS, and the maximum 
differential settlement causes the foundation to get a slope of less than 0.1 degrees. The 
requirement for the maximum inclination of the wind turbine 0.5 degrees is therefore met. 

Finally, a scour protection of the wind turbine is found. This is done by fitting a calculation 
method to experimental results from a scale model. Then the scour protection is found to 
require a diameter of three times the foundation diameter and with a stone size of 0.6 m, 
but this size can probably be reduced by conducting more experiments. 
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Appendix A Wave Load 
In this section, the equation for the wave load on a structure submerged in water will be 
derived and discussed, utilizing Burcharth (2002) and DNV (2004). 

First step is to choose a recognized wave theory for representation of the wave kinematics 
at the location, based on water depth, wave height, period and length. Furthermore, the 
size, shape and type of the structure are of importance for which wave load model that 
needs to be utilized. For slender circular structures submerged in water, the Morison equa-
tion can be applied to calculate the wave loads if the dimension of the structure is small 
relative to the wave length. For large volume structures, for which the wave kinematics is 
disturbed by the presence of the structure, wave diffraction analysis must be performed. 
Calculation of wave loads from breaking waves on shallow waters (e.g. 5 – 15 m water 
depth) are in some circumstances also relevant, and this requires that there are taken fur-
ther conditions into consideration. These can be finite wave heights and that horizontal par-
ticle velocities in the crest of breaking waves are considerable higher than calculated by 
e.g. linear wave theory or Stokes 5th order wave theory. 

In the following, the focus is made on relatively slender structural members. Thereby, 
equation (A.1) has to be fulfilled at all time 

 0.2D L< ⋅  (A.1) 

where 
 L  is the wave length 
 D  is the cylinders diameter 

The method, to calculate the forces on a structure, depends on whether eddies are formed 
by separation. This relation is described by the Keulegan-Carpenter number, which is esti-
mated by 

 maxu TK
D

=  (A.2) 

where 
 umax  is the maximal horizontal particle velocity  
 T  is the wave period 

K is often interpreted as the relation between convex and local accelerations. The following 
intervals states which theory that should be used. 
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● 5K ≤  
 
 

No appreciable separation is developed. The potential theory can be applied 
to calculate the wave loads. Inertia forces affecting the construction are 
dominating 

●5 40K≤ ≤  Separation is developed and the construction is affected by both inertia and 
drag forces. The Morison equation is utilized 

● 40K ≥  Separation is still developed but the current is considered quasi-stationary. 
Thereby, the construction is dominated by viscose drag forces 

 

The Morison Equation for non-breaking waves is given by the sum of inertia and drag 
forces 
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 (A.3) 

where 
 CM is the inertia coefficient 
 CD is the drag coefficient 
 ρ  is the density of water 
 D(z) is the diameter of the cylinder 
 u(z,t) is the horizontal velocity 
 u’(z,t) is the horizontal acceleration 

By using the Morison equation, it is assumed that the construction is infinite stiff and can 
retain its position against movements in the wave direction. Furthermore, the Morison 
equation is formally only valid for either pure acceleration (inertia force) or stationary flow 
(drag force), but because there is no simple model, the equation is utilized for all zones 
provided that the parameters CM and CD are corrected. 

The inertia and drag coefficients depends on the shape of the cross section, the orientation 
of the construction, Reynolds number, Keulegan-Carpenters number, the relative rough-
ness and size of possible marine growth. In the following, it is chosen to estimate the two 
numbers from DS449 (1983), where the coefficients are chosen in context with the 5th or-
der wave theory.  

Drag Coefficient 
The drag coefficient depends on Reynolds number and the roughness of the structure. For a 
cylindrical structure, Reynolds number is estimated by 

 maxRe u D
ν

=  (A.4) 
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Here ν is the kinematic viscosity, which for water is 1·10-6 m2/s. The roughness of a struc-
ture is influenced by the marine growth. For structures placed at water levels up to ten me-
ters, marine growth thickness of 50 mm has to be added to the outer diameter, cf. DS449.2 
(2006). Thereby, the hydraulic roughness, k, is set to 10 mm which is assumed to be in the 
area of normal marine growth. Thereby, the drag coefficients are given by the interval in 
(A.5), cf. DS449.2 (2006). 

 
5

5

1.2 Re 2 10

0.7 Re 4 10
D

D

C for

C for

= < ⋅

= > ⋅
 (A.5) 

In the area 2·105 < Re < 4·105, the drag coefficient is estimated by linear interpolation. 
Utilizing the wave programs described in Section A.1, the Reynolds number can be deter-
mined to 

 6
6 2

9.37 m/s 4.2 mRe 37.8 10
1 10  m /s−

⋅
≈ = ⋅

⋅
 

Because the smallest assumed diameter is used, a conservative value of the drag coefficient 
is 0.7. 

Inertia Coefficient 
The inertia coefficient is defined by 

 1M mC C= +  (A.6) 

Where Cm is the added mass coefficient defined by the relation between the displaced 
mass, m, and the hydrodynamic mass, mh 

 h
m

mC
m

=  (A.7) 

The first term in formula (A.6) corresponds to the Froude-Krylov force, fFK, and the second 
term corresponds to a given cylinders effect on the flow field (added mass). Thereby, the 
second term adds a contribution to the accelerations and therefore also the force. For a cir-
cular cylinder the added mass coefficient can be set to 1 according to DS449 (1983). How-
ever, it is a relatively conservative estimate to set the inertia coefficient to the value 2. In 
Burcharth (2002), a range of methods are mentioned, and because it is assumed that the 
cylindrical diameter is not large in relation to the flow amplitude. The graph shown in 
Figure A-1 is used, where D is the diameter and L is the wave length.  
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Figure A-1: Inertia coefficient for a vertical cylinder. The curve is fitted to the data shown in Burcharth 

(2002).  

Wave breaking 
In case of wave breaking, the particle velocities in the top of the waves are higher than the 
rest of the wave, which results in larger forces and moments on the structures. The Mori-
son equation can be used at all times if the structure is fully submerged, but if a part of the 
construction is influenced by a breaking wave another type of equation must be used. The 
choice of equation depends on the type of breaking wave. A distinction is made between 
surging, plunging and spilling breakers, and the choice of the best model depends both on 
the wave steepness and slope of the sea bed, cf. Figure A-2. 
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Figure A-2: Type of wave breaking estimated by the relation between the wave steepness and the slope of the 

sea bed. [Burcharth and Larsen, 1991] 

The sea bed at the location is assumed reasonable plane with a wave steepness of about 
0.06. This determines that the waves break as spilling breakers. The steepness is deter-
mined utilizing the wave programs described in Section A.1. 

For spilling breakers, an approach to calculate the associated wave forces on a vertical cy-
lindrical structure of diameter, D, is expressed in Design Regulations (2000). The method 
is to change the maximum particle velocity in the breaking wave to 
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 max 1.25u g h= ⋅ ⋅  (A.8) 

This velocity is used in the wave profile above the mean water level. Below the mean wa-
ter level the velocity profile is calculated by the ordinary wave theory.    

A.1  Wave Models 
Before it is possible to determine the wave loads on a wind turbine foundation, it is neces-
sary to choose and set up a wave model. However, it is not a goal to choose a model en-
tirely from how accurate it is, but also against a background of how comprehensive the 
calculation procedure is. The type of wave model depends on the wave height and wave 
depth at the location and it can also be formulated by the relation between the water depth 
and wave length. These parameters varies at a given location, and because the largest wave 
forces occur with maximum wave height, the largest water depth and wave height will be 
used. However, it can be relevant to look at the wave height in combination with the small-
est depth, because this can cause wave breaking as described in the previous section. By 
using the validity for wave theory diagram in DNV (2004), cf. Figure A-6, it can be seen, 
which wave theory is the most optimal under the given circumstances. Generally the 
stream function theory is the most accurate, but in the following two other models will be 
described. This is the linear and 5th order Stokes theory by Skjelbreia, cf. Brorsen (2005). 
All three theories will be used to estimate the wave elevation, velocity and acceleration in 
the conceptual design, which then will be used to calculate the Morison force. After an 
analysis one of the models will be chosen for the detail design. First the three wave models 
will be discussed. 
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A.2  Linear Wave Theory with Current 
The ordinary first order problem is solved from the exact solution to the Laplace equation 
with linearised boundary conditions, cf. Figure A-3. 

 
Figure A-3: A box sketch of a water volume with linearised boundary conditions and the Laplace equation. 

[Frigaard and Hald, 2004] 

Hereby, it is possible to find the equation for the wave elevation, velocity potential, veloc-
ity and wave length. This is not enough when current has to be included. By introducing a 
stationary frame of reference containing the wave orthogonal, there is a current of Ucosθ 
and the waves have an apparent velocity Ca and a period Ta. Also introduced is a frame of 
reference moving along the wave orthogonal at a velocity Ucosθ, there is no current and 
the wave have velocity Cr and period Tr, cf. Figure A-4. 
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Figure A-4: Illustration of the stationary and moving frame of reference including the current direction. 

Combining these observations, a new dispersion equation can be derived, whereas the 
wave length and wave number can be estimated. Based on the dispersion equation, the ab-
solute velocity and acceleration including the elevation is found, [Hedges, 1990]. The rele-
vant formulas are given by (A.9), (A.10) and (A.11) 
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 cos( )aa t k xη ω= ⋅ ⋅ − ⋅  (A.9) 
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 (A.10) 
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du k z ha k U t k x
dt k h

ω θ ω+
= − ⋅ − ⋅ ⋅ ⋅ ⋅ ⋅ − ⋅

⋅
 (A.11) 

where  

 adu
dt

 is the wave acceleration 

 η  is the wave elevation 
 ua is the horizontal velocity 
 a  is the amplitude 
 ωa is the absolute angular frequency 
 U is the current velocity 
 θ  is the angle between the wave and the current directions 
 k  is the wave number, k = 2π /L 
 L  is the wave length 
 z  is the vertical coordinate 
 h  is the water depth 
 t  is the time  

It is important to note that there is a minor complication with the first order theory and the 
associated equations needed in the Morison equation. Theoretically, the expressions in the 
first order theory is only valid for values H/L << 1, where – h < z = 0. This also counts for 
horizontal velocity and acceleration. To take this into consideration, there are two possible 
solutions. The first is to stretch the velocity profile up to the wave top for z larger than 
zero, also called a Wheeler stretch. The second is to use the velocity at z equal to zero for 
waves with wave height larger than zero in the entire zone. The two solutions are illus-
trated in Figure A-5. In this project, the last solution is chosen, which is the more conserva-
tive. 

 
Figure A-5: A sketch of the horizontal velocity profile. To the left is shown the Wheeler stretch and to the 

right the constant velocity zone. 
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A.3  5th order Stokes Wave Theory 
When it is the target to describe waves with H/L > 0.08, measurements shows that the lin-
earization used in the first order wave theory is unacceptable. Therefore, it is necessary to 
include some more terms in the boundary conditions, when the Laplace equation has to be 
solved. In the 5th order wave theory, the pertubation method is thereby utilized, when the 
nonlinear stream problem has to be solved, hence the following is used 

 (1) (2) ( )... iϕ ϕ ϕ ϕ= + + +  (A.12) 

Where the magnitude of the each term is given by 

 ( )( 1) ( ) (1)
i

i i H Ho o o
L L

ϕ ϕ ϕ+
⎛ ⎞⎛ ⎞ ⎛ ⎞= ⋅ = ⋅⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

 (A.13) 

This is also used to formulate η and p+ together with the rest of the quantities. For the 5th 
order theory i is set to five, at which the higher order terms are neglected. Hereafter, the 
equations are introduced in the differential equation and in the boundary conditions. Skjel-
breia, cf. Brorsen (2005), who solved the equations for the 5th order wave theory, presup-
posed that the stream velocity was zero, and the final solution for the velocity potential is 
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ϕ θ
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= − +∑  (A.14) 

where 
 c  is the wave length divided by the wave period 
 Dj coefficients defined by Skjelbreia. [Brorsen, 2005] 

It is now possible to estimate the horizontal and vertical velocities and horizontal accelera-
tion 
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 (A.16) 

Finally, the wave elevation can be found from (A.17) 
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1 cos( )j
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E j
k

η θ
=
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where 
 Ej coefficients defined by Skjelbreia. [Brorsen, 2005] 

In practice, it is often demanded that h/L > 0.10-0.15 for 5th order wave theory, because the 
equations then generates secondary wave crests. At the same time, it should be noted that 
the given expressions presupposes no rotation in the flow. Also, all waves from the Stokes 
theory are symmetric around the wave crests. 

A.4  Stream Function Theory with Current 
For waves in the area of h/L < 0.10 – 0.15, it is in necessary to switch to stream function 
theory. In Brorsen (2005), the theory is established to derive an approximate numerical so-
lution to the controlling differential equation with the exact boundary condition, z is equal 
to η. Thereby, there are no restrictions for the wave steepness.  

In the following, the stream function theory with current will be described and basis is the 
stream function, ψ, defined by the equations (A.18) and (A.19), where both must fulfill the 
Laplace equation 

 u
z
ψ∂

=
∂

 (A.18) 

 
rel

u
x
ψ∂

=
∂

 (A.19) 

The boundary conditions are formulated by ψ, and the number of equations is set to match 
the number of unknown variables. The equations are still nonlinear, but the problem is 
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solved via Newton-Raphsons iteration method, and in doing so the boundary conditions are 
not linearised. Hereby, it is possible to estimate the equation for ψ and also the horizontal 
and vertical velocity including the accelerations. Also, the wave elevation can be expressed 
with a Fourier expansion. The relevant equations are given in the following 
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1
( ) 2 cos( ) cos( )

N

j N
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x a jkx a Nkxη
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=

= +∑  (A.20) 

where 
 aj is Fourier coefficients that belongs to the elevation 

The accuracy is considered sufficient if aN << a1, as this will give a surface without ten-
dency to secondary crests. If this is not fulfilled, the calculation has to be repeated with a 
larger value of N 
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where 
 Bj is N coefficients in the truncated Fourier rows  

Finally, it is possible to estimate the acceleration in the horizontal direction 

 du u u uu w
dt t x z

∂ ∂ ∂
= + +

∂ ∂ ∂
 (A.23) 

The local acceleration can be found from (A.24) as the wave travels without changing its 
shape 

 ( )abs
u uc
t x

∂ ∂
= − ⋅

∂ ∂
 (A.24) 

Both velocity potentials are found by differentiation of (A.21) and (A.22) 

To model a wave, and thereby its parameters after the given equations, it is necessary to 
find the Bj and aj coefficients. This is done numerically, where the first step is to calculate 
the Jacobian matrix, which is modeled after the number of equations in the system. Hereaf-
ter, a set of educated guesses of the unknown parameters is introduced, in connection with 
known values of h, T, H and q, to start the calculation procedure. In this project, it is cho-
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sen to use the application Stream (2006) to find the coefficients from known values of the 
wave period, depth and height as the current conditions. 

A.5  Waves Forces for the Conceptual Design 
In the following, the wave forces for each of the three given wave theories are calculated. 
The purpose is to see how, each models the wave kinematics at the location and then 
choose one for the detail design. From Chapter 5, the values belonging to the maximum 
water depth is chosen. Wave breaking is not considered in the following. 

By using the validity for wave theory diagram in DNV (2004), cf. Figure A-6, it can be 
seen, that the most accurate wave theory is the stream function theory under the given cir-
cumstances. 

 
Figure A-6: Range of validity for waves theories. [DNV, 2004] 
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This is also partly seen from the following statement, calculated by the use of the disper-
sion equation from the first order theory, which indicates that either 5th order theory or 
stream function theory should be used.  

 7.6 m 0.10
73,74 m

h
L

= =  

It is important to note that the wave length in some situations is calculated more accurate 
by use of the 5th order theory or by stream function theory. This gives a longer wave length 
and thereby a smaller ratio between the water height and wave length. This emphasizes 
that the stream function theory is the most exact, because the above result indicates the 
boundary for 5th order theory. 

The wave parameters at the location are now used to formulate all three wave models, 
though it is known that the stream function theory is the most accurate. By utilizing each of 
the three wave theories in combination with the Morison equation, it is possible to calcu-
late the force on a given circular cylindrical structure.  

It is in the conceptual design chosen to make the assumption that each of the three founda-
tion concepts has a constant circular cylindrical structure with a diameter on 4.2 m, exclu-
sive a marine growth of 50 mm, and thereby no ice cone. It is controlled that the Morison 
force is valid using the relation between the diameter and the length besides the Keulegan-
Carpenter number. The model is illustrated in Figure A-7, i.e. an advantageous ice cone is 
first analyzed in Chapter 12.  

η

z

4.2m
 

Figure A-7: Definition sketch of the cylindrical structure for the conceptual design. 

The results are shown in Figure A-8, Figure A-9 and Figure A-10, where the Morison 
force, Ft, is the total horizontal force on the structure. Also, the point of attack for the total 
horizontal force is estimated, as the moment at the bottom of the foundation, is determined 
by equilibrium at the bottom of the foundation, cf. (A.25).  
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( )t

t
h

M t f a dz
η

−

= ⋅∫  (A.25) 

where 
 ft  is the Morison force per length calculated in steps 
 a  is the individual arm per step belonging to the Morison force, i.e. a h z= +   
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Figure A-8: Linear wave theory with current. At the top the elevation, velocity and acceleration profile is 

shown. In the bottom the inertia, drag and total force is shown. 
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Figure A-9: 5th order wave theory with current. At the top the elevation, velocity and acceleration profile is 

shown. In the bottom the inertia, drag and total force is shown. 
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Figure A-10: Stream function theory. At the top the elevation, velocity and acceleration profile is shown. In 

the bottom the inertia, drag and total force is shown. 

It is seen from the figures, that the forces are dominated by the inertia component. As pre-
dicted, that the best wave model is generated by the stream function theory, while the lin-
ear theory models a too simple wave elevation and the 5th order theory models secondary 
crests. The information about the maximum load for each theory is shown in Table A-1. 

Load type 1st order 5th order Stream function 
Fx,max [kN] 518 749 639 
Mx,max [kNm] 2577 5623 4806 
Moment arm [m] 5.0 7.5 7.5 

Table A-1: Maximum wave forces for the three mentioned theories. 

It is seen that if the 5th order theory is used instead of the stream function theory, this 
would result in a 20 % larger wave force. 
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Appendix B Ice Loads 
Since, the wind turbine will be placed at a location where ice layers may occur, it is neces-
sary to estimate the ice loads. Ice is an inhomogeneous and elasto-plactic material with 
large variations in strength and deformation parameters. In this section, the ice properties, 
such as thickness and strength parameters are determined, and finally the ice forces on the 
structure are calculated.  

B.1  Ice Parameters 
The ice loads depends on the strength parameters of the ice. The parameters of interest are 
Young’s modulus, Poisson’s ratio, the bending strength and the compression strength. De-
pendents on the temperature, salt concentration and some other conditions, the mentioned 
parameters can vary. There are not many recordings of the ice thickness at different loca-
tions in Denmark and therefore, the ice thickness in this project is determined according to 
DS 410 (1998). The characteristic mean ice thickness, h, is set to 0.6 m with an exceend-
ence probability of 2 % per year.  

B.2  Ice Force on a Vertical Tower 
When ice floes hit a vertical wall, it is compressed and crushed if the pressure is exceeding 
the compression strength. The situation is shown in Figure B-1.  

b

h

 

Figure B-1: Ice hitting a vertical tower.  

The horizontal force on the tower in this case, can be determined by DS 410 (1998) and is 
given by 

 ,i c cF k r h b= ⋅ ⋅ ⋅  (B.1) 

where 



Offshore Wind Turbines at Frederikshavn 

190 

 k  is a dimensionless factor given by (B.2) 
 rc is the characteristic compression strength of ice  
 h  is the ice thickness  
 b  is the width of the cylinder 

k is given by the following expression 
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 (B.2) 

B.3  Ice Force from Rising Water Level 
If the water level rises, while ice surrounds the entire tower, a resulting force will act up-
wards on the tower. The calculation is based on DS 410 (1998). The principle is shown in 
Figure B-2.  

MWL

MWL + 1m

Fwall
V Fwall

V

 

Figure B-2: Ice force caused by rising water level.  

This force is estimated by  

 0.5
00.4 ( )V

wall f of h K hσ= ⋅ ⋅ ⋅ ⋅  (B.3) 

where 
 K0 is equal to 9.82 kN/m3 
 H0  is the raising in the water level 
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For this case, the water level is assumed to be at MWL, and the rise is set to one meter ac-
cording to DS 410 (1998).   

B.4  Forces on a Foundation with an Ice Cone 
Since, the bending strength of the ice is smaller than the compression strength; the forces 
on the tower may be reduced by causing the ice to break by bending. Bending is secured by 
constructing the tower with a cone, cf. Figure B-3. The angle α can not exceed 65˚, be-
cause this will cause the ice to break by compression instead of breaking by bending, cf. 
Burcharth (2004). 

b

h
S

α

 

Figure B-3: Ice hitting a tower with an ice cone.  

The dimensions of the cone are determined by the variation in the water level, the slope 
angle α, and the required length of the slope S.  

The length of the slope, S, must be long enough to prevent the floes from hitting the verti-
cal part of the structure. The length of the slope is measured from water level to the vertical 
part of the tower and is determined by  

 
0.253

20.5 0.5
12 (1 )w P

E hS L
gρ ν

⎛ ⎞⋅
≥ ⋅ ⋅⎜ ⎟⋅ ⋅ ⋅ −⎝ ⎠

 (B.4) 

where 
 E  is Young’s modulus 
 h  is the ice thickness 
 ρw  is the density of seawater 
 g  is the gravitational force 
 νP  is Poisson’s ratio 
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B.4.1  Forces from Drifting Ice 
Because the flexural strength of the ice is about half of the compressive strength, breaking 
by bending causes minor forces on the structure. Thereby, the resulting forces acting on the 
structure are reduced. According to DNV (2004), the ice load is calculated by Ralston’s 
method. This method is explained subsequently, Christensen (1988).  

The horizontal force is calculated from 

 ( )2 2 2 2
, 1 2 3 4
H

i b f w w tF A h A g h b A g h b b Aσ ρ ρ⎡ ⎤= ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ − ⋅⎣ ⎦  (B.5) 

where 
 A1, A2, A3 and A4  are dimensionless coefficients which are functions of the  

  slope angle of the ice cone α and the friction coefficient μ 
 σf  I is the bending strength of the ice 
 bt and b  are the width of the tower and the diameter of the cone at the water 

level respectively 

The strength of the ice is determined by DS 410 (1998), where the characteristic bending 
strength σf is 0.5 MPa.  

The vertical force becomes 

 ( )2 2
, 1 , 2
V H

i b i b w tF B F B g h b bρ= ⋅ + ⋅ ⋅ ⋅ ⋅ −  (B.6) 

where 
B1 and B2  are dimensionless coefficients 

The Ralston method is programmed in MatLab where the dimensionless coefficients are 
determined semi-analytically.  

B.5  Ice Loads for the Conceptual Design  
In this section, calculations of the forces from ice on the wind turbine tower are calculated. 
The conceptual design concentrates on calculating the forces on a cylinder with a constant 
diameter of 4.2 m thus it is known, that the ice loads will be smaller if an ice cone is con-
structed. The ice cone will however be analyzed and optimized in the detail design. 

The horizontal force on the tower is found by (B.1). Since, the diameter of the tower is 4.2 
m and the ice thickness is 0.6 m, the b/h becomes 
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 4.2 m 7
0.6 m

b
h

= =  

k is then calculated to 

 31 1.375
1 7

k = + =
+

 

The horizontal force is then 

 , 1.375 1.6 MPa 0.6 m 4.2 m 5544 kNi cF = ⋅ ⋅ ⋅ =  

The associated moment becomes 

 , 7.8 m 5544 kN 43243 kNmi cM = ⋅ =  

Vertical forces from rising water level are calculated from formula (B.3). The rise of the 
water level is set to 1 m according to DS 410 (1998), cf. Figure B-2.  

The force becomes  

 3 0.50.4 0.6 (9.82 kN/m 500 kPa 1 m) 16.8 kN/mV
wallf m= ⋅ ⋅ ⋅ ⋅ =  

For structures where d/h > 7 the total force is found by  

 4.2 m 16.8 kN/m 222 kNV
wallF π= ⋅ ⋅ =  
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Appendix C Lowest Observed Water Level 
In order to estimate the lowest observed water level, the effect of the wind and the tide 
must be separated. To do this, measurements of the wind speed, wind direction, time and 
water level are considered. These data are from Frederikshavn Harbour in the period Janu-
ary 2005 to March 2006. The data are collected every hour in this period and the time se-
ries of the elevation is shown in Figure C-1. 
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Figure C-1: Water level at Frederikshavn. 

In order to clear the date set for tide, a frequency domain filter is applied using WaveLab2. 
The tide is generated by mass forces from the sun and the moon. These periods are influ-
enced by the earths rotation about itself and the sun. The period of the tide is approxi-
mately 12 hours and 24 hours, Madsen, (2003). This is not discussed further in this report. 
The frequency for these periods is calculated by  

 1
12

1 0 083
12hf . h

h
−= =  (B.7) 

 1
24

1 0 042
24hf . h

h
−= =  (B.8) 

To avoid the effect of tide, the amplitudes of these frequencies are replaced by zero. The 
filtered time series is plotted with the unfiltered time series in Figure C-2. 
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Figure C-2: Water level and cleaned water level. 

Figure C-2 shows that the effect from tide is not completely removed from the time series. 
The conclusion is that the FFT is not sufficient for cleaning the time series of the tide. An-
other way of showing this is to illustrate the elevation distributed over wind speed. This is 
done for the case where the wind is in the east. In order to illustrate the difference between 
the original time series and the time series cleaned for tide, both are shown in Figure C-3. 
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Figure C-3: Wind speeds influence on water level. 

It is seen in Figure C-3 that the largest difference in the water level is cleared from the time 
series, but it is not enough to make any conclusion on the connection between the wind 
speed and water level. The reason is estimated to be that the FFT is insufficient to isolate 
the effects tide from the effects wind. Another reason is that there is some memory in the 
water level, due to impoundment of the water level. 

Another problem concerning dividing the water level into tide and wind is that the series 
given in Figure C-1 is rather short.  
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It is therefore assumed that the magnitude of the highest water level is equal to the magni-
tude of the lowest water level. This is estimated to be a conservative conclusion since 
Figure C-1 indicates that the magnitude of highest water level is larger than the lowest wa-
ter level. 
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Appendix D  Scour Protection 
This appendix contains a description of the experiment on sediment transport. The purpose 
is to verify the Fredsøe method, see whether the amplification factor of 4 is valid for the 
foundation model and finally the Shields diagram is considered. 

Due to limitation in the laboratory, the armor is simplified. In the design, the armor layer is 
leveled with the sea bed and this was not possible in the laboratory. Therefore, the model is 
not completely as designed. The model is shown in Figure D-1, notice the line surrounding 
the small stones. It is not possible to create current in the flume and therefore the experi-
ments and calculations are conducted without current.  

 
Figure D-1: Experimental setup. 

According to the design, the armor layer is 1 m thick, and since the model is scaled 35 
times, the armor layer is approximately 3 cm. Furthermore, the extension of the stones is 
equal to the diameter of the foundation. In order to avoid sediment transport due to move-
ment of the foundation, this was locked by placing it on the bottom of the flume. The 
stones used in this experiment have an equivalent cubic length of 4.8 mm with a density of 
2650 kg/m3. 

D.1 Regular waves 
The regular waves in Table D-1 were created. 



Offshore Wind Turbines at Frederikshavn 

200 

Experiment no.  T [s] h [cm] H [cm] 
1 0.8 22.3 4.8 
2 1.0 22.3 6.5 
3 1.1 22.3 7.7 
4 1.3 22.3 10.5 
5 1.5 22.3 12.0 

Table D-1: Wave parameters for the regular waves. 

For the wave parameters in Table D-1, the Shields parameter is determined for the stone 
size according to Fredsøe (1981), with the amplification factor of 4 for a cylinder construc-
tion recommended by Sumer et al. (1996). The results are shown in Figure D-2 and calcu-
lated by the equations given in Chapter 16.  
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Figure D-2: Shields diagram for the five cases. 

A 5 minute time series waves are applied to the foundation. This corresponds to 30 minutes 
in full scale. This time is sufficient since the erosion begins at the start of the experiment. 
The observed results are shown in Table D-2. 

Experiment no. Observation 
1 No observed movement 
2 Possibility that some stones moved at the edge 
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3 
 

Possibility that some stones moved at the foot of the 
foundation and some stones moved from the edge 

4 
 

Starting erosion at the foot of the foundation and 
stones were moved from the edge 

5 
 
 

Erosion at the sides of the foot of the foundation and 
many stones were transported from the edge, at 
Figure D-3. 

Table D-2:  Observed results for the 5 regular experiments.  

A picture showing the results from experiment no. 5 is shown in Figure D-3. The direction 
of the waves is from the top of the picture and therefore the stones are transported behind 
the foundation. 

 
Figure D-3: Moved stone from experiment no. 5. 

The results show that the Fredsøe model is not valid when the amplification factor of mag-
nitude 4 is used according to the Shields diagram. These three subjects are examined inde-
pendently in the following sections. 

D.1.1  Bed Shear Stress Models 
There are several bed shear stress models available and all are made from different as-
sumptions. In order to verify the bed shear stress calculated with Fredsøe (1981), it is com-
pared with other models. The used parameters are for the wave data from experiment no. 1, 
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cf. in Table D-1. The bed shear stress is calculated with WBL (2002) and the results are 
given in Table D-3. These models are not discussed further in this report. 

Models Bed shear stress [Pa] 
Fredsøe 0.27 
Fredsøe (1981) 0.74 
k – e model 0.28 
Swart  0.81 
Jonsson 0.79 
Soulsby - Data 13 0.58 

Table D-3: Bed shear stress for different models. 

The results show that determination of the bed shear stress is connected with some uncer-
tainty. However, it is seen that Swart and Jonssons models yields a bed shear stress which 
is close to the one determined by Fredsøe (1981). Therefore, it is chosen to use the Fredsøe 
(1981) to determine the bed shear stress. 

D.1.2 Amplification Factor 
The amplification factor for a cylinder is determined by Sumer et al. (1996) of 4. Since, the 
foundation has a slope it is assumed that this has an effect on the amplification factor. By 
assuming the Fredsøe (1981) yields the correct bed shear stress in the undisturbed flow, the 
amplification factor can be fitted to the results from Table D-2. Since, there is a possibility 
that the stones in experiment no. 3 moved, the amplification factor is fitted so experiment 3 
is critical, cf. Figure D-4, where the amplification factor is 2.7.  
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Figure D-4: Shields diagram with an amplification factor at 2.7. 

By using an amplification factor of 2.7, it is concluded that the results fits the calculation. 
However, there are only conducted experiments with one stone size and therefore the ex-
periments are insufficient to make a proper conclusion. Therefore, it is recommended that 
more experiments are conducted, but in the present case the amplification factor of 2.7 is 
used. 

D.1.3 Shields Diagram 
The results in the Shields diagram are divided into experiments with current, waves and 
both current and waves, cf. Figure D-5. 
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Figure D-5: Critical bed shear stress as function of D*. [Soulsby, 1997] 

By considering the interval where D* is between 100 and 1000, it is assumed that the bed 
shear stress must be determined differently for current and for waves. It is seen that Shields 
critical value is a mean value of the results from current and waves. Therefore, it is conser-
vative to use the Shields critical value for D* larger then 100 for waves. Two different ap-
proaches are suggested. The first is simply by use of a critical value at 0.1 for D* larger 
then 1000. The other approach is to fit a line through an upper limit in the middle of the 
curve and a lower limit at the end of the curve. The points chosen are given in Table D-4. 

D* ν 
10 0.06 
600 0.07 

Table D-4: Points for line fit. 

The two new critical values are shown in Figure D-6 where the experiment values are ap-
plied the amplification factor of 4. 
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Figure D-6: Fitted θcritical. 

Since, the stone size is not large enough to give a D* larger than 1000, it is chosen not to 
use these fitted curves but instead use the Shields critical value.  

D.1.4 Estimated Values for Calculation of the Bed Shear Stress 
Since, the bed shear stress in Shields diagram is determined in an undisturbed flow and the 
present experiments were conducted in a disturbed flow, it is assumed that some correction 
must be made. Furthermore, the bed shear stress is determined with a model and therefore 
a fit of the amplification factor, to this model, is necessary. It is therefore estimated that the 
amplification factor of 2.7 fits the foundation model and the Fredsøe (1981). This value is 
therefore used in the following. Furthermore, it is recommended that the fitted critical val-
ues are taken into consideration when the stones yields larger D* than 1000. 

D.2 Irregular waves 
In this section, it is investigated whether the scour protection should be designed for Hs or 
Hmax or somewhere in between. In both cases, the Ts are used since there is little variation 
in the period. This was done by using a JONSWAP spectrum. Unfortunately many waves 
were breaking before they reached to the foundation. This was probably due to reflection 
from the model and the low water level which also meant that no proper wave measure-
ments were made. The results are given in Table D-5. 
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  Hs [m] Hmax [m] Ts [s] Observation 

Case A 0.077 0.125 1.2 
Few stones moved. Possible erosion at 
the foot of the foundation.  

Case B 0.098 0.13 1.6 
Erosion at both the edge of the stones 
and at the foot of the foundation. 

Table D-5: Wave parameters for the time domain analyze and the observations. 

For the wave data in Table D-5 the Shields diagram is plotted in Figure D-7. Notice that 
using the maximum wave the curves are nearly coinciding.  
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Figure D-7: Shields diagram for time domain analyze. 

The results show that it is sufficient to use the significant wave height. Further, the results 
show that it is not the maximum wave height that should be used.  

D.3 Discussion of Results from Experiments on Scour Protec-
tion 

The sources of error are mainly reflection which gives uncertain measurements of waves. 
Another source of error is that the foundation could have been moving slightly and this 
could cause erosion around the foundation. However, the results do not suggest this. 
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The results from the regular waves show that the Fredsøe model can be used for small 
stones with an amplification factor of 2.7. Finally, the experiments suggest that it is the 
significant wave height and not the maximum wave height, which must be used in the 
Fredsøe model. 
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Appendix E Classifications Experiments 
In the following chapter the classification experiments of the clay from boring no. 4, sam-
ple no. 6, are described and the results are analyzed. The purpose of the experiments is to 
estimate the plastic and liquid limits besides the clay and silt fractions for the clay sample. 
All three experiments follow the guidelines in Lund (1981). 

E.1 Consistency Experiment 
The purpose of the consistency experiment is to estimate the plastic and liquid limits. This 
is done because it is not possible to determine a relative packing density for silt or clay, 
and thereby the water content in the sample is used to characterize the state. Figure E-1 
shows the consistency compared with the water content. 

 
Figure E-1: Consistency compared with water content. 

where 
 wS  is the shrinkage limit 
 wP  is the plastic limit 
 wL  is liquid limit 
 win-situ   is natural water content 
 IP  is the plasticity index 
 IC  is the consistency index 

The consistency experiment is divided into two sub experiments which both are described 
in the following. 

E.1.1  Description of the Consistency Experiments 
The liquid limit is estimated by analyzing a fraction of the sample, which is lower than 
0.42 mm. After the fraction is washed out, it is dried in a heating cabinet until it is of a 
consistency that allows it to be analyzed by Casagrandes impact testing machine, cf. Figure 
E-2. The water percentage that is equivalent to 25 impacts signifies the liquid limit wL.  
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Figure E-2: Image of Casagrandes impact testing machine.  

The other experiment is to estimate the plastic limit, where a sample of the previous used 
clay is analyzed. The plastic limit is defined by the water content, wP, the sample contains, 
when it without breaking can be rolled into 3 mm thick threads. The plastic limit is esti-
mated by the average of three threads. 

A detailed description of the procedures can be found in Lund (1981).   

E.1.2  Results of the Consistency Experiments 
The results of the liquid limit experiment are shown in Table F-5 and Figure E-3 while the 
results of the plastic limit are shown in Table F-1. 

Test no.  1 2 3 4 5 6 7 
SK + W  [g] 141.02 122.62 124.35 120.48 125.16 123.25 148.26 
SK + Ws  [g] 138.60 119.37 121.14 118.61 121.82 119.42 142.82 
SK  [g] 133.60 112.41 114.38 114.82 115.19 112.11 132.76 
Ww  [g] 2.42 3.25 3.21 1.87 3.34 3.83 5.44 
Ws  [g] 5.0 6.96 6.76 3.79 6.63 7.31 10.06 
w  [%] 48.2 47.7 47.5 49.3 50.4 52.4 54.1 
Nr. of impacts [-] 40 44 26 26 23 14 13 

Table E-1: Results from the liquid limit experiment. 

In Table F-5, it is important to notice that the water content drops in the second and third 
test even if there were mixed more water into the sample. Also, a peculiar observation is 
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that the number of impacts drops dramatically from the second to the third test even if the 
water content is the same in the two tests. The best explanation for these abnormalities is 
that the sample under the experiment was not sufficiently mixed. 

40 45 50 55
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w [%]

No of impacts

 
Figure E-3: Fitting of a line for belonging values of water content and no of impacts. 

The liquid limit is defined as the water content corresponding to 25 impacts at Casagrandes 
apparatus and thereby the value is: 

 50%Lw =  

Sample no.  1 2 3 
SK + W  [g] 53.51 53.83 48.15 
SK + Ws  [g] 53.22 53.42 47.79 
SK  [g] 52.09 51.90 46.43 
Ww  [g] 0.29 0.41 0.36 
Ws  [g] 1.13 1.52 1.36 
w  [%] 32.8 27 26.5 

Table E-2: Results from the plastic limit experiment. 

The plastic limit is defined as the average of the three estimated values of the water content 
and thereby the value is 

 28.8%Pw =  



Offshore Wind Turbines at Frederikshavn 

212 

The final results are shown in Table E-3, by which it can be concluded that the clay can be 
characterized as fairly firm. 

Type   
Liquid limit, wL,  [%] 50 
Plastic limit, wP,  [%] 28.8 
Plasticity index, IP,  [%] 21.2 
Consistency index, IC, [-] 1.25 

Table E-3: List of the final results from the experiments. 

E.2 Hydrometer Experiment 
The purpose of the hydrometer experiment is to estimate the lower part of the granary 
curve for the clay sample. Thereby, the fraction of clay and silt can be found. The fractions 
are shown in Table E-4. 

Soil type Clay Silt Sand Gravel Stone 
Fraction [mm] <0.002 0.002 – 0.06 0.06 - 2 >2 >6 

Table E-4: Fractions of soil. 

E.2.1  Description of the Hydrometer Experiment 
The grain size is defined as the diameter of the sphere, which with the same density and in 
the same fluid has the same drop velocity as the particle. An analysis thereby builds on 
Stokes law for spheres, because the given sample is suspended in chemical fluid. The sam-
ple is first dried and screened through a 0.075 mm panel and thereafter the sample is sus-
pended in the fluid, sodium pyrophosphate. At given time steps the density and tempera-
ture of the fluid is measured by respectively a hydrometer and a thermometer. The experi-
ment arrangement is shown in Figure E-4. 
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Figure E-4: Image of the experiment arrangement for the hydrometer test. The left cylinder contains the 

sample while the right cylinder contains water, where the hydrometer and thermometer is placed.   

See Lund (1981) for a detailed description of the guidelines. 

E.2.2  Results of the Hydrometer Experiment 
The results of the experiment are shown in Table E-5, Table E-6, Table E-7, Table E-8 and 
Figure E-5. 

Water content   
SK + W  [g] 143.32 
SK + Ws  [g] 139.20 
SK  [g] 132.79 
Ww  [g] 3.72 
Ws  [g] 6.84 
w  [%] 54.4 

Table E-5: Water content results. 

Size of sample   
SK + W  [g] 236.18 
SK  [g] 160.52 
W  [g] 75.66 
Ws  [g] 49.003 

Table E-6: Size of sample used in the hydrometer test. 
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Drop time, t  [min] 1/4 1/2 1 2 2 4 
Temperature, T  [ºC] 23.4 23.4 23.4 23.4 23.4 23.4 
Hydrometer results, H  [g/l] 46.5 46.5 46.5 46.0 46.5 45.5 
Core. for 0-point error  [g/l] -2.5 -2.5 -2.5 -2.5 -2.5 -2.5 
H. core. For 0-point error  [g/l] 44.0 44.0 44.0 43.5 44.0 43.0 
Core. for temp. and fluid  [g/l] 1.0 1.0 1.0 1.0 1.0 1.0 
H. core for T and fluid  [g/l] 45.0 45.0 45.0 44.5 45.0 44.0 
Core. factor for ds  [-] 1.0 1.0 1.0 1.0 1.0 1.0 
H. core. for ds, Y  [g/l] 45.0 45.0 45.0 44.5 45.0 44.0 
Drop through, P   [%] 91.84 91.84 91.84 90.82 91.84 89.80 
Drop, h  [cm] 9.9 9.9 9.9 10.0 9.9 10 
Coefficient K  [-] 13.1 13.1 13.1 13.1 13.1 13.1 
Grain size, d   [μm] 82.44 58.29 41.22 29.29 29.15 20.71 

Table E-7: Results from the hydrometer experiment, part 1. 

Drop time, t  [min] 8 30 90 240 480 1440 
Temperature, T  [ºC] 23.4 23.4 24.2 22.0 20.0 20.5 
Hydrometer results, H  [g/l] 43.5 39.5 34.5 30 29 25 
Core. for 0-point error  [g/l] -2.5 -2.5 -2.5 -2.5 -2.5 -2.5 
H. core. for 0-point error  [g/l] 41.0 37.0 32.0 27.5 26.5 22.5 
Core. for temp. and fluid  [g/l] 1.0 1.0 1.3 0.6 0 0.2 
H. core for T and fluid  [g/l] 42.0 38.0 33.3 28.1 26.5 22.7 
Core. factor for ds  [-] 1.0 1.0 1.0 1.0 1.0 1.0 
H. core. for ds, Y  [g/l] 42.0 38.0 33.3 28.1 26.5 22.7 
Drop through, P   [%] 85.71 77.55 67.96 57.85 54.08 46.33 
Drop, h  [cm] 10.4 11.1 11.9 12.7 12.8 13.5 
Coefficient, K  [-] 13.1 13.1 12.95 13.32 13.66 13.56 
Grain size, d   [μm] 14.94 7.97 4.71 3.06 2.23 1.31 

Table E-8: Results from the hydrometer experiment, part 2. 
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Figure E-5: Grain curve from the hydrometer experiment. 

It is important to note that the results shown in Table E-7 are based on the hydrometer 
marked with number 456. The importance is due to the correction coefficients used to ana-
lyze the results from the experiment. From the grain curve in Figure E-5 it can be con-
cluded that about 52 % of the sample from the boring exists of clay and 40 % is silt. 
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Appendix F Consolidation Experiment 
In the following chapter, the consolidation experiment is described and the results ana-
lyzed. The desired parameters are the effective pre-stress, σ’pc, the consolidation modulus, 
K, and strain index, Q. These parameters are found be analyzing the consolidation and 
creep phases of a clay sample. The background material for the experiment and theory is 
Thorsen et al. (2001) and Hansen (1961). 

F.1 Equipment 
The desired material coefficients for the clay are estimated by use of the conventional 
method by gradual loading using the consolidation apparatus shown in Figure F-1. 

 
Figure F-1: Picture of the consolidation apparatus while the experiment is running. 

The apparatus is known as the Danish consolidation apparatus, developed by Moust 
Jacobsen, and is in Denmark known as the best equipment to perform the consolidation 
experiment. The apparatus consists of a cell, in which the sample is placed, together with a 
mechanic weight press. The sample must be intact with dimensions H x D = 35 x 70 mm. 
The base of the cell is made up of a bottom plate, which at the same time is the lower pres-
sure head. Two deformation meters measure the movement of the upper pressure head. A 
filter stone in the lower pressure head is connected with a small tube, which leads to the 
head plate. In addition to this, the cell consists of a thick aluminum coil around the sample 
together with a plexiglas cylinder. The plexiglas cylinder and bottom plate forms a water-
tight bowl for the coil around the tank, and the sealing consists of an O-ring, cf. Figure F-2. 
The aluminum coil around the sample floats in the tank so friction is minimized. 
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Figure F-2: Consolidation apparatus, where the filter stone and inner aluminum coil can be seen. 

The mechanical weight press has an exchange proportion at 1:10, which is in direct con-
nection with the upper pressure head, where the force is transferred through an aluminum 
ball. When load is transferred to the upper pressure head and thereby through the speci-
men, it is possible to drain the pore over-pressure from the cell to the tank. A principle 
sketch of the consolidation apparatus is shown in Figure F-3. 

 
Figure F-3: Principle sketch of the consolidation apparatus. 

F.2 Procedure 
After a thorough shaping of the sample, the consolidation apparatus is assembled and a 
computer, with a program to log the deformations, is started. The experiment is carried out 
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by gradual enlargement of the vertical effective stress. For every load step, the computer 
registers associated values of the time and deformation. In the first couple of steps it is im-
portant to register whether the clay swells. This is a known characteristic of clay, when it 
has been exposed to large stresses and then is affected by water from the tank. During the 
experiment, it is important that the time sequence is of such duration, that the creep decade 
slope can be estimated. Also, it is important that the load for each step is so large, that the 
deformation during the consolidation process goes beyond the creep deformation in the 
earlier step. In the given experiment, the load steps shown in Table F-1 were used. The 
given loads are the weights placed on the weight press.  

Step Load [kg] 
1 0.25 
2 0.50 
3 1 
4 2 
5 4 
6 10 
7 20 
8 40 
9 80 

10 120 
11 160 
12 200 
13 120 
14 20 
15 0 

Table F-1: Load steps used in the consolidation apparatus. 

F.3 Theory to Analyze the Consolidation Measurements 
The theory to analyzing the time and deformation measurements, is given by Hansen 
(1961). Here, interpretation procedures for the consolidation and creep phases are de-
scribed. When clay consolidates, the pore over-pressure is drained away and the clay de-
forms. Afterwards, equilibrium between chemically bonded water and free water is trig-
gered. This phase is called creep, and while the bonded water is transformed to free water, 
the clay deforms. Generally, the consolidation sequence is analyzed with a mapping of 
values of time and deformation, but to interpret both the consolidation time, tc, and the 
consolidation strain, εc, it is necessary to introduce a √t-log(t)-ε diagram. Thereby, it is pos-
sible to determine the transition between the phases, cf. Figure F-4 for an example. 
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Figure F-4: Illustration of time curve with given measurements.  

where 
 εi  is the initial strain 
 ε0 is the beginning strain for the consolidation 
 εc is the strain at 100 % consolidation, also noted ε100

 

 εs is the slope of the creep curve 
 tc  is the consolidation time 

As shown in Figure F-4, the time curve can be approximated by straight lines in each map-
ping. One for the consolidation phase and one for the creep phase. The only condition is 
that the intersection between the two lines is in the transition between the two scales. 

The above method is used for the curves for each load step and hereafter it is possible to 
estimate three types of curves with basis in the measured values. 

• Variation of consolidation strain, where values of log(σ’) and consolidation strain, 
ε100 is mapped.  

• Variation of creep strain, where the variation of the creep decade slope, εs and the ef-
fective stress is mapped. 

• Variation of consolidation modulus, with respect to the effective stress.  

Each of the three mentioned curves is analyzed in the sections F.5.1, F.5.2 and F.5.3. First 
it is necessary to estimate the in situ stresses at the level, where the clay sample was taken 
from. This is done in section F.4, where the specific weight and water content also is esti-
mated. 

F.4 Preliminary Examinations 
As described in section F.2, the first step is to carry out a weighing of the sample. Also, a 
scraping is made from a part of the sample. From the scraping the water content is deter-
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mined and from the sample used in the consolidation apparatus, the specific weight of the 
clay is estimated. 

The information of the scraping and the water content is shown in Table F-2.  

Sample no.  1 
SK + W  [g] 206.5 
SK + Ws  [g] 192.7 
SK  [g] 134.1 
Ww  [g] 13.8 
Ws  [g] 58 
w  [%] 23.5 

Table F-2: Determination of water content. 

From the sample used in the consolidation apparatus, the values and results are listed in 
Table G-12. 

Sample no.  1 
Apparatus no.  2 
Vol. of sample [mm3] 134696 
SK + W  [g] 2765.3 
SK  [g] 2485.4 
W  [g] 279.9 
γclay  [kN/m2] 20.8 

Table F-3: Determination of specific weight.. 

Because the specific weight now is known, it is possible to determine the in situ stress for 
the intact sample, cf. Figure F-5. 
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Figure F-5: Boring no. 4, where the effective in situ stress has been calculated for the sample. 

The in situ stress, σ’in-situ, is calculated to 25.56 kN/m2.  

F.5 Results for the Consolidation Experiment  
The time curve for each of the load steps can be found on the enclosed CD, whereas load 
step no. 7 is chosen as an example for the analysis procedure. First of all, the belonging 
values for time and strain are mapped in diagrams, which form the basis for the processing, 
cf. Figure F-6 and Figure F-7.  
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Figure F-6: Time curve with √t as the abscissa.  
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Figure F-7: Time curve with log(t) as the abscissa. 

As earlier described, a √t - log(t) – ε diagram is wanted for each load step and not the two 
shown graphs. The first step in the analysis is to fit tangent lines for the consolidation and 
creep phases, where the distinction is yet unknown. In the consolidation phase a tangent is 
made by fitting a straight line to minimum 3 points starting from the beginning of the 
graph. A tangent is made in the creep phase by fitting a straight line to minimum 5 points 
starting from the end of the graph. Hereby, the situation is as shown in Figure F-8. This 
procedure is done automatically by linear regression for each of the load steps.  
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Figure F-8: Time curves with tangent lines for both the consolidation and creep phase. 

Hereafter, the relative time is introduced by (C.1), at which the abscissa is changed to the 
relative time and not the actual time.  

 
´
tT
t

=  (C.1) 

where 
 t  is the actual time 
 T  is the relative time 
 t´  is the time interval 

The relative time is utilized because it simplifies the procedure to find the intersection be-
tween two tangent lines. In order to get a smooth time curve, the actual time and the time 
interval must have the same scale increase when the two parameters are equal to each 
other, that is t´ = t. At this point it is defined, that the consolidation corresponds to 100 %, 
that is U = 1, though the actual consolidation is about 89 % Hansen (1961).  

The intersection analysis is carried out by varying the time interval, t´, whereas the relative 
time is changed. When the relative time is changed, the curves and tangents in Figure F-8 
are also changed. For each of the two tangents, the strain at t´ = t or T  = 1 must be equal. 
The strain at the intersection is equivalent to the consolidation strain, ε100.  

The iterative procedure to estimate the correct value for the time interval, t´, is as follows. 

• Choose an initial value for the time interval 
• Calculate the relative time by utilizing the actual time measured in the experiment 
• Calculate √T and log(T) 
• Make linear regression for both the consolidation phase, √T - ε mapping, and creep 

phase, log(T) – ε, whereas the two mentioned tangents is estimated. 
• Plot the √T - log(T) – ε diagram, where the shift between √T and log(T) is found for T 

= 1 
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• Estimate the value of the strain at T = 1 for each of the tangents. 
• If the consolidation strain calculated for each tangent is equal to each other, the cor-

rect value for the time unit was chosen. Else choose a new value for the time unit.   

For load step no. 7 the result is given in Figure F-9 and in Table F-4. 

 
Figure F-9: Illustration of the time curve for load step 7. 

Load step no. 7 
ε100 [%] 1.955 
t´ [min] 58.9 

Table F-4: Time interval and consolidation strain for load step no. 7. 

Afterwards, it is possible to estimate the consolidation time, because it is defined that the 
consolidation ratio is 100 % at the intersection, that is U = 1, cf (C.2). [Hansen, 1961] 

 2

4 ´
ctU
t

π
⋅ =  (C.2) 

 
58.9 min 46.3min

4ct
π

⇓

= ⋅ =
 

where 
 U is the consolidation grade 
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Next the task is to find the consolidation modulus, K and consolidation coefficient, ck. First 
the creep slope, εs, is calculated by 

 
log( )s t

εε Δ
=

Δ
 (C.3) 

Hereafter the consolidation modulus, K, is estimated by 

 
( )100 0

´ ´100 100K σ σ
ε ε ε

Δ Δ
= ⋅ = ⋅

Δ −
 (C.4) 

where 
 ∆σ is the difference between the effective stresses before and after a load step 
 ∆ε is the difference between the initial strain and the consolidation strain 

Thereby, the consolidation modulus becomes 

 511.19kPa 256.29kPa 100 26061kPa
1.955% 0.977%

K −
= ⋅ =

−
 

Then the consolidation coefficient is determined by 

 
2

4 D
k

c

Hc
t

π ⋅
=  (C.5) 

where 
 HD is the drain passage 

In the consolidation apparatus, drains are placed in the top and bottom, and thereby the 
sample is drained from two sides. At the beginning, the sample has a height of 35 mm, but 
because of the deformations, the sample height has to be corrected for each load step. For 
load step no. 7 the result is 
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The last parameter that has to be estimated is the hydraulic conductivity 
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The given procedure is used for every time curve and thereby Table F-5 and Table F-6 are 
constructed. 

Step no.  1 2 3 4 5 6 7 8 
σ´  [kPa] 7.8 14.1 26.9 52.4 103.3 256.3 511.2 1021.0 
σm  [kPa] - 10.9 20.5 39.6 77.9 179.8 383.7 766.1 
tc  [min] 20.4 69.7 27.1 2.4 3.2 44.1 46.25 35.9 
εi  [%] 0.069 -0.015 -0.022 -0.009 0.202 0.353 0.052 2.184 
ε0 [%] 0.00 -0.03 -0.051 -0.056 0.181 0.307 0.977 2.144 
εc  [%] 0.00 0.00 0.00 0.01 0.33 0.98 1.96 3.33 
εs  [%] - - - - 0.000 0.006 0.117 0.160 
K  [kPa] - - - 39932.4 35263.9 22788.8 26061.1 42922.2 
ck [10-6m2/s] - 0.058 0.148 1.700 1.240 0.090 0.084 0.106 
k  [10-11m/s] - - - 42.57 35.16 3.95 3.23 2.47 

Table F-5: Results from load step 1 to 8. 

Step no.  9 10 11 12 13 14 15 
σ´  [kPa] 2040.6 3060.3 4079.9 5099.5 3060.3 511.2 1.4 
σm  [kPa] 1530.8 2550.5 3570.1 4589.7 4079.9 1785.7 256.3 
tc  [min] 30.9 34.7 59.3 40.5 5.4 58.9 356.7 
εi  [%] 3.657 5.601 7.088 8.322 9.332 8.959 6.871 
ε0  [%] 3.639 5.597 7.094 8.393 9.357 9.139 6.871 
εc  [%] 5.22 6.57 7.95 8.86 9.17 7.19 0.81 
εs  [%] 0.199 0.294 0.240 0.282 - - - 
K  [kPa] 64287.5 104581.8 119384.9 217377.0 - - - 
ck  [10-6m2/s] 0.118 0.102 0.058 0.083 0.614 0.057 0.010 
k  [10-11m/s] 1.84 0.98 0.49 0.38 - - - 

Table F-6: Results from load step 9 to 15. 

It is now possible to plot the three different curves previously described. From these curves 
it is possible to estimate the pre-loading stress, σ’pc, the strain index, Q, and creep strain 
index Qs. 

• In section F.5.1, the variation of consolidation strain is analyzed. Here three different 
ways are treated to estimate the pre-loading stress. Also, the strain index is estimated.  
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• In section F.5.2 the variation of creep strain is examined. From this curve, the pre-
loading stress and creep strain index is found 

• In section F.5.3 the variation of consolidation modulus is studied. From this curve, an 
estimate on the pre-loading stress can be done. 

F.5.1  Variation of Consolidation Strain 
For each of the load steps described in the previous section, an effective load can be calcu-
lated. At the same time, it is possible to calculate the consolidation strain for each load 
step. By combining each of these strain states with each load step, the following stress-
strain curve is plotted, cf. Figure F-10. Thereby, the creep strain is deducted from all load 
steps. 
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Figure F-10: Stress-Strain curve for the consolidation experiment. 

From this curve it is possible to estimate the following values. 

• The strain index, Q, also called the decade slope, which is the increase in the con-
solidation strain per decade for stresses on the virgin curve  

• The pre-loading stress, σ’pc, which is the apparent maximum stress the material has 
been exposed to. It is possible to estimate the boundaries of σ’pc in different ways. In 
the following the Casagrande and Casagrande-Terzaghi method is used besides a 
general analysis with basis in the consolidation coefficient 

First, the strain index is estimated by (C.7), cf. Figure F-11. 
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Figure F-11: The stress-strain curve, where a straight line is fitted to the virgin curve. 

Hereafter, the pre-loading stress is estimated by the Casagrande method, described in Har-
remoës et al. (2003). The pre-loading stress is calculated from the stress-strain curve by the 
following procedure. First, the point on the curve with the maximum curvature is located 
on the primary branch. Afterwards, a tangent to the curve is placed in the point together 
with an angle bisector between the tangent and a horizontal line through the point. The an-
gle bisector intersects the virgin curve in a point, corresponding to σ´pc, cf. Figure F-12. 
The value of the effective pre-loading stress can be found as 1200 kPa. 

 

102 103

0.5

1

1.5

2

2.5

3

3.5

4

log(σ´) [kPa]

ε [%]

 
Figure F-12: Section of the stress-strain curve, where σ´pc is found by the Casagrande method. 

Next, the Casagrande–Terzaghi method is utilized. The pre-loading stress is calculated 
from the primary branch on the stress-strain curve, where the creep is deducted. This is 
done because the creeping else gets the primary branch to lie under the virgin curve. The 
first step is to estimate the reference stress, σκ´, which is an addition to the effective stress, 
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σ´, by which the primary branch becomes logarithmic and thereby straight in the log map-
ping, cf. Figure F-13. 
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Figure F-13: Stress-strain curve with mapped primary branch given by stars. 

The reference stress is found as the value that gives a straight virgin curve, and thereby the 
best regression. To calculate the reference stress (C.8) is introduced which describes the 
primary branch. 

 ´log 1
´

Q
κ

σε
σ

⎛ ⎞
= ⋅ +⎜ ⎟

⎝ ⎠
 (C.8) 

At the present time the strain index, Q, is known and so is the consolidation strain and ef-
fective stress for each load step. Hereby, it is possible to determine a value for the strain 
for each load step, when the reference stress is chosen as the intersection between the tan-
gent in Figure F-13 and the abscissa. After calculating the strains from equation (C.8), the 
sum of the strains is compared with the sum of the actual strains. When the difference be-
tween the two is equal to zero, the correct value is estimated.  
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From Figure F-13, the tangents intersection with the abscissa is read and thereby the refer-
ence stress is set to 708 kPa. Utilizing (C.8) for each load step, the calculated strains are 
estimated. Comparing the calculated and actual strains gives an error, and the reference 
stress is revised upwards. When the reference stress is set to 882 kPa, the difference is 
close to zero.  

The reference stress is added to the actual stress for each load step, and a new straight line 
can be fitted to the points, cf. Figure F-13. Hereby, it is possible to calculate a strain index 
from Terzaghi’s primary branch, and the strain index is estimated to 10.36 %. Because the 
value is similar to the previous estimated, the strain index is assessed to be quite accurate. 

Finally, it is possible to calculate the effective pre loading stress from the following, 
Jacobsen (1993). 
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The last method to estimate the pre-loading stress is to combine the values for the consoli-
dation coefficient and the stress-strain curve in Figure F-10. The result is shown in Figure 
F-14. 
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Figure F-14: Stress-strain curve with mapped values for the consolidation coefficient. 

The estimate of the pre loading stress is found in the load step before the linear variation 
between log(σ´) and ε100 is reached. At the same time, a change in the consolidation coeffi-
cient has to be noted. Hereby, an estimate is assessed to be 1000 kPa, when a tangent is 
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fitted to the last four points. This is estimated to be the lowest possible value the pre-
loading stress can assume. 

F.5.2  Variation of Creep Strain 
By analyzing the creep part of the time curves in section F.5, it is possible to determine the 
creep decade slope, and by plotting these values together with the effective stresses for 
each load step, the curve in Figure F-15 is estimated. 
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Figure F-15: Variation of εs with log(σ’) for the consolidation experiment. 

From this curve, the following values can be estimated. 

• The creep strain index, Qs, is found by the maximum value of εs. 
• The pre-loading stress, σ’pc, can be found in the load step, that is prior to the load 

step where Qs is found. This is done by analyzing the slope of the curve, whereas an 
interval for the stress can be found. 

Both of the mentioned values are shown in Figure F-16. 
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Figure F-16: Variation of εs with log(σ’), where Qs and σpc’ is shown. 

The values are estimated to 
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F.5.3  Variation of Consolidation Modulus 
Calculating the consolidation modulus for each load step in the time curve gives way to 
plot the consolidation modulus together with effective stress. When the curve is fitted, it is 
possible to determine the pre-loading stress, σ’pc. This is done by analyzing the given load 
step, where the consolidation modulus, K, has its minimum, cf. Figure F-17.  
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Figure F-17: Variation of consolidation modulus as a function of the effective mean stress, where σpc’ is 

shown. 

The pre-loading stress is estimated to 

 ´ 180kPapcσ =  

It is seen that the stress is relatively low in relation to the previous estimated values. The 
explanation can be, that the consolidation modulus is displaced because the sample con-
tains a large quantity of silt, 40 %, cf. Appendix E.2.  

F.6 Finishing Comments and Results 
After the consolidation experiment, the water content and specific weight for the intact 
sample was calculated. The procedure and measured results are alike those given in section 
F.4, and the results are 
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From section F.5 a wide variety of parameters were estimated and these are listed in Table 
F-7. It is important to note, that the effective pre loading stress is given as an interval, but 
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is assumed to be in the center part. Thereby, it is assumed to be about 1400 kPa. The hy-
draulic conductivity is found as the mean value of the values listed in Table F-5 and Table 
F-6. 

Boring 4-6   
σin-situ´  [kPa] 25.6 
γ  [kN/m3] 20.8 
w  [%] 23.5 
σpc´  [kPa] 1000 – 1764 
Q  [%] 10.4 
K  [kPa] 22789 – 217377 
εs  [%] 0 – 0.294 
Qs  [%] 0.294 
ck  [10-6m2/s] 0.01 – 1.70 
k  [10-11m/s] 1.01 

Table F-7: One dimensional deformation parameters calculated for the intact clay sample. 

Last, but not least, the sources of error should be commented. The main source is probably 
the water level in the tank, that surrounds the aluminum coil and thereby the sample. Under 
the consolidation process it is important that the sample is in contact with the water at all 
times. However, there were some situations where this was not fulfilled, because the con-
solidation experiment passed over some weekends. Some of the water evaporated in these 
days and the tank was not refilled. Some other sources of error, such as the shaping of the 
sample, can be mentioned, but these are not assessed to be fatal. Also the friction between 
the aluminum coil and the sample are of importance.  
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Appendix G Triaxial Experiments 
In this appendix, the results from the triaxial experiment are analyzed for both sand and 
clay. First, the triaxial apparatus is described. 

G.1.1 Triaxial Apparatus 
In the triaxial apparatus, the sample is placed in a cell filled with water. The pressure in 
this cell can be sat to any value between 0 and 1000 kPa. There is also a piston in the appa-
ratus which makes anisotropic loadings possible. Thereby, it is possible to reconstruct the 
in situ conditions. The principle structure of the triaxial apparatus is seen in Figure G-1.  

 

Figure G-1: Schematic view of the triaxial apparatus. Measurements: 1) axial load 2-3) axial moving, 4) 

pore pressure, 5) cell pressure, 6) volume change determined by backpressure system or digital weight. 

[Thorsen et al., 2001] 

Several relations can be measured in the triaxial apparatus. The pore pressure u, the piston 
pressure σ3 - σ1, the chamber pressure σ3, the axial strain ε1 and the volumetric strain εv can 
be measured. From these measurements, it is possible to calculate ε3, σ1’ and σ3’.  

Since, both σ1 and σ3 can be varied, all axis symmetric strain and stress conditions can be 
determined. Since, the surface between the sample and the compression head is fric-
tionless, the measurements are in the principal axis. 
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G.2 Triaxial Experiment on Sand, CD and CRS 
In this chapter, the results from the triaxial experiment on sand are analyzed. The purpose 
of this triaxial experiment is to estimate deformation and strength parameters for the sand. 
The sample comes from boring 103, Andreasen & Hvidberg A/S (2003). First, the princi-
ples at the experiment procedure are explained.  

G.2.1  Experiment Procedure 
To examine the soil parameters of the sand, there are made some experiments to see how 
the relation between the ultimate strength and the isotropic loading is. This is done in the 
triaxial apparatus where the chamber pressure and the vertical loading is regulated inde-
pendent. Since, sand has a large coefficient of permeability, the conditions are drained in 
most cases. From the experiment, results the Young's modulus, the friction angle, the dila-
tation angle and the cohesion are calculated. 

The samples are first consolidated to the actual isotropic load. This is done by raising the 
chamber pressure where after the sample is left to consolidate for a short while. The con-
solidation time is not very long because, in sand, the pore water over pressure drains al-
most instantly. Then the samples are loaded until yielding occurs by increasing the piston 
pressure. In between, some unloading steps are carried out to determine the un-/reloading 
modulus 

There are made six experiments on two sand samples: Sand 49 with lab. no. 060305 and 
Sand 61 with lab. no. 060420. There are made three experiments for each of the samples 
with chamber pressures of 50 kPa, 100 kPa and 300 kPa. The yielding loads are added by 
setting the piston to move with constant speed measuring data continuously. 

Furthermore, an oedometer experiment is carried out to find the oedometer modulus. In 
this experiment, the sample is placed in an aluminum coil, and it is therefore fixed from 
horizontal movement. Therefore, the oedometer modulus corresponds to the uniaxial 
Young’s modulus. 

G.2.2 Parameters 
Since, the vertical movement is measured by two deformation meters, the mean deforma-
tion is calculated. The vertical strain is then found by (C.9) since the vertical displacement 
is measured  

 1
0

H
H
δδε −

=  (C.9) 

By use of a weight, the water which is pressed out from the sample is weighed. Thereby, 
the volumetric strain can be found. The volumetric strain is calculated by (C.10) when the 
change in volume is measured  
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The vertical stress is calculated with the corrected cross section area. The deformed area is 
calculated by  
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 (C.11) 

The effective deviatoric stress  

 ' ' '
1 3q σ σ= −  (C.12) 

The mean stress is given by 

 
' '

' 1 32
3

p σ σ+
=  (C.13) 

The vertical stress is  

 ' ' '
1 3qσ σ= +  (C.14) 

The experiments are performed as CD, Consolidated Drained, experiment which consists 
of a consolidation phase followed by a drained ultimate loading phase.  

Young's Modulus 
From the stress-strain curve in Figure G-2, it is possible to calculate the secant modulus E50 
and the un-/reloading modulus Eur. The secant modulus E50 is found by fitting a secant 
through the point corresponding to 50 % of q´max and the un-/reloading modulus is found 
from the reloading curves.  
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Figure G-2: Definition sketch of Young’s modulus.  

The secant modulus E50 is calculated and the results are shown in Table G-1.  

 Sand 49 Sand 61 
Chamber pressure [kPa] 50 100 300 50 100 300 
E50 [kPa] 27400 32600 72200 7300 12100 20800 

Table G-1: Results for the secant modulus E50.  

The Young's modulus for the reloading curve Eur is calculated by fitting a line through the 
points where the unloading and reloading cross and through the minimum of the unloading. 
For the three experiments the results are shown in Table G-2, where the values are deter-
mined as the mean of unloading/reloading curves two to five. 

 Sand 49 Sand 61 
Chamber pressure [kPa] 50 100 300 50 100 300 
Eur [kPa] 69000 103400 264500 49000 106000 120000 

Table G-2: Results for the unloading/reloading modulus. 

From the results it is seen that E50 becomes larger for higher chamber pressures. The re-
sults for Sand 49 and Sand 61 for 50 kPa and 100 kPa in chamber pressures lie close to 
each other, but for the chamber pressure of 300 kPa there is a big difference between the 
two samples. The cause to this difference might be that the compactness has been different 
for the two experiment samples.  

The resulting stress strain curve from the oedometer experiment is plotted in Figure G-3, 
where the first three unloading stresses corresponds to chamber pressures 50 kPa, 100 kPa 
and 300 kPa respectively. The oedometer modulus is the slope of the reloading curve. 
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Figure G-3: Stress-strain curve for oedometer experiment with sand 49.  

This yields the oedometer modulus given in Table G-3. 

 Sand 49 Sand 61 
Chamber pressure [kPa] 50 100 300 50 100 300 
Eoed [kPa] 5622 9144 85556 7742 19871 48263 

Table G-3: Results for Eoed. 

Strength Parameters  
To calculate the friction angle and the cohesion, the major and minor principal stresses are 
plotted as Mohr’s circles in a (σ’, τ) coordinate system. Then it is possible to determine the 
triaxial friction angle and the cohesion by Coulombs failure condition 

 ' ' 'tan( )f f trcτ σ ϕ= +  (C.15) 

The three circles corresponding to the three different chamber pressures for Sand 49 can be 
seen in Figure G-4.  
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Figure G-4: Mohr’s circles for the three experiments on Sand 49.  

The line is fitted to the three circles and the friction angle and the cohesion can be found. 
The results for the two experiments are shown in Table G-4. 

 Sand 49 Sand 61 
Friction angle φtr [˚] 42 35 
Cohesion c’ [kPa] 0 13.8 

Table G-4: Friction angle and cohesion for Sand 49 and Sand 61. 

Dilatation Angle 
The dilatation angle is found by plotting the volumetric strain, εv, with respect to the verti-
cal strain ε1. The result for Sand 49 with a chamber pressure of 300 kPa is shown in Figure 
G-5. 



Appendix G – Triaxial Experiments 

241 

0 2 4 6 8 10 12

0

1

2

3

4

5

6

7

ε1  [%]

ε v  [
%

]

 

Figure G-5: The volumetric strain εv with respect to the vertical strain ε1  for sand 49 with a chamber pres-

sure of 300 kPa. 

The graph shows that the sample is first compressed and when ε1 becomes larger than 
about 8 % it starts to expand. The dilatation angle is found on the last part of the curve by 
the following formula  
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The results for the dilatation angles for the six experiments are listed in Table G-5.  

 Sand 49 Sand 61 
Chamber pressure σ3  [kPa] 50 100 300 50 100 300 
Dilatation angle ψ [˚] 17 17 17 11 6 6 

Table G-5. Dilatation angle for the six experiments. 

The results show that the dilatation angles vary for sand 61 but it are constant for sand 49. 
Therefore, no obvious relation between the chamber pressure and the dilatation angle can 
be estimated.  
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Poisson’s Ratio 
The Poisson ratio is determined from Figure G-5 for the experiments with chamber pres-
sures of 300 kPa. If smaller values of the chamber pressure are used, irregularities from the 
membrane surrounding the sample is influence the results. The Poisson ratio is determined 
from the fifth reloading branch, by use of 

 
1

vεν
ε

= −  (C.17) 

The fifth reloading branch for sand 49 is shown in Figure G-6 with a linear fit, from which 
the Poisson ratio is found. 
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Figure G-6: Poisson ratio for sand 49. 

The Poisson ratios for the two sands are given in Table G-6. 

 Sand 49 Sand 61 
Poisson ratio ν 0.21 0.22 

Table G-6: Poisson ratios. 
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G.3 Triaxial Experiment on Clay, CV 
In this section, the data from the triaxial experiment is treated from boring 4-6 lab. no. 
060311. The aim is to determine the strength and deformation parameters. There are con-
ducted two experiments in form of the undrained triaxial experiment.  

G.3.1  Experiment Procedure 
In the following, the experiment procedure is described. 

Shaping of the Sample  
The sample for the triaxial experiment has to be shaped so it has the right dimensions. The 
sample shall have both a diameter and a height of 7 cm. The procedure for shaping the 
sample is as follows.  

Procedure for Shaping the Sample  
The procedure for shaping the sample is given in the following.  

First, two round pieces of latex rubber with hole in the middle are cut out from a piece of 
latex rubber. Two similar pieces are made without hole in the middle. Four filters are cut 
out from “filt”. The pieces of latex rubber and the filters are formed by templates. Two la-
tex rubber membranes are cut 15 cm long.  

The lower compression head, where the drain is placed in the middle, is smeared with sili-
cone fat. Then the first piece of latex rubber, with hole in the center, is placed on the lower 
compression head. Any air bobbles are pressed out by rolling a round stick over the surface 
cf. Figure G-7.  

 

Figure G-7: Air bobbles are pressed out.  

Silicone fat is then smeared on top of the first piece of latex and a second piece of latex is 
placed on top of the first one. The surface between the specimen and the compression 
heads is not smeared with fat. Then two pieces of latex rubber are placed in the same man-
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ner on the upper pressure head. The purpose with these latex pieces is to make the connec-
tion between the compression head and the specimen as frictionless as possible.  

The filters are then attached to the lower compression head with adhesive tape. The filters 
shall be placed against the small drain channels are in the side. The result after the filters 
have been attached is shown in Figure G-8.  

 

Figure G-8: The lover compression head with the filters attached.  

A piece of clay is taken from the boring, it shall be enough to make a 7 cm high sample. It 
shall have a diameter of 7 cm. This is done by pressing the cylinder, shown in Figure G-9, 
onto the specimen from the boring. The specimen is pressed into a cylinder so that it gets 
the right shape. The top and the bottom are planed out so that the surfaces become straight.  

 

Figure G-9: The sample in the cylinder.   
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The height of the specimen is measured to 7.059 cm before it is placed on top of the lower 
compression head. Both parts are placed in a holder to make the further work easier.  

After the specimen is placed on the lower compression head, the upper head is placed. It is 
important that the drain channels in the upper and lover compression head are placed over 
each other. The filters are placed in a circular pattern and attached to the drain channels on 
the upper compression head cf. Figure G-10.  

 

Figure G-10: The specimen, after the filters have been attached.  

Then the O-rings, on the compression heads, are smeared with silicone fat.  

The membrane is placed inside a plexiglass tube and the end pieces of the membrane are 
pulled over the edge of the tube. Then vacuum is put to the chamber between the tube and 
the membrane which makes it possible to place the membrane over the specimen. Then the 
vacuum is removed and the membrane attaches to the specimen cf. Figure G-11.  
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Figure G-11: Placing of the membrane.  

After the first membrane is placed over the specimen, the entire surface is smeared with 
silicone fat. Then the second membrane is pulled over the first membrane in the same man-
ner. Then two rubber bands are placed over the membrane where it overlaps the compres-
sion heads.   

Afterwards, the specimen is taken out from the holder, and it is ready to be placed in the 
triaxial experiment machine. The sample is shown in Figure G-12.  

 

Figure G-12: The specimen after the membrane is placed.  

Arranging the Sample in the Triaxial Apparatus 
After the shaping, the sample is weighed. The computer which controls the test, is turned 
on, and the start values for the weight, height and diameter of the sample are typed in the 
program.  
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Then the sample is placed on the piston in the triaxial machine and all the hose assemblies 
are prepared cf. Figure G-13.  

 

Figure G-13: The hoses are assembled.  

The sample shall then be checked whether it is watertight or not, and a plexiglass cylinder 
is placed over the sample, cf. Figure G-14.  

 

Figure G-14: The sample after the cylinder is placed.  

A top cover is applied on the cylinder. Four bolts are used to hold it in place. Water is then 
filled up to half of the cell and a zero observation is made for the chamber pressure.  
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The top has a steel piece which under the experiment came in direct contact with the upper 
compression head. It is also possible to measure the vertical compression stress from this 
part of the apparatus, cf. Figure G-15.  

 

Figure G-15: The top head with the steel piece which measures the vertical load.  

The design of the steel profile is made so that the measured vertical force is independent of 
the chamber pressure.  

After the top is placed, the four bolts are tightened to make sure that the joints in the top 
are watertight. The cell is then filled with water.  

 

Figure G-16: The sample when the top has been placed.  

Through a system of filters the pore water pressure in the specimen can be measured. Be-
fore the experiments can be carried out, the specimen shall be saturated. This is done by 
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opening the filter channels and applying a backpressure inside the sample. When the sam-
ple is saturated it is ready for the experiment. 

G.3.2 Triaxial Results 
There are conducted three failure experiments on the same sample of clay. Every time, the 
sample is pre-consolidated isotropic to an effective stress at 784 kPa, where after it is 
unloaded to different isotropic stresses given in Table G-7 where the over consolidation 
rate also are given. 

Exp. no. σ3’ [kPa] OCR 
1 30 47 
2 382 5 
3 777 1 

Table G-7: Start stress for the experiments. 

The elastic modulus, E50, is for clay determined as the secant in the point where the piston 
pressure is half the maximum piston pressure, cf. Figure G-17. 
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Figure G-17: Stress strain curve with E50.  

In order to determine the cohesion and angel of friction, two different methods are consid-
ered. In both cases, the parameters are calculated using all three yield experiments. The 
first method is the Mohr-Coulomb technique, where the results are shown in Figure G-18. 
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Figure G-18: Mohr Coulomb. 

Another method is to plot the data from the yield experiment in a peff – q diagram. A line is 
then fitted to the yield values for the three experiments, cf. Figure G-19. This method also 
uses the Coulombs yield condition. 
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Figure G-19: p’ – q diagram. 

In Figure G-19, α is the angle between q axis and the fitted line and a is the intersection 
between the fitted line and the q axis. Using  (C.18) and (C.19), the triaxial friction angle 
and the cohesion can be determined, Ibsen, (2006).  

 ( ) ( )
3sin

1 6 tantrϕ
α

=
+ ⋅

 (C.18) 

 ( ) ( )tan tantr trc ' a α ϕ= ⋅ ⋅  (C.19) 
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The results for the two methods are shown in Table G-8. Notice that the results are equal to 
each other which are expected since both methods are built on Coulombs yield condition. 

 Φtr Ctr’ 
Mohr – Coloumb 30.5 22.6 
peff – q diagram 30.5 22.6 

Table G-8: Results from the two methods. 

By considering the three stress-strain curves, it is possible to determine the undrained co-
hesion for the three experiments. This is done by assuming that failure occurs at the maxi-
mum strain for the last experiment. Since, the other two experiments did not reach the 
same strain an interpolation is made. The interpolation is made by assuming that the three 
curves have the same form and then calculate an equal failure piston pressure. The differ-
ence in piston pressure for the last experiment, corresponding to the maximum value of 
strain for the last experiment, is used to lengthen the first two experiments to the maximum 
strain, cf. Figur G-20, where the dotted lines are the interpolation.   
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Figur G-20: Equivalent piston pressure. 

The undrained cohesion is then determined, as half the piston pressure, for the three failure 
values and the results are shown in Table G-9. 

σ3’ [kPa] cu [kPa] 
30 117 
382 543 
777 736 

 Table G-9:  The cu for the three experiments. 
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Finally, the undrained cohesion can be determined as a function of over consolidation rate 
(OCR) according to Stennefelt and Foged, (1992) by 

 0
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c
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c
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σ
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⎛ ⎞
⎜ ⎟
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⎜ ⎟
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 (C.20) 

where 
 oc  stands for over consolidated 
 nc  stands for normal consolidated 
 σ’v0 is the vertical effective in situ stress 
 σ’vc is the vertical effective preconsolidation stress 
 m is a fitting parameter 

Since, the sample in the experiment only was preconsolidated isotropic, σ’v0 is equal to the 
horizontal stress. Then m can be fitted to the three results by varying OCR. The three re-
sults are shown in Figure G-21 where the three results are the x. It appears that m equal to 
0.5 is the best fit. 
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Figure G-21: Fit of m. 

Hence, it is possible to estimate cu as a function of OCR, given by (C.21). 
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Since, the undrained cohesion varies down through the clay layer, and PLAXIS uses a 
fixed value for the undrained cohesion, one value is estimated. By using the results from 
lab. no. 060314, conducted by project group C129, and the present results; an estimation 
on the undrained cohesion is made. The data are given in Table G-10. 

Lab. No. 060311 060314 
m 0.5 0.5 
c’u,nc [kPa] 736 340 
σ’vc [kPa] 1400 900 

Table G-10: Data to determine the undrained cohesion.  

From the geotechnical report, it is known that the water content is nearly constant in the 
clay. This means that the undrained cohesion only depends on the effective stress in the 
layer. The results are shown in Figure G-22, with the estimated undrained cohesion at 150 
kPa. 
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Figure G-22: Estimation of undrained cohesion. 

From Table G-10, it is seen that the lower sample gives the lowest pre-consolidation stress. 
It is therefore assumed that the determination of the pre-consolidation stress is too low and 
therefore the estimation of the undrained cohesion is conservative for the lower part of the 
soil.  

G.4 Triaxial Experiment on Clay, CRS 
In this section, the data from the constant rate of strain, CRS, triaxial experiment is ana-
lyzed. By analyzing the data from the experiment, it is possible to determine the coefficient 
of earth pressure at rest together with the consolidation modulus for the reloading 
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branches. Three reloading branches are conducted in the drained triaxial experiment, also 
called continual odeometer experiment.  

G.4.1 Equipment and Configuration of CRS Experiment 
The continual odeometer experiment is performed in a triaxial apparatus together with the 
transducers, loading mechanism and sampling units as in the CV experiment, cf. Appendix 
G.3. The main difference between the triaxial experiment in Appendix G.3 and the present 
one is that the clay sample in the odeometer experiment is continual drained without being 
exposed to creep.  

After the calibration, the clay sample is shaped and mounted in the triaxial apparatus. The 
cell has the dimensions H x D equal to 20 x 70 mm. During the procedure, it is noted how 
much material that is used in the test, and a small sample is also used for a water content 
experiment. When the sample is mounted in the cell, the end face is planed and the cell is 
assembled with the rest of the triaxial apparatus. This involves the side pressure gauges 
and the pore pressure gauge in the lower pressure head, but also the transducers. After-
wards, the plexiglas cylinder is mounted and finally it is possible to fill the tank with water. 
Because the clay sample swells during the water saturation procedure, it is important to get 
the weight piston to load the sample until the vertical stress is about 20 kPa. Afterwards, 
the velocity of the piston is set to a desired value so the sample under the experiment at all 
times is drained. 

G.4.2 Results of the CRS Experiment 
As mentioned, the triaxial apparatus measures associated values of deformation, time, pore 
pressure, strain and stress, while the piston pressure is increased under a reloading experi-
ment. After a given strain is reached, the pressure is relieved on the sample in such a rate, 
that pore pressure keeps up with the state of stress in the sample. This procedure is done 
three times and the results are shown in Figure G-23.  
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Figure G-23: Mapping of the data from the CRS experiment. 
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From the data, it is possible to estimate a range of material parameters. These are all listed 
below and afterwards, each parameter is analyzed in the following sections. The main 
source is PLAXIS (2004). 

• Pre-loading stress, σ´pc 
• Modified Cam-Clay parameters λ* and κ* 
• Triaxial unloading/reloading stiffness, Eur 
• Primary odeometer loading stiffness, Eoed 
• Secant stiffness in standard drained triaxial, E50 
• Power for stress-level dependency of stiffness, m 
• Coefficient of earth pressure at rest, K0 

Pre-loading Stress in CRS Experiment 
From the data in the CRS experiment, it is possible to find and verify the pre-loading 
stress, σ´pc, also described in Appendix F. First of all, a tangent is fitted to the virgin part of 
the curve, whereas an initial value of σ´κ is found, cf. Figure G-24. 
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Figure G-24: Stress-Strain curve with estimation method of σ´κ. 

Starting the iteration from this value, the correct value of σ´κ is found, at which the primary 
branch becomes a straight line in the logarithmic system. This procedure is also called the 
Casagrande-Terzaghi method. The result is 

 ´ 762kPaκσ =  

Thereby, the pre-loading stress is found to 
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 ´ 2 ´ 2 762kPa 1524kPapc κσ σ= ⋅ = ⋅ =  

Another method is to plot the consolidation modulus as a function of stress, σ´3, cf. Figure 
G-25. 
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Figure G-25: Mapping of the consolidation modulus as a function of the effective stress. 

In Figure G-25, the stress at the lowest consolidation modulus is noted, because this by 
definition is a good approximation to the pre-loading stress. Thereby, the value is read to 
be 

 ´ 450kPapcσ =  

The estimated value of the pre-loading stress is still assumed to be too small, cf. Appendix 
F. 

Modified Cam-Clay Parameters in CRS Experiment 
Besides the pre-loading stress, it is possible to find the Modified Cam-Clay parameters for 
the Soft Soil Creep model, cf. Appendix H.3. The parameters consist of the modified 
swelling index, λ* and the modified compression index, κ*. The Modified Cam-Clay pa-
rameters also involve the modified creep index, μ*, but this value can only be found by the 
consolidation experiment mentioned in Appendix F, because the clay in the CRS experi-
ment does not creep. However, the result is mentioned in this section. 
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The modified swelling index, λ* and the modified compression index, κ* are mapped in 
Figure G-26. The values are estimated by mapping the consolidation strain as a function of 
the effective mean stress, and thereby finding the slope of the marked curves. Both pa-
rameters are non-dimensional. 
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Figure G-26: Stress-strain curve with the consolidation strain as a function of the mean stress. Three differ-

ent values are estimated for the modified compression index and for modified swelling index. 

The modified creep index, μ*, is found as the slope of the creep part of the time curves and 
is used to calculate the part of the deformations that comes from creep. The modified creep 
index is found from one of the time curves that have a long creep part, because it is more 
convenient to find the slope. Step no. 12 is chosen, because it fulfills the requirements, cf. 
Figure G-27. 
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Figure G-27: Time curve for load step no. 12, where the slope corresponds to the modified creep index. 

The modified creep index is found to 

 * 0.08716 0.09363 0.0032
log(30) log(3131)

μ −
= =

−
 

Unloading/Reloading Stiffness in CRS Experiment 
It is possible to find the triaxial unloading/reloading stiffness by the modified compression 
index, κ*. This is done by using the following equation 

 *
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⋅ ⋅ −
=  (C.22) 

where 
 pref is the reference confining pressure, i.e. 303 kPa, 1231 kPa and 3660 kPa 
 νur is the Poisson ratio for unloading/reloading, that is 0.2 

By use of equation (C.22), the reference value for the unloading/reloading is calculated, 
where the modified compression index is set to values from Figure G-26.   
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Primary Odeometer Loading Stiffness in CRS Experiment 
The primary odeometer loading stiffness is found by use of equation (C.23) and the modi-
fied compression index in Figure G-26.  
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The result is 
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Secant Stiffness in CRS Experiment 
The secant stiffness in standard drained triaxial, E50, is found by the undrained Young’s 
modulus in Appendix G.2. The modulus is estimated in this section, because it is a parame-
ter that depends on the results from the odeometer experiment, specific the bulk modulus. 
The value is estimated by the following equations  

 50 50,
2(1 ')

3
ref

uE Eν+
=  (C.24) 

where  
 Eref

50 is the drained secant stiffness 
 Eref

50,u is the undrained secant stiffness  
 ν´ is the effective Poisson ratio 

All values, except the effective Poisson ratio, are known, and to calculate the values for 
E50, the following equations are utilized, cf. Budhu (2007). 
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where 
 νu is the undrained Poisson ratio, which is 0.495 
 K´ is the effective bulk modulus 
 G is the shear modulus 
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Three values for the shear modulus are estimated to its belonging value of undrained secant 
stiffness, E50, cf. Table G-11. 

Secant stiffness, E50,u [kPa] Shear modulus, G [kPa] 
14400 4817 
61400 20535 
106300 35552 

Table G-11: The secant stiffness and the shear moduli. 

Now, the first step is to estimate the effective bulk modulus, which is done for the odeome-
ter experiment. A mapping of the axial strain, equal to the volumetric strain, as a function 
of the deviatoric stress, p´ is performed, but not shown. Hereby, a bulk modulus for each 
load state can be derived, and the results are given in Table G-12. 

 

Bulk modulus [kPa] 
K’1 11420 
K’2 36667 
K’3 82857 

Table G-12: Determination of bulk moduli. 

The second step is to calculate the three values for Poisson ratio by (C.26), cf. Table G-13. 

Poisson ratio [-] 
ν’1 0.31 
ν’2 0.26 
ν’3 0.31 

Table G-13: Determination of the effective Poisson ratio. 

Finally, the drained secant stiffness’ can be calculated by equation (C.24) and the result is 
given in Table G-14. 

Effective drained secant stiffness, E´ [kPa] 
E’1 12576 
E’2 51576 
E’3 92835 

Table G-14: Determination of the effective drained secant stiffness. 

Power m for Stress-level Dependency of Stiffness in CRS Experiment 
The power for stress-level dependency of stiffness in the CRS experiment, is a parameter 
that belongs to the Soft Soil Creep model, cf. Appendix H.3. The parameter is determined 
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by an iterative procedure, where m is varied until the error between known and calculated 
values of stiffness moduli is as small as possible. The used stiffness’ are the moduli for the 
primary loading, E50, and unloading/reloading Eur, which are estimated by the equations 

 3
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where 
 pref is the reference confining pressure belonging to 50

refE  
 50

refE  is the reference stiffness modulus 

The actual stiffness depends on the minor principal stress, σ´3, which is the confining pres-
sure in the triaxial experiment. The amount of stress dependency is given by the power m. 
The procedure to estimate the power m is at first to choose belonging reference values of 
E50 and σ´3. Also, the determined values of c and φ from Appendix G.3 are used, besides 
the reference confining pressure. Finally, different values of the power m are used to calcu-
late the error between the calculated stiffness and the reproduced stiffness’, cf. Figure 
G-28. 
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Figure G-28: Mapping of the error as a function of the power m. 

This procedure is also used for the unloading/reloading modulus, and the sum of two stiff-
ness’ errors is shown in Figure G-29, whereas the most optimal value for the power m is 
0.84. 
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Figure G-29: Error of stiffness modulus for clay. 

Coefficient of Earth Pressure at Rest in CRS Experiment 
It is possible to find the alpha parameter, α, for the coefficient of earth pressure at rest by 
use of the data of the CRS experiment. The procedure is to map the relation σ´3/σ´pc as a 
function of σ´1/σ´pc and then map the following equation for varying values of alpha, α.  

 0 0ncK K OCRα=  (C.29) 

The coefficient of earth pressure at rest for normal consolidated soil, K0nc, is estimated by 

 0 1 sin ´ 1 sin(30.5 ) 0.492nc trK ϕ= − = − ° =  (C.30) 

Hereby, it is possible to find the value for K0 or more precise the relation between σ´3 and 
σ´1. By inserting known values of σ´1, calculated values of σ´3 can be found 
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where 
 ´i

pcσ  is the pre-loading stress in each of the three failure state, cf. Figure G-30 
 pcσ  is the largest pre-loading stress the sample has noticed, that is 1400 kPa 
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Figure G-30: Stress-strain curve with mapped values of the pre-loading stress for each unloading/reloading 

experiment. 

The values are mapped with the data from the odeometer experiment, and the best fit is 
calculated for the two last reloading/unloading branches, cf. Figure G-32. The first unload-
ing/reloading branch is not used, because it is too inaccurate and the best fit is made with 
an alpha parameter equal to 0.4. 
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Figure G-31: Mapping of the horizontal stress as function of the vertical stress. The points marked with dots 

are calculated with an alpha value equal to 0.4 and fitted to the second unloading/reloading curve.  
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Figure G-32: Mapping of the horizontal stress as function of the vertical stress. The points marked with dots 

are calculated with an alpha value equal to 0.4 and fitted to the third unloading/reloading curve. 
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Appendix H Numerical Models 
In the project, it is chosen to use PLAXIS to calculate model settlements and load-failure 
by use of numerical analysis. PLAXIS is a finite element program and is developed to ana-
lyze geotechnical problems. The program models soil problems by use of two-dimensional 
tools, such as plane strain state and axial symmetric state. The plane strain state is utilized 
for geometries with identically cross sections and belonging stress states, while the axial 
symmetric state is used for circular structures with a uniform radial cross section. Also, the 
axisymmetric state is only valid for vertical loads. [PLAXIS 2004]  

In the project, both of the states are used. The wind turbine foundation has a circular shape, 
but because the structure is loaded by both vertical and horizontal forces, the plane strain 
state is used. The triaxial apparatus, mentioned in Appendix G, is used to test the sand and 
clay from the location. It is possible to verify these tests in PLAXIS with use of the axi-
symmetric state, because the deformation and stress state are assumed to be identical in 
any radial direction. The model is shown in Figure H-1.  

 

y

x

 
Figure H-1: Illustration of axisymmetric state.  

The shown models results in a two dimensional finite element analysis with two degrees of 
freedom per node. A 15-node triangular element is used to model the soil layers and other 
volume clusters. This type of element is accurate and produces high quality stress results 
for complex problems, but the downside is the high demand of memory capacity. 
[PLAXIS, 2004] 

The finite elements are combined with soil models in order to form the basis of the calcula-
tion procedure. Each soil model is build from a set of mathematical equations that de-
scribes the relationship between stress and strain. This is primarily done in infinitesimal 
increments. In the following, each utilized material model is described which is Mohr-
Coulomb, Hardening-Soil and Soft Soil Creep and the main source is PLAXIS (2004). 
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H.1 Mohr-Coulomb 
The elastic-plastic Mohr-Coulomb model represents a first-order approximation of soil and 
rock behavior, cf. Figure H-2. 
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Figure H-2: Results from standard drained triaxial test and elastic plastic model. 

In Figure H-2, the linear elastic-perfectly plastic behavior is seen, where plasticity is asso-
ciated with the development of irreversible strains. In order to evaluate whether or not 
plasticity occurs in a calculation, a yield function, f, is introduced as a function of stress 
and strain. A yield function can often be presented as a surface in principal stress space. A 
perfect-plastic model is a constitutive model with a fixed yield surface, i.e. a yield surface 
that is fully defined by model parameters and not affected by plastic straining. For stress 
states represented by points within the yield surface, the behavior is purely elastic and all 
strains are reversible, cf. Figure H-3. 

 
Figure H-3: The Mohr-Coulomb yield surface in principal stress space with c = 0. 
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From Figure H-3, it is seen that the full Mohr-Coulomb yield surface in a Cartesian coor-
dinate-system, with primary stresses as axis, is a hexagonal cone. Elastic materials re-
sponses are characterize by non-existing deformations, while plastic materials have irre-
versible deformation, i.e. permanent strain. 

Also, the Mohr-Coulomb model accounts for non-associated flow, i.e. φ ≠ ψ, besides ordi-
nary associated flow. Non-associated flow is relevant for granular materials, concrete and 
rock, because sand dilates under shear. Thereby, the potential function, g, which defines a 
surface to which the plastic strain increments are perpendicular, does not coincide with the 
yield function. For undrained clay, the associated flow theory is a good assumption, and 
thereby f equals g. Both situations are illustrated in Figure H-4. 
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δσαβ

p dεαβ=dλ δp
δσαβ

p

 
Figure H-4: Illustration of associated and non-associated plasticity. 

The weakness of the Mohr-Coulomb model is that the model does not account for phe-
nomenons like volume hardening, shear hardening, different response in primary loading 
and elastic unloading/reloading. Besides these weaknesses it is necessary to implement 
Tension Cut-off in the theory, because the majority of soils cannot sustain tension. Tension 
Cut-off is shown in Figure H-5, where the tension, σt, can be defined. 
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Figure H-5: Illustration of tension cut-off. 

The elastic-plastic Mohr-Coulomb model involves five input parameters, i.e. E and ν for 
soil elasticity; φ and c for soil plasticity and ψ as an angle of dilatancy. For each layer a 
constant average stiffness is estimated. Besides the five model parameters mentioned 
above, initial soil conditions play an essential role in soil deformation problems. Initial 
horizontal soil stresses have to be generated by selecting proper Ko-values. 

H.2 Hardening Soil 
The Hardening-Soil model is an advanced model for simulation of soil behavior. It de-
scribes both soft and hard soil, i.e. sand and clay, and is based on a combination of the 
Mohr-Coulomb model with shear hardening and a modified Cam-Clay model with volume 
hardening. It is important to note that the modified Mohr-Coulomb theory is introduced, 
because the Cam-Clay model is not good to model sand. Sand dilates when exposed to 
shear, and therefore εv ≠ 0 in the critical state, which the Cam-Clay cannot model. Contrary 
to an elastic perfectly-plastic model, the yield surface of a hardening plasticity model is not 
fixed in principal stress space. Instead, it can be expanded due to plastic hardening and 
compression hardening, also called isotropic hardening.  

In the Hardening-Soil model, ultimate stress state are not described by means of the fric-
tion angle, the cohesion and the dilatancy. However, the soil stiffness is described by using 
three different input stiffness’s; the secant stiffness in standard drained triaxial test, E50, the 
triaxial unloading/reloading stiffness, Eur, and the primary odeometer loading stiffness, 
Eoed. The values are all found from triaxial experiments and are reference values, because 
the Hardening-Soil model accounts for stress-dependency of stiffness moduli. This means 
that all stiffness increase with pressure. The values are changed by the following equations, 
but also illustrated in Figure H-6. 

 3
50 50

cos ´ sin
cos sin

m
ref

ref

cE E
c p

ϕ σ ϕ
ϕ ϕ

⎛ ⎞−
= ⎜ ⎟−⎝ ⎠

 (C.31) 



Appendix H – Numerical Models 

269 

 3cos ´ sin
cos sin

m
ref

ur ur ref

cE E
c p

ϕ σ ϕ
ϕ ϕ

⎛ ⎞−
= ⎜ ⎟−⎝ ⎠

 (C.32) 

 3cos ´ sin
cos sin

m
ref

oed oed ref

cE E
c p

ϕ σ ϕ
ϕ ϕ

⎛ ⎞−
= ⎜ ⎟−⎝ ⎠

 (C.33) 

 
Figure H-6: Stress-strain relation in primary loading for a standard drained triaxial wxperiment. 

Also, the reference values for the stiffness moduli can be modeled by the modified Cam-
Clay parameters by the compression index, λ*, and swelling index, κ*. However, the use of 
Cam-Clay parameters are only utilized in the Soft Soil Creep model, see Appendix H.3. 

The model takes the following properties into consideration 

• Stress dependent stiffness 
• Plastic strain due to shear 
• Plastic strain due to compaction 
• Elastic unloading/reloading 
• Shear failure according to Mohr-Coulomb 

The Hardening-Soil model involves seven input parameters. Three strength parameters, 
cref, φ and ψ and four stiffness parameters, E50,ref, Eur,ref, Eoed,ref and m, where m is the power 
for stress-level dependency of stiffness. 

Finally it is noted, that the downside of the Hardening-Soil model is that it does not ac-
count for softening due to soil dilatancy. Thereby, it neither models hysteretic, cyclic load-
ing nor cyclic mobility. 

H.3 Soft Soil Creep 
Soft Soil Creep is a more complex model than the above mentioned Hardening-Soil model, 
when it comes to clay, silts and peat, because it incorporate time dependent behavior. The 
Hardening-Soil model is suitable for all soils, but it does not account for example creep 
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and stress relaxation. For this reason, the Hardening-Soil model cannot model the consoli-
dation experiment, specific the secondary-compression, in which case the Soft Soil Creep 
theory is used. As the Mohr-Coulomb model, proper initial soil conditions are also essen-
tial when using the Soft Soil Creep model. This includes data on the preconsolidation 
stress. 

With regards to the stiffness moduli, the parameters are all modeled by the Cam-Clay pa-
rameters, give by the equations 

However, in the Soft Soil Creep model all moduli are described by the modified Cam-Clay 
parameters instead of the original. The difference between the modified indices and the 
original Cam-Clay parameters are that the latter parameters are defined in terms of the void 
ratio e instead of the volumetric strain εv. These are visualized in Figure H-7 and given by 
the following equations 

 *

1 e
λλ =
+

 (C.34) 

 *

1 e
κκ =
+

 (C.35) 

Primary loading

εv

ln(p´)

unloading/reloading

κ∗
1

1

λ∗

pp  
Figure H-7: Logarithmic relation between volumetric strain and mean stress.  

where 
 λ* is the modified compression index 
 κ* is the modified swelling index 

The models qualities are as follows 



Appendix H – Numerical Models 

271 

• The stiffness depends of the stress 
• Difference between primary loading and off and re-loading 
• Pre loading stress is remembered 
• Failure mode as the Mohr-Coulomb criteria 
• Secondary consolidation, creep, is taken into consideraton 

The Soft Soil Creep model involves six input parameters. Three failure parameters for the 
Mohr-Coulomb part, c, φ and ψ and three basic stiffness parameters λ*, κ* and μ*, where the 
last one is the modified creep index. The last three parameters can be obtained both from 
an isotropic compression test and an odeometer test, cf. Appendix G.4. 

The limitations from the Hardening Soil models are also limits in this model. Furthermore, 
the model tends to over-predict the elastic soil behavior. 
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Appendix I Calibrating PLAXIS by use of 
Triaxial Experiments 

In this section, PLAXIS is calibrated by use of the soil parameters from the triaxial ex-
periment. The procedure is to examine if the triaxial results agree with numerical models 
by use of the soil parameters found in Appendix E, Appendix F and Appendix G. 

I.1  Calibration of Sand 
When simulating the triaxial experiments in PLAXIS, the simulation is divided in two 
phases. The first is a consolidation phase, where the chamber pressure σ3’ is induced. 
Hereafter, a loading phase is applied. This is done in two different ways for the two mate-
rial models. For the Mohr-Coulomb model, the loading is force-controlled, i.e. the piston 
pressure is increased until failure occurs. For the hardening soil model the loading is de-
formation-controlled in order to get a satisfactory description of the yielding phase. Six 
simulations are executed, three for each sand type with the chamber pressures 50, 100 and 
300 kPa. 

I.1.1  Mohr-Coulomb 
The parameters used in the Mohr-Coulomb model are shown in Table I-1. 

 Sand 49 Sand 61 
Chamber pressure  [kPa] 50 100 300 50 100 300 

E50 [kPa] 27400 32600 72200 7300 12100 20800 
C  [kPa] 0 0 0 13.8 13.8 13.8 
φtr [°] 42 42 42 35 35 35 
Ψ [°] 17 21 17 11 6 6 
ν [-] 0.21 0.21 0.21 0.22 0.22 0.22 

Table I-1: Parameters for the Mohr-Coulomb model. 

For sand 49, the stress-strain curves computed with PLAXIS is plotted against the stress-
strain curves found from the experiments in Figure I-1, where the dashed lines are the 
Mohr-Coulomb model. 
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Figure I-1: Stress-strain curves for sand 49 with Mohr-Coulomb. 

From the stress-strain curves it is seen that there is a good correlation between the primary 
loading branches on the lower half of the elastic part. This is expected, since the Young’s 
modulus was found as the secant through 50 % of the failure load. On the upper half of the 
elastic part, a significant deviation is observed. This is due to the Mohr-Coulomb model 
not accounting for hardening of the soil. The deviation can also come from the model is 
not able to describe the pre-consolidation, made by the compression of the sample. The 
conclusion is that the Mohr-Coulomb model is a simple method to quickly get a failure 
load, as the model does not demand a lot of computation power. 

I.1.2  Hardening Soil 
Before using the hardening soil model, the power m is determined. This is done by utiliz-
ing equations (C.31) and(C.32).  

For given reference values of the power m, Young’s modulus and reference pressure pref, 
three different stresses, σ3’, are inserted. The error between the calculated and the experi-
mentally determined Young’s modulus is then calculated for each σ3’ as well as the sum of 
the errors in the three cases. This is done for values of m between 0 and 1. For E50 for sand 
49 the result is shown in Figure I-2. 
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Figure I-2: Error of secant modulus for sand 49. 

This procedure is carried out for both the secant modulus and the un-/reloading modulus. 
The sum of these two errors is shown in Figure I-3, and m is chosen as the value with the 
lowest error. 
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Figure I-3: Total error for sand 49. 

The results are shown in Table I-2 

 Sand 49 Sand 61 
m 0.60 0.47 

Table I-2. Power m for Sand 49 and Sand 61. 

The parameters used in the hardening soil model are summarized in Table I-3. 
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 Sand 49 Sand 61 
Chamber pressure  [kPa] 50 100 300 50 100 300 

E50 [kPa] 27400 32600 72200 7300 12100 20800 
Eur [kPa] 69000 163000 264500 49000 106000 120000 
Eoed [kPa] 35500 42500 59400 25700 28700 39700 

c [kPa] 0 0 0 13.8 13.8 13.8 
φtr  [°] 42 42 42 35 35 35 
Ψ [°] 17 21 17 11 6 6 
ν [-] 0.21 0.21 0.21 0.22 0.22 0.22 
m [-] 0.60 0.60 0.60 0.47 0.47 0.47 

Table I-3: Parameters for the hardening soil model. 

For sand 49, the stress-strain curves computed with PLAXIS are plotted against the stress-
strain curves found from the experiments in Table I-3, where the dashed lines are the hard-
ening soil model. 
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Figure I-4: Stress-strain curves for sand 49 with hardening soil. 

From the stress-strain curves, it is seen that the hardening soil model describes the shape of 
the stress-strain curve far better than Mohr-Coulomb. It is noted that the model is conser-
vative for small values of the chamber pressure, as the model yields a lower failure load 
than experiments. A disadvantage with the hardening soil model is that it requires many 
parameters compared to Mohr-Coulomb. 
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In the following, the hardening soil models ability to describe the dilatation of the sand is 
investigated. In Figure I-5, the volume strain is plotted against the axial strain. The dashed 
lines are the results from the hardening soil model. 
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Figure I-5: Dilatation curve for the three experiments. 

From Figure I-5, it is seen that the hardening soil model simulates the same dilatation angle 
as the experiments, except for chamber pressure of 100 kPa, but there is a significant dif-
ference when the model dilate and the experiments dilate. This can be due to the compac-
tion of the sand, which yields a pre-consolidation, which cannot be simulated properly by 
PLAXIS 

The hardening soil model is good at describing the stress-strain curve of the soil, and it is 
therefore, recommended to used when the hardening process of the soil is essential. 

I.1.3  Reference Parameters  
In Appendix F.4, the lateral stress in the middle of the sand layer is found to be approxi-
mately 50 kPa. Therefore, the parameters corresponding to a chamber pressure of 50 kPa is 
utilized. The values used is for sand 61 and they are summarized in Table I-4 
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 Mohr-Coulomb Hardening-Soil 
E50 [kPa] 27400 27400 
Eur [kPa] - 69000 
Eoed [kPa] - 35500 

c [kPa] 0 0 
φtr  [°] 42 42 
Ψ [°] 17 17 
ν [-] 0.21 0.21 
m [-] - 0.60 

Table I-4: Reference parameters for sand. 

I.2  Calibration of Clay 
The triaxial test of clay is simulated in the following. The procedure follows the one de-
scribed in Appendix G.4, except that the Soft Soil Creep model is different from Mohr-
Coulomb and Hardening Soil. In the two latter, the chamber pressure is applied, hereafter a 
consolidation phase is applied. Finally, a deformation phase is applied. The consolidation 
time is set to 1 day with a very high permeability for the soil, because the time curves are 
of no interest in this analysis. For the Soft Soil Creep model, the chamber pressure is ap-
plied, then a consolidation phase, hereafter an isotropic loading corresponding to the pre-
consolidation is applied followed by a consolidation phase. Then, the load is again set to 
the chamber pressure, and again followed by a consolidation phase before applying a dis-
placement to obtain the stress-strain curve. The objective is to execute nine simulations, 
three for the clay with the chamber pressures 30, 382 and 777 kPa. 

I.2.1 Mohr-Coulomb 
The input parameters used in the Mohr-Coulomb model is shown in Table I-1. 

Chamber pressure [kPa] 30 382 777 
E50 [kPa] 12600 51600 92800 
c [kPa] 117 543 736 
φtr  [°] 30.5 30.5 30.5 
ψ  [°] 0 0 0 
ν  [-] 0,32 0,26 0,31 

Table I-5: Parameters for the Mohr-Coulomb model. 

When inserting the input parameters in PLAXIS, the stress-strain curves do not match the 
experimental results very well, cf. Figure I-6. The dashed lines are the Mohr-Coulomb 
models. 
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Figure I-6: Stress-strain curves for Mohr-Coulomb. 

Provided that the foundation is placed, the vertical stresses in the clay are found to be in 
the area corresponding to a chamber pressure of 30 kPa, cf. Appendix F.4. Therefore, the 
input parameters are fitted to the single stress-strain curve, cf. Figure I-7. 
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Figure I-7: Fitted Mohr-Coulomb stress-strain curve for a chamber pressure of 30 kPa. 
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The fitted parameters are listed in Table I-6. 

Chamber pressure [kPa] 30 
E50 [kPa] 12600 
c [kPa] 65 
φtr  [°] 30.5 
ψ  [°] 0 
ν  [-] 0,32 

Table I-6: Fitted parameters for the Mohr-Coulomb model. 

I.2.2 Hardening Soil 
The input parameters to the hardening soil model are shown in Table I-3. 

Chamber pressure [kPa] 30 382 777 
E50 [kPa] 12576 51576 92835 
Eur [kPa] 47489 123788 346737 
Eoed [kPa] 6733 21224 31826 

c [kPa] 117 543 736 
φtr [°] 30.5 30.5 30.5 
ψ [°]   0 0 0 
ν [-] 0,32 0,26 0,31 

m  [-] 0,84 0,84 0,84 
pref [kPa] 30 382 777 

Table I-7: Parameters for the hardening soil model. 

Like it was the case for the Mohr-Coulomb model, the input parameters needs to be fitted 
to match the experimental stress-strain curves. It is not possible to get a single set of pa-
rameters to cover all three experiments. Therefore, one set of parameters is fitted to the ex-
periment with a chamber pressure of 30 kPa, like it was the case for Mohr-Coulomb. 

The fit is shown in Figure I-8 where the dashed line is the Hardening Soil model and the 
fitted parameters are listed in Table I-8 
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Figure I-8: Fitted Hardening Soil  stress-strain curve for a chamber pressure of 30 kPa. 

Chamber pressure [kPa] 30 
E50 [kPa] 15000 
Eur [kPa] 15000 
Eoed [kPa] 50000 

c [kPa] 0,85 
φtr [°] 60 
ψ [°]   30,5 
ν [-] 0 

m  [-] 0,15 
pref [kPa] 30 

Table I-8: Fitted parameters for the hardening soil model. 

From the stress-strain curve in Figure I-8 it is noted that Hardening Soil model slightly un-
derestimates the bearing capacity. 

I.2.3 Soft Soil Creep 
The input parameters to the Soft Soil Creep model are shown in Table I-9 
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Chamber pressure 30 382 777 
λ*  [-] 0.045 0.058 0.115 
κ* [-] 0.0115 0.0179 0.019 
μ* [-] 0.0032 0.0032 0.0032 

c [kPa] 117 543 736 
φtr  [°] 30.5 30.5 30.5 
ψ [°] 0 0 0 
ν [-] 0.2 0.2 0.2 

Table I-9: Parameters for the Soft Soil Creep model. 

Like it was the case for the Mohr-Coulomb and Hardening Soil models, the input parame-
ters needs to be fitted to match the experimental stress-strain curves. Again, it is not possi-
ble to get a single set of parameters to cover all three experiments. Therefore, one set of 
parameters is fitted to the experiment with a chamber pressure of 30 kPa, like it was the 
case for Hardening Soil. 

The fit is shown in Figure I-9, where the Soft Soil Creep model is the dashed line. The fit-
ted parameters are shown in  
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Figure I-9: Fitted Soft Soil Creep stress-strain curve for a chamber pressure of 30 kPa. 
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Chamber pressure 30 
λ*  [-] 0.045 
κ* [-] 0.0115 
μ* [-] 0.0032 

c [kPa] 117 
φtr  [°] 30.5 
ψ [°] 0 
ν [-] 0.2 

Table I-10: Fitted parameters for Soft Soil Creep model. 
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Appendix J Geotechnical survey 
The purpose of the geotechnical survey is to summarize the geotechnical data from the lo-
cation at Frederikshavn. All data and their theoretical background, together with the be-
longing experiments, are described in Appendix E to Appendix I, and the data are used to 
form the basis of the foundation dimensioning.  

J.1 Information of the project at Frederikshavn 
It is the assignment to erect four new offshore wind turbines, at the harbor, at Frederik-
shavn. The old wind turbines form a line of orientation at the location, and it is chosen to 
follow this line. 

In the area of interest, four geotechnical borings have been carried out by Geoteknisk Insti-
tut, GEO, cf. Figure J-1. All borings reach level -30 (DNN) and some intact samples have 
been taken. The four borings are identified with the letter A in Figure J-1. The boring used 
in the project is number 5 in Figure J-1. Furthermore, another boring from Frederikshavn is 
used. This is conducted by Andreasen & Hvidberg A/S near boring no. 1A.  

 
Figure J-1: The location of the four borings on the contour map of the sea bed. 

Coordinates the utilized borings are listed in Table J-1, according to ED50, system 34 Jut-
land/Funen.  
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Boring no. x-coordinat y-coordinat 
1A 199 179 335 600 
2A 198 983 335 394 
3A 198 786 335 187 
4A 198 590 334 981 
5 198 191 334 882 

103 NA NA 

Table J-1: Coordinates for each boring. 

J.2 Scope of the Survey 
As earlier described, GEO has carried out four borings at the location, while Andreasen & 
Hvidberg A/S has conducted one boring. The wind turbine is to be placed at a location near 
boring no. 5, Geoteknisk rapport (1974). However, since there are no available samples 
from this boring, the samples from boring no. 3 and boring no. 4 in the Geoteknisk rapport 
(2002) are used to analyze the clay. Furthermore, the sand from boring no. 103, sample 
number 49, conducted by Andreasen & Hvidberg A/S (2003), is used for the upper sand 
layer since these are from the same deposit. The mentioned assumptions are expected to be 
permissible since all borings are conducted in the same area. 

In the given survey, all the mentioned borings will be taken into consideration, but it is im-
portant to note that the results are based on the data analyzed from boring no. 4, intact 
sample no. 6. However, four other project groups have analyzed data from the following 
borings; cf. Table J-2.  

Boring no. Sample no. Type of sample DNN Experiment/-s 
103 49 Sand -6.2 Triaxial, Odeometer and classification 
103 61 Sand -12.0 Triaxial, Odeometer and classification 
3 67 Clay -11.5 Triaxial: CV and CRS 
4 6 Clay -7.8 Triaxial: CV and CRS 
4 16 Clay -12.7 Triaxial: CV and CRS 

Table J-2: Borings and experiment for the geotechnical survey. 

The data from all the samples are used to make a fully developed geotechnical survey for 
boring no. 5, where the background is triaxial experiments, odeometer experiments and 
classification experiments. The basis for the survey is bag samples and intact samples from 
the borings. A selected portion of these are analyzed at the geotechnical laboratory, Aal-
borg University. 

J.3 Description of soil layers at the location 
From the three borings, it is possible to make a general statement of the soil layers. The 
upper part of the layers exists of Post Glacial marine sand deposits, i.e. sand with fine 
coarse, and some places the sand contain shells. Afterwards, a thin layer of unsorted sand 
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is found, and thereafter layers of Late Glacial marine silt, which primary is quit sandy. Un-
derneath these layers, firm Inter Glacial deposits of predominantly fat clay with spots of 
sand are found. 

J.4 Results and foundation conditions 
In the following section, the results from the geotechnical experiments are discussed and 
the recommended characteristic soil parameters are listed. The boring profile of interest is 
illustrated in Figure J-2. 

Boring record no. 5

-21.2

-13.5

-8.4

-6.2

Post Glacial:
SAND, intermediate grained, some shells

Glacial:
CLAY, rather fat, some shells

       some sand stripes (fine)

Glacial:
CLAY, rather fat, some sand stripes (fine)

       some humus parts
       
       deposits of sand may occur
       indication of cracks

 
Figure J-2: Boring no. 5, the design subsurface for the new wind turbines. 

The characteristic depths of the soil strata are marked in Figure J-2, and it is seen that the 
two clay layers are rather identical. Because of the similarity, the layers are thought as one 
homogeneous layer. Clay from both depths is analyzed in the following section, whereas it 
can be analyzed if it is a good approximation. However, the first step is to analyze the sand 
layer.   

J.4.1  Parameters for the Sand Layer 
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The experiments on the sand samples are carried out in Appendix G. The experiments con-
sist of a triaxial experiment, an odeometer experiment and some classification experiments, 
where the latter is not conducted by this project group. However, the results conform to the 
other two experiments. 

The sand from boring no. 103, sample no. 49 is from the same deposit as the Post Glacial 
sand in boring no. 5. Therefore, it is assumed that the properties are the same for the two 
sand layers. Thereby, sample no. 61 is not used, because it is from a greater depth and con-
tains a large quantity of silt, which is not the case for the upper sand layer in boring no. 5. 

The estimated soil parameters from boring no. 49 are listed in Table J-3, cf. Appendix G, 
where the basis is the lateral stress in the middle of the sand layer calculated for the situa-
tion with a foundation placed on the soil layer.   

Soil parameter Value 
γ [kN/m3] 19 
E50 [kPa] 27400 
Eur [kPa] 69000 
Eoed [kPa] 35500 
φtr [º] 42 
c´ [kPa] 0 
ψ [º] 17 
ν [-] 0.22 
m [-] 0.47 

Table J-3: Characteristic parameters of the sand from boring no. 49. 

J.4.2  Parameters for the Clay Layer 
As described in the introduction to section J.4, the clay layers are thought as one homoge-
neous layer. First of all, the experiments from boring no. 3, sample 67, are not used, be-
cause the clay layer does not indicate any considerable trace of silt. The grain fractions, 
analyzed for the clay sample, shows that it contains a large fraction of silt in proportion to 
the two clay samples from boring no. 4 and the description of the clay layer from boring 
no. 5. Therefore, the clay layer is described with use of the samples from boring 4, because 
both samples contain an equal fraction of respectively silt and clay. 

The characteristics of the clay from Appendix F suggest that the clay has been exposed to a 
large pre-loading stress in the Inter Glacial Period. This issue can be analyzed by utilizing 
the pre-loading stresses from the consolidation experiment and an odeometer experiment, 
cf. Table J-4, Appendix G. 

 Sample no. for boring 4 In-situ stress, σ´in,situ [kPa] Pre-loading stress, σ´pc [kPa] 
6 28 1000-1756 

16 82 801-1154 

Table J-4: Pre-loading stress for samples in boring no. 4. 



Appendix J – Geotechnical survey 

289 

It is important to note that the pre-loading stress is larger in the upper layer than the lower 
layer. This result is a bit odd, because the lower layers must, as a minimum, have been ex-
posed to the same pre-loading stress as the upper layers. The reason for the result can be 
that the clay sample no. 6 is from the top part of the strata in boring 4, which in the Inter 
Glacial time could have been exposed to some outer locally conditions. Some of the obser-
vations under the experiments confirm this conclusion. For example, the clay sample did 
swell a lot more than the other samples in the consolidation experiment. For this reason, it 
is recommended that the top 2 m of the clay layer is analyzed by sample no. 6 and the rest 
by sample no. 16, cf. Figure J-3. 

-8.4

-6.2

Post Glacial:
SAND, sample no. 49

Glacial:
CLAY, sample no. 6

Glacial:
CLAY, sample no. 16

-10.4

 
Figure J-3: Boring no. 5, with the marked strata an belonging sample. 

First of all, the basic classification results are listed in Table J-5, cf. Appendix E. 

Soil values Sample no. 6 Sample no. 16 
γ [kPa] 20.8 20 
Clay fraction [%] 52 65 
Silt fraction [%] 40 30 
wl [%] 50 56.9 
wp [%] 28.8 27.4 
w [%] 23.3 23.0 

Table J-5: Basic soil values for the clay samples from boring no. 4. 

Second, the consolidation modulus is commented. From the consolidation experiment and 
triaxial experiment it is known that the consolidation modulus with a good approximation 
rises when the effective axial stress is increased. The moduli are listed for one state, the in-
situ stresses, but can be corrected if another stress state is ensured, cf. Table J-6. In the 
same table, the hydraulic conductivity, k, and the hydraulic coefficient, ck10, are listed. The 
latter is independent of the stress state. 
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Boring no. 4, in-situ state Sample no. 6 Sample no. 16 
K [kPa] 22789 15432 
k [10-11 m/s] 3.95 0.382 
Ck10 [10-7 m2/s] 3.21 4.75 
Q [%] 10.4 10.4 

Table J-6: Pre-loading stress for samples in boring no. 4. 

In continuation of the consolidation modulus, the three stiffness moduli, E50, Eur and Eoed, 
together with the modified Cam-Clay values, are determined. As for the consolidation 
modulus, the stiffness moduli changes when the stress state is changed. Again, it is as-
sessed that the relevant parameters must be for the in-situ stress state. The mentioned pa-
rameters and the associated soil parameters are listed in Table J-7. 

Boring no. 4 Sample no. 6 Sample no. 16 
κ* [-] 0.0115 0.0179 
λ* [-] 0.045 0.359 
μ* [-] 0.003 0.003 
m [-] 0.84 0.81 
E50 [kPa] 14400 16700 
E50

ref [kPa] 12576 10200 
Eur

ref [kPa] 47489 30600 
Eoed

ref [kPa] 6733 10700 
ν [-] 0.32 0.3 
νur [-] 0.2 0.2 
νu [-] 0.495 0.495 

Table J-7: Stiffness moduli and Cam-Clay parameters together with the soil parameters. 

Finally, the strength parameters of the soil are analyzed. The results from the two triaxial 
experiments suggest that an undrained cohesion at 150 kPa is used for the clay. It is 
checked, that the cohesion only is dependent of the stress states in the soil, by plotting the 
water content down through the clay layer. Because the water content is almost constant 
down through the layer, the cohesion is not affected by this parameter. The suggested value 
of the undrained cohesion is confirmed with a performed vane experiment at the location, 
cf. Geoteknisk rapport (2002), where the undrained cohesion in average is about 600 kPa. 
This value corresponds to a factor 4 between the undrained cohesion found in the triaxal 
experiment and the vane experiment, which indicate that the clay is cracked. This is also 
expected because of the high pre-loading stress. After the pre-loading was removed, the 
effective horizontal stress became dominant and cracks were formed. Also, the two other 
strength parameters for the Inter Glacial clay, i.e. the angle of friction and angle of dilata-
tion, together with the coefficient of earth pressure at rest, are estimated and listed in Table 
J-8, where the documentary is given in Appendix G. The parameters are assumed identical 
for both layers. 
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 Inter glacial clay In-situ value 
cu,tr [kPa] 150 
cref [kPa] 22.6 
φtr [◦] 30.5 
ψ [◦] 0 
K0

nc [-] 0.51 
α [-] 0.4 

Table J-8: characteristic values for inter glacial clay. 

J.5 Recommendations 
As relevant dimensioning basis, Danish Standards norm for foundation, DS415, is sug-
gested. However, the guidelines in Det Norske Veritas Classification Notes No. 30.4 can 
be followed as well. 

Generally, the Late Glacial and Inter Glacial deposits are quit firm, and it is assumed that 
they can be used for direct foundation. In addition, the layers are assumed to be nearly 
compression free when it comes to the wind turbines and the belonging foundations. It is 
relevant to notice the areas which contain Post Glacial layers of peat and silt, where some 
compression has to be taken into consideration. 

Furthermore, it is relevant to note that the information of the parameters for the older 
Yoldia clay, Inter Glacial Period, shows that is quit unthinkable to penetrate a skirt into the 
clay. Using monopiles can also be a problem, because of the soil conditions. Therefore, it 
is suggested to drill piles, as installation of grouted piles is estimated to be an unnecessary 
cost. Gravitation foundation can be used without any special consideration. 
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