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Abstract 
 

These latest years, the green energy is highlighted and new technologies appeared. It is the 

case for wind turbines. The aim of latest developments has been to increase the power output. The use 

of new material enables the design of wind turbine with an impressive height, more and more flexible, 

inducing significant dynamic forces. 

However, several problems have been encountered on the connection between the foundation 

and the tower, which threaten the entire integrity of the structure. The initial lifetime could be 

impacted.  

The first aims of the master thesis are to understand the dynamic behavior of a wind turbine, 

determine the resultant forces at the foundation in order to explain the issues encountered at the 

foundation level on site, and compare these results with the resultant forces given by the wind turbine 

manufacturer. 

Indeed, the constructor transmits to the civil engineer one or more resultants forces without 

justifications in order to design the foundation. These loads are often issued from extreme load case. 

The analysis of the serviceability limit state is not well realized. It is this resultant force in operation 

which must be determined in this master thesis.  

After having presented the history of wind turbines, the different parts and the model use for 

the wind; the blade element model is used to calculate the forces of the wind on the rotor. These forces 

calculated from the theory used are eventually compared with the provider data. 

The turbulence component of the wind on the tower is evaluated by a spectral method and a 

fluid structure interaction with the software Abaqus. The inertial effects of the tower are calculated in 

order to give an order of magnitude of the resultant load on the foundations. 

This knowledge enables to analyze the connection in serviceability limit state which is another 

aim of the study. An analysis of the connection is done in order to get an idea of the risks. In 

particular, the punching resistance and the stability of the structure are verified. 

This study was realized with literature data. Indeed, the different geometric and 

mechanic properties of wind turbines issued from experimental test and required in all the 

theoretical analysis are kept by the providers. 

Keywords: Wind turbine, Abaqus, foundation, steel ring, adapter, aerodynamic, turbulence, fatigue, 

structure… 
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Résumé 
 

Ces dernières années, la transition énergétique s’accélère comme l’apparition de nouvelles 

technologies, c’est le cas de l’éolienne. Les développements des dernières années cherchent à 

optimiser la puissance exploitable. L’utilisation de nouveaux matériaux permettent la conception 

d’éolienne de taille impressionnante, de plus en plus flexible, induisant des efforts dynamiques 

supplémentaires. 

Au vu des nombreux problèmes rencontrés à l’interface fondation-tour, qui menacent 

l’intégrité entière de la structure et mettent en cause la durée d’exploitation initiale, l’un des objectifs 

de cette thèse de master vise à déterminer les actions dynamiques transmises au niveau de cette 

connexion afin de les comparer aux résultantes statiques équivalentes données par le constructeur de 

l’éolienne. 

En effet, le constructeur transmet au génie civiliste un ou plusieurs torseurs sans justifications 

pour dimensionner les fondations. Ces résultantes sont souvent des cas de charges extrêmes. L’analyse 

de l’état limite de service n’est donc pas réalisée. C’est pourquoi le but de la thèse est de calculer le 

torseur résultant au niveau des fondations en opération.  

Dans ce qui suit nous présentons l’évolution historique des systèmes éoliens, les éléments 

fondamentaux constitutifs des éoliennes, la modélisation du vent, ainsi que la théorie du bilan de 

quantité de mouvement sur un élément de pale (BEM) utilisée pour approcher les forces engendrées 

sur le rotor. Enfin nous comparons les données fournies par le constructeur aux résultats du modèle 

théorique qui a été développé. 

De manière particulière, la composante turbulente du vent sur la tour a été évaluée par la 

méthode spectrale et l’interaction-fluide structure sous Abaqus. Les effets inertiels de la tour ont aussi 

été évalués afin de fournir un torseur résultant au niveau de la fondation réaliste. 

 Enfin, grâce à la connaissance des sollicitations issue d’une modélisation de type interaction 

fluide structure une analyse du fonctionnement de la connexion a été réalisée afin d’évaluer et de 

cerner les risques potentiels et en particulier la résistance au poinçonnement et l’équilibre de la 

structure. 

 Cette étude a été réalisée sur la base de données issue de recherches bibliographiques. En 

effet, il existe une forte opacité dans le monde de l’éolien. Les différentes données géométriques 

et mécaniques issue de tests expérimentaux et nécessaire dans toutes les approches théoriques 

possibles sont conservées par les constructeurs d’éoliennes. 

 

Mots clés : Eolienne, Abaqus, fondation, virole, aérodynamique, turbulence, fatigue, structure…  
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1. Introduction 

1.1 Background 

 

The energy transition is on the way, nuclear power is widely considered as a transitional 

energy, a part of the society believes that providing electricity only by nuclear power plant is not a 

sustainable solution. Green technologies are developing and have spread on the energy market for 

several years. It is the case of solar energy, hydraulic energy... and wind energy. 

These latest years, the rate of wind energy has considerably increased. Indeed, in some 

countries, there is no more space for onshore wind turbine. Due to composite material and the aim to 

reach larger output power, the dimension of wind turbines increases as their flexibility and the load to 

carry. 

The provider who produces industrially the wind turbines, the civil engineer who set the wind 

turbine and design the foundation, and the owner who uses the wind turbine to produce electricity 

share a common goal which is to ensure a wind turbine life time around 20 years. 

However, plenty of problems have appeared during the lifetime of a wind turbine. Spalling of 

the concrete slab and separation between the steel ring and the concrete were noticed at the connection 

between the tower and the foundation (concrete slab)
3
. This is illustrated on the Figure 1-1 and Figure 

1-2 below. These damages at the connection between the tower and the concrete slab foundation, 

which are in interaction with the soil, could induce some problems for the overall stability of the wind 

turbine during the designed lifetime of the structure. 

 

Figure 1-1: Spalling of the concrete slab 

                                                      
3
 This connection will be called steel ring or insert ring further. 
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Figure 1-2: Separation between the steel ring and the concrete slab 

 Problems have appeared also on towers, but this is not the subject of the thesis. 

1.2 Aim of the master thesis 

 

The aims of the thesis are to: 

- Understand the dynamic behavior of a wind turbine in operation.  

- Determine the resultant forces at the foundation in order to explain the issues encountered 

at the foundation level on site. 

- Compare these results with the resultant forces given by the wind turbine provider. 

- Understand the load transfer through the steel ring. 

1.3 Standards and recommendations 

The standards, which are applicable today for the structural design of a wind turbine, are 

mentioned below:  

1.3.1 Wind turbine 

- NF EN 61400-1 :2006-06,  Eoliennes Partie 1 : Exigences de conception / Wind turbine, Part 1 : 

Design requirements 

- NF EN 1990 :2003-03 Eurocodes structuraux : Bases de calcul des structures, Mars 2003 

/Basis of structural design 

- NF EN 1990/NA : 2011-12,  Annexe nationale à la NF EN 1990 :2003, Décembre 2011 

/ National annexe / National Annex 

- NF EN 1990/A1 :2006-07, Amendement A1, Juillet 2006 

- NF EN 1990/A1/NA, Annexe nationale à la NF EN 1990/A1/NA / National annex 
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- NF EN 1998 : Calcul des structures pour leur résistance aux séismes. / General rules, seismic actions 

and rules for buildings 

The Eurocode must be applied, but in some case, redundancies appear between the NF EN 61 400 

-1 and the Eurocode. Some differences can be noted but will be explained later in this report. 

1.3.2 Tower 

- NF EN 1993 : Eurocode 3– Calcul des structures en acier / Design of steel structure 

Precisely, 

- NF EN 1993-1-6 :2007-07  Eurocode 3 – Calcul des structures en acier – Partie 1-6 : résistance et 

stabilité des structures en coque / strength and stability of shell structures 

- NF EN 1993-1-9 :2005-12  Eurocode 3 – Calcul des structures en acier – Partie 1-9 : Fatigue/ Fatigue 

- NF EN 1993-3-2 :2007-04  Eurocode 3 – Calcul des structures en acier – Partie 3-2 : Tours, mâts et 

cheminées-cheminées / towers, masts and chimneys - Chimneys 

1.3.3 Foundation  

- Ministère de l’équipement, du logement et des transports, Règles techniques de conception et de calcul 

des fondations des ouvrages de génie civil. Cahier des clauses techniques générales applicables aux 

marchés publics de travaux. Fascicule n° 62 Titre V., annexé à l’arrêté du 30 mai 2012. Partie A. 

- NF EN 1997-1 :2005-06 Eurocode 7 : calcul géotechnique, Partie 1 : Règles générales, Juin 2005/ 

geotechnical design 

- NF EN 1997-1/NA : 2006-09 Annexe nationale à la NF EN 1997-1 :2005, Septembre 2006 

 

In the latest days, National Annexes to Eurocode 7 were not published; it is why old standards 

were used. It is clear that other standards are used in the industrial design of a wind turbine, but it is 

out of interest here. 

1.3.4 Guidelines 

Recently, due to the high number of damages on wind turbine foundation, a French work 

group was created to give guideline in the design of wind turbine foundation. 

- Comité Français de mécanique des sols et de géotechnique ; 2011 , Groupe de travail « Fondations 

d’éoliennes ». Recommandations sur la conception, le calcul, l’exécution et le contrôle des fondations 

d’éoliennes, version 1.1 Finale. Chapitre 1 à 3. / Work group : “Wind turbine foundation” - 

Recommendations on the design, calculation, execution and control of wind turbine foundations 

1.4 Literature review 

The information provided by the wind turbine company was poor; it is why a lot of literature 

review was done. The result of these researches and the sources will be cited along this report.  

These latest years a lot of researches were done around the aero-elasticity of blades, the 

conception of blades, the material of blades, the optimization of towers, the aerodynamically and 

structurally optimization of blades, the tower shadow… Some of these results will be taken into 

account in this report and will be explained further. 
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1.5 Method and outline of the thesis 

The plan of the report reflects the methodology. Moreover, the report is well detailed in order to 

understand easily the contents. 

In a first part, a lot of literature review was done in order to understand the structure of a wind 

turbine, the associated action, the dynamic behavior of a wind turbine, the interaction with the wind, 

the different way to model a wind turbine… 

A rigid body model was done analytically to understand the path of the load and the different 

loads which act on a wind turbine.  

The literature review pointed out a Blade Element Model (BEM) code which enables to calculate 

the forces acting on the rotor and the power produced by a wind turbine by considering only simple 

geometrical characteristic. A BEM Matlab program has been computed to calculate the forces acting 

along the blade, without considering the deflection of blades even if this deflection can affect the 

forces acting on it.  

Since the turbulence was largely mentioned in all the literature, a “simple” calculation to 

determine the turbulence component was done with a mono-modal model. A check of this model is 

conducted by modeling the tower in a co-simulation with the fluid. (cf. Appendix G) 

Then, a structural model of the studied wind turbine (flexible tower and blades) is performed. The 

model was based on small amount of data (Appendix A), the blade structural model was established 

on one drawing and different models extracted from the literature review (rectangular blade model). 

The induced inertial loads and the displacement were too important; the model was not realistic, it is 

why the result is not mentioned in this report. A simple process to model the blade with beam 

elements is to model entirely a blade (3D model) and extract mechanical characteristics every meters 

for example (inertia, mass, center of gravity…) Due to the lack of element (material, shape…) this 

track was aborted. 

The inertial forces on the blade are important to design the blade themselves, but compare to the 

other forces transferred to the foundation these one are not dominant. Moreover, the inertial forces due 

to the acceleration of blades are assumed to be small compared to the one which could be created by 

the displacement of the top of the tower. Indeed, the mass of a blade element is smaller than the mass 

of the tower. 

Therefore, the idea was to study the dynamic response of the tower only. Damping was included 

and modal or time analysis was possible. In order not to take into account the transient response, a 

time analysis was performed by applying in a static step, the value of the wind load and the gravity. 

By all these models, the analysis has been chosen to reach certain accuracy but also to reduce the 

time of the calculation. Large time calculations are performed, the preparation of these calculations is 

primordial if the result must be studied. The need of memory must be analyzed in order to reach the 

end of the calculation. 

Finally, an analysis of the foundation is done. The causes of the cracks are investigated. A model 

of the steel flange is realized in order to analyze the behavior of the connection with the serviceability 

resultant forces. 

This is not a design study, but in some part of the report, design calculations are used to know 

more about the wind turbine.  
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Chapter 1: Generalities 
 

The history, the actual development and the different types of turbine are described. The different 

components of the horizontal axis wind turbine are detailed since it is the type of the studied wind 

turbine.  
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2. History (1), (2), (3), (4), (5) and perspective 

2.1 From the mill to the wind turbine  

The use of the wind force in order to replace the animal or human energy is not new. Indeed, the 

first field of application was to propel boats along the river Nile around 5000 BC. (1)  

During the ancient Persia, ancestors of wind turbine were used to mill grain or to irrigate culture. 

During his life, Heron of Alexandria designed a mill which fed an organ with compressed air as it 

is represented in the Figure 2-1 below. 

 

Figure 2-1: The Greek Egyptian Heron of Alexandria (10/70) drew in a study concerning the pneumatic, a mill feeding an 

organ with compressed airi 

The apparition of watermill was at the same period. The principle is the same, the transformation 

of the kinetic energy from a fluid into mechanical energy. 

The wind mill was really used during the middle ages. Woodwind mills appeared in Europe 

around the eleventh century: the sails were manually rotated to bring them into the wind. It is in 1745 

that the fantail appeared: the windmill could be automatically orientated toward the wind. 

In 1772, the spring sail was developed. Thanks to this new technology, the velocity of the rotor 

could be maintained constant. 
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Figure 2-2 : Spring sailii 

At the beginning of the industrial revolution, during the 19
th
 century, millions of windmills were 

built in United States in order to pump water for isolated houses or farms. The kinetic energy of the 

wind was transformed in mechanical energy which was transformed in potential energy. During the 

industrial revolution, the windmill was not further exploited. 

 It is only after development in aeronautic between the two world wars (XX
th
 century) that large 

scale wind turbine was developed to produce electricity. This energy was actually either used by the 

grid, either stored in accumulator. These researches were then neglected due to the growth of the 

nuclear power research, and the easy access to oil.  

2.2 Latest development 

After the increase in the oil price in 1973, countries like Holland, Denmark, and United State 

chose to diversify their power sources. Large investments were made by the US, and half of wind 

turbines were provided by Danish firms. In 1986, US government decided to stop giving grants to the 

companies, which lead several companies to stop the production of wind turbine. The Danish firms 

were the only one capable of spreading wind turbine in Europe, it is why the Danish wind turbine 

model are the more used nowadays. 

Thanks to the latest development in electrical engineering, aerodynamic, material engineering 

and structural engineering, larger wind turbine can actually be built. These new evolutions will be 

reviewed during the structural description of a wind turbine.  

2.3 Current context (6), (7) 

Following a global awareness, large and powerful countries all around the world invest in 

wind turbine nowadays. Emerging countries such as India and China invest too and compete against 

the United States and the Canada. The Figure 2-3 shows the evolution of the installed power between 

1999 and 2006. It can be noticed that the installed power in 2006 is 6 times larger than in 1999. In 

addition, the emerging country part increased. 
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Figure 2-3: Evolution of the installed power around the worldiii 

The situation in Europe is described by the numbers below:  

In 2013, 21,1 % of the electrical power was produced by wind turbine in Spain, against 21 % 

by nuclear power plant. In France, wind turbine produced only 4,6 % in 2012. (8) 

Some characteristic of the energy produced by wind turbines are presented below:  

Wind turbines are often used to produce electricity for isolated area. To illustrate, in Russia, in 

order to produce energy for 100 000 inhabitants from an isolated area, near the White Sea; 358 million 

of euros are invested to build one of the more important wind farm in Europe around 2015-2016. This 

area is near the Arctic, where there are extreme conditions of temperature: a new challenge. (9) This 

shows that even in oil producing country, wind energy has a future. 

The development of offshore wind turbine is real: the aesthetical aspect and the noise are less 

important offshore than onshore. The wind is also more constant which induces larger production of 

electricity. The price is nevertheless always high due to the more severe environment. The swell, the 

larger wind speed, the construction and the maintenance in sea must be taken into account. Innovation 

must be discovered to reduce the price of these wind turbines. (7) (10) 
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Figure 2-4: Typical offshore wind energy project costsiv 

On the Figure 2-4, the cost of the offshore foundation represents 21 % of a wind energy 

project cost, which is relatively important. It is why the offshore foundation must be optimized to 

reduce its cost without losing structural capacity. Some studies are performed to install wind turbine 

on platform based on oil platform. 

The Figure 2-5 shows a wind turbine farm as there are in Denmark. 

 

Figure 2-5 : Offshore Wind turbine farmv 

The wind energy has other perspectives. 

For instance, the use of the wind created by trucks on highway could serve to produce 

electrical energy thanks to a wind turbine in order to supply display boards. This is useful when the 

connection to the grid is expensive. The wind in the tunnel due to the traffic and the difference of 

temperature between the entrance and the exit can also be exploited to produce electricity. The only 

issue is the quality of the wind, which is highly turbulent and variable. (11) 
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2.4 Magnitude and project 

Some numbers are presented to illustrate the largest wind turbine. These numbers are useful to 

compare with the studied case presented in the Appendix A. 

 Maximal power output nowadays : 7.5MW 

 Maximal rotor diameter : 127 m 

 Maximal weight carried by a tower of wind turbine : 435 T (rotor including blades, and 

nacelle) 

 The largest offshore wind turbine (6 MW Haliade turbine) in the world was completed by 

Alstom, a French company, according to Clean Technica (12). The power output is of 6 MW, the 

tower measures 78 m, the blade are 73 meters long. It is installed on the Belgian coast. 

The largest onshore wind turbine is located in Germany. The second-generation Enercon E126 

7.5MW has a concrete tower of 135 m and a rotor diameter of 127 meters. (13) 

Several projects are on the way to develop the green energy: 

 Wind farm are in project near Le Tréport on the Channel coast south of Calais and between 

the islands of Noirmoutier and Yeu on the Atlantic coast north of La Rochelle. Different 

companies want to win the project: GDF Suez and Areva propose an 8-megawatt turbine, 

whereas EDF and Alstom propose to use the 6 MW Haliade turbine cited above. (14) 

In France, a call for tenders of 3 500 MW of wind farm was launched since 2011. These projects are 

planned to be in service in 2018 as reported by Focus (15). 

 

  In Sweden, at least four projects are on the way. “The four projects include 14MW 

Skalleberg, which will use eight V100-1.8MW and two V90-2.0MW turbines; 13MW Ramsns 

will feature seven V100-1.8 MW turbines; 14MW Mungserod will include eight V100-

1.8MW turbines; and 13MW Alered will feature four V112-3.3MW turbines” as stated by 

Energy Business Review (16). These projects should be in service at the end of 2014. The aim 

of Sweden is to reach 30 TWh from wind power in 2020. In 2011, there were 1500 power 

plants providing 3 TWh. 

However, a farm project has been aborted in December 2013 because it threatens the habitat of a 

species of ducks. (17) Wind turbines may be not so environmental-friendly as it is said. 

 Different companies investigate to reach an output power of 10 MW, even 15 MW. It is the 

case for Sway with a rotor diameter of 145 m, General Electric or China companies. The 

Chinese government wants to have a 10 MW turbine on its land in 2015. (18), (19), (20). 

These developments are important, the turbine size keep increasing, as well as the loading, which 

imply the utility of research on these topics to avoid damages.  
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3. Type of wind turbine (2),  

3.1 Turbine with vertical axis 

The Figure 3-1 represents a turbine with vertical axis. 

Advantages of this type of turbine are mentioned below:  

 Whatever the direction of the wind, the turbine based on the drag
4
 is operational. Thus, there is 

no need of orientation system. 

 The generator is close to the ground, the collect of the electricity is easy. 

Drawbacks are multiples:  

 The energy sensor is in an area where there is important wind speed gradient (called wind 

shear). In addition, the turbulence due to the interaction between the air and the ground are 

significant. 

 Fatigue problems are critical due to continuous variation of the aerodynamic load on the 

blades which induces vibration in the tower. 

 The productivity is rather low compared to the other types of wind turbine. 

 

 

Figure 3-1 : Wind turbine with vertical axis (Savonius type) vi 

  

                                                      
4
 The drag is the force induced by the wind in the same direction of this one. More details further. 
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There are two principles in order to reach rotational movements. They are presented below:   

3.1.1 The differential drag  

Wind turbines based on this principle looks like children toys. It is the same principle as an 

anemometer or Pelton turbine (with the water); the load induced by the wind on each part is 

different, which produces a torque as it is illustrated on Figure 3-2.  

 

 

Figure 3-2 : Savonius Rotor vii 

 

The Savonius rotor is slightly modified; the flow can go from one part to another. This induces 

a larger torque. The use of several rotors with different orientations ensures the rotation of the 

rotor whatever the incidence of the wind.  
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3.1.2 Cyclic variation incidence 

 

In this case, several blades are used, with several orientations as in Figure 3-3.  

 

   

Figure 3-3 : Principle of cyclic variation incidenceviii 

V0:  is the axial load, Ω: the angular velocity of blades, R: the blade radius, U: the tangential unity vector to the blade. 

 

These orientations are designed based on the relative wind speed which is the wind speed due 

to both the axial wind and the rotation of blades. Therefore, when the wind turbine is stopped, it could 

not start alone, the forces induced by an axial wind alone cannot create a sufficient torque. The use of 

energy from a motor or another type of turbine is essential to start the wind turbine. 

The different intensities, and directions of the forces acted on the blade when rotating create a 

torque. It is principally the lift force
5
 which induces the torque. When the rotor does not rotate, the 

angle of attack is really large, and the blades are in stall configuration which leads to low lift 

coefficient.
6
 

                                                      
5
 It is described further; it is the force component perpendicular to the wind direction. 

6
 Read 5.2 for more details. 
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The Darrieus turbine is the most known. It can have different geometric forms as presented in Figure 

3-4. 

 

Figure 3-4 : Darrieus wind turbineix 

In Canada, this type of turbine was constructed, and the power output was 4.2 MW, for a 

height of 110 m and a diameter of 64 m. The blades are particularly flexible, and often need 

reinforcements in order to stiffen the structure. The place needed on the ground is larger than the 

one needed for a vertical wind turbine. 

These types of turbine will not be discussed further since there are not commonly used 

nowadays. 
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3.2 Turbine with horizontal axis 

This type of turbine is the direct ancestor of the windmill and is the most common used today. 

The orientation can differ from one to another. The machine can be upstream or downwind. These 

types of machine are represented in the Figure 3-5. 

 

 

Figure 3-5 : Upstream and downstream wind turbinex 

 

3.2.1 Downstream machine:  

The blades of a downstream machine are commonly flexible. The machine can yaw itself due to 

the conical surface created by the rotation of blades (although a system is needed to avoid the 

vibration.) The tower (generally cylindrical) disturbs the stream, in a turbulence flow, the velocity 

decreases. This phenomenon is called tower shadow and is source of vibration and fatigue for the 

blade. The blade passing through the turbulence flow will carry a lower load than expected due to the 

decrease in wind speed. 
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Figure 3-6 : Wind flow and tower shadowxi 

 

The picture above enables the lecturer to understand the tower shadow. The stream line before and 

after the tower are separated from each other of a distance larger than in the uniform wind flow 

configuration, which means that the wind speed is lower. The load induced by the wind speed being 

proportional to the square of the wind velocity is significantly affected. 

3.2.2 Upstream machine:  

The blades of an upstream machine must be quite rigid in order not to collide the tower due to the 

flapwise
7
 vibration. In order to prevent the collision, the axis may be slightly inclined upward, and the 

blade may be pre-deformed: the rotor has a cone shape which becomes planar while the rotor turns due 

to the inertial forces. The stream is disturbed by the presence of a cylindrical tower, but not as 

important as in the downstream case. A system of orientation is needed in this case; the wind turbine 

cannot yaw alone like the downstream machine. 

Due to the structural considerations, the upstream machine is preferred in large power production. 

  

                                                      
7
 This term is defined later. It is the vibration in the same direction as the wind. 
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4. Structure of a wind turbine (1), (21) 
In this section, an horizontal axis wind turbine is considered. The blades are connected to a 

hub which is rigidly connected to the low shaft (primary shaft). The angular velocity of the first shaft 

is increased by a gearbox, and the secondary shaft (high velocity) is connected to a generator which 

produces the electricity. The electricity is distributed into the grid after passing through a transformer.  

Each component is described below. 

4.1 Rotor 

The rotor is composed of blades which are the energy sensor, the hub, and the low shaft. Its role is to 

transform the kinetic energy of the wind in mechanical energy. (Rotation of the low shaft) 

4.1.1 Blades (4), (22), (23), (24), (25), (26), (6), (27) (28) (29) (30), (31), 

(32) 

The role of a blade is to extract power from the wind stream. Multiple airfoil cross-sections are 

used along the blade. The lift force, caused by a pressure difference between the extrados and the 

intrados of the blade, creates a torque. The blades are usually twisted and tapered in order to achieve 

better aerodynamic performance.  

4.1.1.1 Number of blade 

The power output increases very slightly with the number of blade: +6% from 1 to 2 blades, 

and +2-3 % from 2 to 3 blades.  

By considering the balance of the rotor, one blade rotor could not be used without 

counterweight. It is why the one blade configuration is not cheaper than the two blades configuration. 

From the point of view of loading, the 3-blades configuration is better. Indeed, the application 

point of the resultant thrust acting on the rotor is closer from the hub than in the 2-blades 

configuration. The eccentricity of the thrust is caused by both tower shadow and wind shear. 

The loading can be reduced by using a teetered hub, a hub which allows two opposite blades, 

connected together to rock; the rotation plane of the rotor can vary of several degrees. But the dynamic 

is more complicated than in a 3-blades configuration.  

Moreover, the 3 blades configuration is considered as more aesthetic than the 2 blades 

configuration, which explains the common use of this configuration. 

 

4.1.1.2 Material 

For small wind turbine, blades can be made from steel. However, when large output is 

required, large blades are necessary. In order to reduce the weight of blades, composite materials are 

used since they have low density, good strength and fatigue resistance. The wood could be used but 

due to its sensitivity to moisture and the processing cost, the fiber glass epoxy is preferred. The carbon 

glass epoxy, which is more expensive can be used in some blade section (often in variation section) in 

order to satisfy the structural requirements when stress concentration occurs. The polyester can also be 

used; it is cheaper, but heavier. 
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4.1.1.3 Blade section 

A blade section is composed of: 

 An aerodynamic center where the aerodynamical forces are applied. (near the leading edge) 

 An elastic center between the aerodynamic center and the gravity center which is usually the 

shear center in aeronautic. The elastic center is the point where a normal force will not give 

rise to bending moment. The shear center is a point where a transverse load can be applied 

without twisting the section. 

 The center of gravity where the gravity and the inertial forces are applied. 

There are two principal axes which crosses the elastic axis. The principal axis are defined by the 

phenomenon that whenever a bending moment is applied about one of them, the blade will only bend 

about this axis.  

4.1.1.4 Structural design 

The blade is made by a skin, which gives it the aerodynamical properties, and several spars which 

stiffen the blade. The longitudinal stiffeners (spars) carry the out of plane shear forces and the bending 

moments. The twist angle of the spars can be different of the twist angle of the blade. This twist angle 

is an important feature concerning the damping ratio magnitude. Indeed, this angle distributes the 

damping ratio (which is negative in the rotor plane since there is power transmission and instabilities 

and positive out of plane). Moreover, the twist angle gives the vibrational directions. A blade is 

twisted along its elastic axis. The skin may also carry an in plane bending moment. The thickness of 

the profile is thus important  

 

Figure 4-1 : Blade section extracted from (22) 

Usually the longitudinal stiffeners are situated between 15 to 45 % of the chord as it is represented 

on the figure above (shear web). These dispositions are changed at the hub level.  

According to the literature, when the blades measure more than 45 meters, the dynamic of blades 

has a large importance in the aerodynamic. Aeroelasticity must be taken into account. The dynamic of 

blades is largely influenced by the position of the longitudinal stiffeners since it changes the global 

stiffness of blades, then the amplitude of vibration which creates inertial forces. The inertial forces are 

not negligible when the rotor diameter reaches 70m. These forces are important overall for the design 

of blades and the hub. 
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4.1.1.5 Airfoil design 

Blades have different airfoil profiles along the blade. At the root, the section is circular in 

order to be clamped in the hub. The drag coefficient is dominating. The thickness
8
 at the root is large 

enough to ensure the structural capacities. Moreover, the chord near the root must be large enough to 

overcome the aerodynamic losses. Then, at the middle of the blade, the thickness is reduced to 

maximize the lift force (driving force). At the tip of the blade, a special profile is used to reduce the 

noise and maximize the lift force too. 

For a given radius, an airfoil is given in the figure below: 

 

Figure 4-2: Airfoil profile  (FFA-W3-211) 

The chord of the airfoil section varies along the blade according to the figure below: 

 

Figure 4-3: Chord and thickness distribution along the blade extracted from (33) 

 According to the Figure 4-3, at the beginning the thickness and the chord have the same value 

(relative thickness =1, it is a circular shape), then the thickness follow the rules given above. 

4.1.1.6 Other parameters which influence the design 

There are also other parameters to take into account when designing the blade like the 

lightning and the corrosion. Since it is not the subject of the study, they are only lightly described 

below.  

The most exposed element to lightning is the blade. Several damages lead to faults on the 

wind turbine. There is a system to transmit the lightning from the blade to the ground through the hub, 

the nacelle and the tower. 

                                                      
8
 The thickness of a blade is the maximal distance between the intrados and the extrados (y-coordinates on 

Figure 4-3). 
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All the metal components (tower, nacelle, hub, some part of blade…) are protected against the 

corrosion which enables to reach the 20 years lifetime. 

4.1.2 Hub 

There is different way to connect the blades and the hub. Each principle (rigid or teetered) 

allows some transmission of load. The hub must carry all the loads acted on the blades, it is rather 

rigid compared to the other element and must withstand to the fatigue loading. 

4.2 Nacelle (1), (34) 

The nacelle is composed of the bedplate. Different elements can be found:  

- Gearbox 

- High shaft and mechanical brake system 

- Electrical generator 

- Electronic controller (starting, pitching, braking, yawing) 

- Cooling devices 

- Hydraulic unit 

- Yaw mechanism 

The bed plate is made of steel and is relatively rigid compared to the other components of a wind 

turbine. 

Figure 4-4 shows how the different components are assembled in the nacelle. 

 

Figure 4-4 : Drawing of the nacellexii 
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4.2.1 Power control 

The wind speed is seldom above 15 m/s. This is confirmed by the probability law of 

the mean wind speed detailed in the next chapter. The rated wind speed which gives the rated 

power is often between 10 and 15 m/s.  

Over a wind speed of 15m/s, the kinetic power which can be extracted from the wind 

is larger than the power output. If it was not regulated, the power output would always 

increase, which would induce damage in the kinematic chain (gearbox, shaft and generator). 

Moreover, the electronic chain is designed for a specific power output. This power can be 

reached with different combinations of tension and voltage or different pairs of torque and 

angular velocity. This will not be detailed further. 

The wind turbine is nevertheless stopped when it reaches the value of 25 m/s generally 

in order to avoid damage on the wind turbine. Indeed, above 25m/s the load becomes too 

important. 

The Figure 4-5 shows the variation of a turbine’s power output as a function of the 

wind speed for a pitch regulated wind turbines. 

 

 

Figure 4-5: Power in function of wind velocity calculated based on (35) 

4.2.1.1 Pitch controlled wind turbines (36) 

The connection between the hub and the blade are similar to a hinge; blades can be turned 

around their longitudinal axis during operation. In high wind speed, the pitch is regulated to reduce the 

lift force and maintain the power output to the rated power. Blades are usually pitched thanks to a 

hydraulic system. This system enables to maintain the rated power on a larger wind speed range. 
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Pitch angles at different operations are presented on the Figure 4-6. 

 

Figure 4-6 :  Pitch angle of a wind turbine 

 At production the pitch angle is close to the relative wind speed direction whereas at 

emergency stop, the lift coefficient is reduced in order not to put the rotor in movement. In case of 

direction change of the wind, the wind turbine is yawed to keep these characteristics. 
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4.2.1.2 Stall controlled wind turbines 

This process does not need to add any system. It uses the natural characteristics of the blade 

when designing the rotor. The twist angle of the blade is calculated in consequence. The stall implies a 

loose of efficiency of the rotor. The stall is achieved when the laminar flow becomes turbulent, in this 

case, eddies appear with additional vibrations. This is a major issue of this type of regulation process. 

Moreover, the twisting shape of the blade induces also a loose of aerodynamic efficiency when using 

the turbine at rated wind speed.  

 The two controlled system can be combined. In this case the constant power output is reached 

thanks to the stall. This enables the use of a constant speed generator. The consequences are not the 

same in each system. For example, the thrust increases with the wind speed in a stall regulated system, 

whereas the thrust decreases when the pitch begins. 

4.2.2 Braking system 

The power in the wind is proportional to the cube of the wind speed. In order to attain safe 

configuration, large forces must be carried out by the braking system during extreme wind. 

There are basically two independent braking systems, both capable of setting the wind turbine 

to a safe configuration in case of extreme wind speed, loss of grid connection, or other emergencies. 

4.2.2.1 Aerodynamic brakes 

The centrifugal forces are used to rotate the blade along the pitch axis to reach an angle of 90 ° 

at tip. Then, the lift diminishes, the drag force increases. In this case, the drag force will slow down the 

rotor; no force will create a motor torque, then the rotor idle. This process leads to less stress in the 

components than the mechanical brakes described below. 

4.2.2.2 Mechanical brakes (37) 

The mechanical brakes are generally a disc brake made of steel. It can be on the main shaft 

(low speed shaft); in case of gearbox failure, the machine can be stopped. But generally, since the 

torque on the main shaft is very large, the disc is on the high speed shaft. Several systems are 

generally implemented to activate the brake without electrical power, e.g. hydraulic system, spring 

system… The brake disc can reach a temperature of 700°C; it is made of special alloys. This system 

can provoke some damage like fire if it is used at the rated speed. Usually, this is used when the 

aerodynamic brakes were already activated, and the angular velocity is around 1 or 2 rpm. 

These brakes are essential to maintain the rotor speed at an adapted level and avoid vibration in the 

structure. (38) 
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4.2.3 Generator (1), (2), (3) 

There are different generators for different use. The variable wind turbine needs a 

system producing energy for variable speed, while the fix rotational speed wind turbine need 

only synchronous or asynchronous generator. 

Generally, there is a stator and a rotor in a generator. The rotor of a generator is 

generally a shaft connected to the wind turbine rotor by different elements. (Gearbox for 

example) 

 

 

Figure 4-7: Generator xiii 

In order to understand the principle of the induced and synchronous generator, some 

basic laws are reminded below. 

 A varying magnetic field will induce Foucault currents or eddy currents in a conductive 

material subjected to this field. (Faraday’s law) 

 The induced current will create a force named Lorentz’s force which will counteract the root 

of the induced current. (Lenz’s law) 

There are several cases in order to create electromotive force: 

 A static conductive material in a varying magnetic field (Neumann case) 

 A conductive material in motion in a permanent magnetic field (Lorentz case) 

 A conductive material in motion in a varying magnetic field (General case) 
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4.2.3.1 Synchronous generator 

 A magnet or a solenoid creates a uniform and constant magnetic flux in the rotor 

coordinate system. The rotation of the rotor creates a rotating flux for the stator. The stator is 

composed of 3 fixed coils (or more), where induced current are created. (Faraday’s law, 

Neumann case) Generally, the synchronous generator is used for directly driven wind turbine. 

The frequency of the current produced by the generator is equal to the rotational frequency of 

the rotor. An electronic device is required to adapt the current to the grid. 

 

Figure 4-8 : Synchronous generator 

4.2.3.2 Asynchronous generator 

The induction generator or asynchronous generator needs a magnetized stator which 

delivers a rotating magnetic field. This stator can be magnetized by the grid or an alternative 

system. In order to work, this generator needs extern reactive power compared to a 

synchronous one. A wound rotor in rotation subjected to a magnetic field creates eddies 

current; thus, the rotor develops its own magnetic field. The rotor speed is slightly larger than 

the rotating field. This type of machine can work as a generator but also as a motor. 

 

Figure 4-9 : Induction generator 
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4.2.3.3 Variable speed generator 

 The use of variable speed generator enables the power to be increased. The generator 

can work over a large speed wind. This is reached by the use of different poles combinations, 

slip condition, gearbox system, electronic components, several generators, indirect grid 

connection… 

4.2.4 Yaw mechanism 

In order to achieve a better power output, and to reduce the load acting on the rotor, the rotor 

axis must be aligned with the wind direction. An electrical or hydraulic system is used to align the 

machine at the hub level. A wind vane at the top of the nacelle gives the wind direction. 

Sometimes, to reduce the transmission of the vibration from the nacelle to the rotor, silent 

blocs are used, but this is not generalized. 

4.2.5 Conclusion 

All the systems together are used to reach a constant power output. This is represented in the figure 

below. 

 The pitch angle changes with the wind speed in order to adapt the angle of attack
9
. The 

rotational speed of the rotor can be affected. The gearbox transmits to the generator a rotational speed 

and a torque. This power is transformed by the generator. 

The same power can be reached for different combination of intensity and voltage. The 

connection to the grid is not studied but it is obvious that electronic elements are required to insert the 

power from the wind turbine to the grid. (Voltage, frequency, and intensity) 

                                                      
9
 The angle of attack is the angle between the direction along the chord and the wind direction. 
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Figure 4-10: Power output control 
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4.3 Tower (39), (6), (40), (41), (42), (43) 

The wind turbine tower has different roles which are:  

  To carry the weight of the nacelle and the rotor 

 To avoid that the blades are in contact with the ground 

 To ensure an height in order to avoid wind speed gradient and turbulence
10

 caused by the 

surrounding environment  (Figure 4-11) 

 

Figure 4-11: The building at the left creates turbulence which induces a lower speed, this is model in the normal wind 

profile at the right; the speed gradient is lower at high altitude. 

The tower can be constructed with steel or concrete. The tower can be designed in several ways, 

soft-soft, soft-stiff or stiff-stiff structure as stated by Wind turbine Structural dynamic (40). The source 

of excitation in a wind turbine is the rotor, the first excitation frequency, 1P, is the constant rotational 

speed. The second is the rotor blade passing frequency NP where N is the number of blade. Indeed, for 

example, the tower shadow will induce a load variation on each blade; the frequency of this load will 

be NP for the rotor. 

In order to avoid resonance, the structure should be designed such that its first natural frequency 

does not coincide with 1P or NP. If the wind turbine has a variable speed, thus, the restrictions are two 

ranges of frequencies. Nevertheless, velocity of the rotor can be regulated to avoid the natural 

frequency of the tower.  

For the studied wind turbine described in the Appendix A, the frequencies are indicated in the 

Table 4-1 below. 

Table 4-1 Frequencies in the system (Provider data) 

System :  Frequencies : Hz 

Rotor 1P 0.143-0.307 

Rotor 3P 0.429-0.921 

 

If the natural frequency of the tower is below 1P, i.e.: 0.143 Hz, the structure is considered as soft-

soft. If the natural frequency of the tower is between 1P and 3P, i.e.:0.307 < f < 0.429 Hz, the structure 

                                                      
10

 Indeed, as it is explained further, the wind is turbulent close to the ground due to the obstacles. What induces a 

decrease in the wind speed. The profiles given in the next chapter illustrate this. 
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is considered as soft-stiff, eventually, if the natural frequency of the tower is higher than 3P, e.g. 0.921 

the structure is stiff-stiff. 

There are many way to reach a configuration, by playing on the diameter, the thickness or the 

material of the tower for instances. This depends on the type of the tower. 

4.3.1 Tower supported by guy wire 

This type of tower is easy to build. It is generally used for low energy output wind turbine. 

Indeed, the wire guy carries periodic tension which can lead to rupture by fatigue. The tension in the 

guy wire must not be too large. The maintenance needs the wind turbine to be disassembled. An 

advantage is that in extreme wind condition the tower can be disassembled. 

4.3.2 Lattice tower 

The lattice tower is also easy to build, rather cheap, and can carry large wind turbine but has a 

poor visual appeal. Moreover the nacelle is exposed, and the security when maintaining is not 

guaranteed. Furthermore, the maintenance cost is high: all joint bolts must be inspected three times 

during its service life. The number of bolts can reach 10 000. These types of tower are generally used 

overseas and in desert. 

                                 

Figure 4-12 : Lattice towerxiv     Figure 4-13: Guy wire wind turbinexv 

4.3.3 Tubular towers 

This type of tower is the most commonly used for large wind turbine. It is the most aesthetic 

tower. The security is ensured for the maintenance, an access to the nacelle exists in the tubular tower. 

Components can be protected inside the tower. The tower is bolted on site with parts of 20 -30 meters. 

Transportation is the main issue. Moreover, the structure is relatively light and the circular cross 

section has the same bending stiffness in all direction. The frequency is easier to change by varying 

thickness, diameter, and high. 

However, the development of turbines with higher maximum power, increased hub height and 

steel price. The tubular steel tower is thus not economical. Furthermore, by increasing the power, the 

load is increased, the section of the tower must be increased as well which leads to problems in the 

transportation process and the production. (44) 
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The development of concrete towers is on the way due to new efficient production techniques 

like casting-in-place or the use prefabricated elements and the increase in steel price. They are stiff, 

robust, and do not require any maintenance during service life. Several researches are done; concrete 

tower could reach a height of 100m or more as reported by dpaonthenet (45). 

In some case, a hybrid tower from concrete and steel are used. 

4.4 Interfaces tower/foundation for steel tower (46) 

In order to fix the wind turbine on the foundation, and to ensure the good transmission of the 

loads from the wind turbine to the foundation, an anchoring interface is embedded in the foundation. 

This interface is provided by the wind turbine’s constructor. However, it is the civil engineering team 

which sets it. 

Generally, there are two systems used by wind turbines’ constructors described below. 

4.4.1 The insert ring 

The ‘steel ring’ or ‘insert ring’ (one piece) is the base of a wind turbine, composed of a lower 

flange and a higher flange or anchoring flange on which the tower will be screwed. (cf. Figure 4-16 

and     Figure 4-17). Some constructors use an additional flange at the level 

of the concrete, in order to carry the normal load by the slab. This type was used from the beginning of 

the wind power era, and has evolved due to the load transmission induced by the increase in power 

and height of tower. The insert ring is easy to put in place and to adjust. 

4.4.1.1 Studied insert ring 

 

The steel ring is a steel shell with (in this case) two flanges: 

- An inferior flanges in order to transfer the load to the bearing 

- A superior flange whose role is to connect the tower on. 

 

Figure 4-14 : Insert ring provided by the wind turbine constructor 
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This steel ring is inserted, casted in the concrete bearing. Since this structure is easy to settle and 

adjust, it was largely used at the beginning of the wind power era. At this time, the power output, thus 

the tower height and the load was smaller. The concept was well adapted. However, the development 

of wind turbine has led to increase the load, and the stresses transferred to the concrete. The same 

disposition was used, and damages appear. (44) 

In order to avoid leakage, a joint between the connection steel section and the concrete must be 

sealed according to the figure below. The sealing is a process requiring skilled personnel. The sealing 

material can theoretically carry deformation of 100 %. 

 

Figure 4-15: Joint between the reinforced concrete slab and the steel ring 

 

    

Figure 4-16 : anchor ring    Figure 4-17: anchor ring and reinforcementxvi 

It will be proved that this disposition leads to problem in the reinforcement in the last chapter.  
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4.4.1.2 Another type of connection: adapter 

 

The anchor cage or steel adapter (several pieces to assemble on site) composed of an inferior 

flange, threaded rods and an anchor flange. (cf. Figure 4-20) There are many way to arrange the 

inferior flange and the anchor flange which leads to different reinforcement arrangement. 

There is another type of connection with no problem of continuity of the reinforcement, no 

problem in contact between reinforcement and steel ring. Stud bolts are used to fix the adapter to the 

foundation. The flange where the bolts are connected can be above or below the bottom layer of 

reinforcement. The stud bolts are not directly in contact with concrete, they are covered by a 

protection when casting in concrete. 

Care must be taken when casting the concrete in order to reach a flat surface below the adapter. 

Uneven surface results in large stress concentrations, which may crush the concrete. 

 

Figure 4-18: Connection by means of adapterxvii 
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Figure 4-19: Adapter and prestressed anchor boltsxviii 

 In these cases the load diffusion is under the upper ring for the compression (blue), and over 

the lower ring for the tension (red). 

In both cases, the piece is integrated to the reinforcement and partially casted in concrete. 

The flatness of the anchor flange is systematically controlled before and after casting the 

foundation to ensure the verticality of the tower. 

 

Figure 4-20 : anchor cagexix 
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4.5 Foundation (46) 

The type of foundation depends on the nature of the soil, the type of tower, and the rated power output 

of the turbine. Indeed, the use of a single footing for a lattice tower is not economical: each leg is 

founded on a separate footing. From now, a tubular tower is considered. 

There are basically three types of foundation.  

 If the soil is good at the surface, a superficial foundation is appropriated 

 If the soil is not good near the surface of the ground, deep foundation is necessary. 

 Eventually, if the soil has not the right properties, soil improvement can be done. 

The wind turbine can also be anchored to the bedrock. This method is spreading over Sweden. 

The foundation slab, which is common to all the foundation types, can be rectangular, but in this, 

case the square foundation is more appropriate since the load can come from every direction. The 

foundation can be circular or orthogonal too. 

The form of the foundation implies the reinforcement arrangement.  The reinforcement 

arrangement of a circular or octagonal concrete slab is radial and not optimal at the center because of 

discontinuities. The reinforcement must be continued in order to carry the load. The presence of the 

connection can lead to discontinuity in the reinforcement. 

4.5.1 Spread foundation (47) (48) 

The principle of a spread foundation, or slab foundation is to spread the load over a large part of 

the ground. The bigger the area is the smaller the pressure on the ground is. This pressure must not 

exceed the maximum allowed pressure for the soil. 

 

Figure 4-21: Spread foundation principlexx 

The resistance to overturning of a wind turbine must be ensured. It is why sometimes, the gravity 

foundation is used. The thickness of the slab is reduced by the use of gravity foundation, but a bigger 

work of excavation is needed. 

When the spread foundation is used, the soil is strong and stiff enough like moraine to carry the 

load, and not to settle. The differential settlement is of a great importance to ensure the verticality of 

the tower. Some orders of magnitude are given below for a wind standard wind turbine of rated output 

power equal to 2 MW: 

 Diameter of the slab : de 14 m à 20 m 

 Slab height : de 2,5 m à 4 m 

 Concrete volume : de 250 m
3
 à 400 m

3
 

 Reinforcement quantity: de 30 t à 48 t, the anchor ring or anchor cage can weigh up to 16 T. 

Before setting the reinforcements, a blinding concrete must be done in order to have a flat surface. 
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4.5.2 Deep foundation (49) 

A deep foundation is composed of a connection slab which lies on several piles. These piles are long 

enough to reach the good soil, and to be anchored in this good soil. They transfer the load from the 

wind turbine to the acceptable soil. 

 

Figure 4-22: Deep foundationxxi 

For a 2 MW wind turbine, the orders of magnitude concerning a deep foundation are:  

 Diameter slab : de 12 m à 15 m 

 Height slab : de 3 m à 4 m 

 Concrete slab (without piles): de 250 m
3
 à 350 m

3
 

 Reinforcement slab (without piles, anchor ring,) : de 30 t à 42 t  

 Anchor ring : 12-16 t 

 Number of piles : 10 à 12 

 Diameter of piles : 800 mm à 1000 mm 

 Depth of piles : de 10 m à 30 m 
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4.5.3 Soil improvement (48) 

If the soil has not the right properties, soil improvement can be done. The stiffness, shear 

strength, permeability, or homogeneity can be adjusted. 

 Preloading, compaction, consolidation, vibrating method can reduce the settlement. 

 Permeation grouting methods, jet-grouting method with micropiles, lime/cement columns 

which consist in adding some additional material in the soil in order to increase the strength. 

 Substitution of soil, thick concrete slab, and other materials… can be used. 

 

 

Figure 4-23: Groutingxxii 

This solution can also be used to reinforce the foundation once the foundation is done and the wind 

turbine operates. 
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Chapter 2: Loads  
 

After having described all the components of a wind turbine, the loads acting on them or caused 

by them are described in this chapter. Since the power produced by the wind turbine comes from the 

wind, all a section is dedicated to the wind description. 

The following loads are presented further. 

 Wind action 

o Drag and lift forces on the blade 

o Drag force on the tower 

o  “tower” shadow 

 

 Load induced by the mass : 

o Weight of a wind turbine and its consequences 

o Inertial loads due to the rotation of blades (centrifugal load, deformation of the 

structure, vibration, braking system) 

o Gyroscopic load due to the rotation of the nacelle and the rotation of blades (yawing 

and pitching system) 
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5. Wind load (50), (4), (5) 
 

In this part, wind load and turbulence are described in order to model the action on the blade. The 

model used to calculate the force on the blade is explained. 

5.1 Wind description (51),  

5.1.1 The source of the wind 

The wind movement is caused by the temperature gradient at the surface of the earth. The 

difference in temperature on the ground is due to uneven solar heating: the equatorial regions are more 

irradiated than the poles one. Therefore, the warmer air of the equatorial regions moves toward the 

pole and is replaced by cooler air from the pole. This air being affected by the Coriolis force deflects 

toward the east for the northern hemisphere flow and toward the west for the southern hemisphere 

flow. These air flows are named: geographic winds. 

The turbulent flow is due to the ground. Indeed, in the first hundred meters of the earth, the 

speed and the direction of the wind are affected by frictional forces and obstacles like buildings, 

trees… Lakes and seas induce also local winds due to difference in temperature. Vegetation also can 

induce humidity variation 

The wind given at a site depends on both local and geographic winds. Therefore, it depends on 

the geographic location, the climate, the height above ground level, the roughness of the ground, and 

the obstacles in the surroundings. 

5.1.2 The nature of the wind 

Due to the source of the wind energy, it is highly variable both geographically and temporally. 

This variability is not very good for the output power which is proportional to the cubic of the wind 

speed.  

There are:  

- Long-term variations that are not really understood. The amount of wind can be 

different from one year to the other. 

- Seasonal variations, which are much predictable few days ahead.  

- Diurnal variations  

- Turbulences which correspond to variability around some seconds to several 

minutes. This variability is unpredictable and gives rise to extreme gust. 

The Figure 5-1 shows the energy spectrum of the wind, which represents the variability. There 

is a gap between the turbulence peak and the diurnal-synoptic peak. The powers between these two 

scales are almost zero. It can be conclude, that representing the wind by a steady flow and a turbulence 

component is a good description. 
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Figure 5-1: Wind spectrum Farm Brookhaven Based on Work by van der Hoven (1957)xxiii 

 

The turbulence is crucial for the design of wind turbines and has a major influence on wind turbine 

loads as stated by Wind Energy Handbook (4). The variability leads to fatigue and vibration, the 

extreme gust leads to extreme stresses. 

The following part presents the model used for the wind. The model is the one specified in the EN NF 

61 400-1 concerning the design of wind turbine. 

5.1.3 Model of the wind (52) 

The wind can be decomposed by a mean flow and a variable flow. The mean flow is quasi-

constant. It can vary in time but with a deterministic profile contrary to the turbulence component. 

   ̅    

Where:  

- V is the instantaneous wind speed 

-  ̅ is the average wind flow
11

 

-   is the turbulence component 

The Figure 5-2  illustrates this model. 

                                                      
11

 Usually, in standards, it is the 10 minutes average wind speed which is used. 
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Figure 5-2: Average wind speed and turbulencexxiv 

A good representation of the annual and seasonal variation is given by the Weibull distribution. The 

average wind speed on 10 minutes must follow a Rayleigh distribution at the hub height.  

  ( ̅)       (  (
 ̅

      
)

 

)  

Where: 

-  ̅ is the average wind speed based on 10 minutes 

- k is a shape parameter equal to 2 

- Vave is the annual average wind speed (Vave =0,2.Vref ) 

- Vref is the reference wind speed, which is equal to the 

average extreme wind speed with a return period of 50 

years. 

According to the literature, this distribution is not well valid for extreme velocity; the 

parameters of the model are calibrated for low speed values. The distribution can be changed to 

represent better the high speed value, but the result is not really reliable. Therefore, the standard gives 

some values for the extreme gust and its application. This is discussed further. 

 



41 

 

In the boundary layer, the normal wind profile of the mean flow is impacted by the roughness 

of the soil. This phenomenon is called wind shear. Generally, a logarithmic profile using the roughness 

height is used, but in the NF EN 61 400-1, an exponential law is preferred to determine the wind speed 

at the rotor level. 

 ̅      (
 

    
)
   

 

With  

- Vhub, the mean wind speed based on 10 minutes 

- Z : the height considered 

- zhub: the hub height 

-  ̅ : The mean wind speed based on 10 minutes at z level. 

Where 0.2 is a roughness exponent, the value of 0.2 corresponds to a high grass ground 

according to the table below.  

Table 5-1: Typical values of roughness length z0 and roughness exponent  
  for different types of surface 

Type of surface z0 (mm)   

Sand     0,2 to10     0,10 

Mown grass 1 to 10 0,13 

High grass 40 to 100 0,19 

Suburb 1000 to 2000 0,32 

 

The logarithmic profile used in the Eurocode 1 is defined as follow:  

 ̅( )   ̅(  )
  (

 
  

)

  (
  
  

)
  

- z0 is the roughness length 

- zr is the reference height, the hub height here 

-  ̅( ) is the mean wind speed over 10 minutes at z-level. 

The normal wind profiles, with 10 m/s at the hub level, z0=100 mm and alpha= 0,2 are 

represented in the Figure 5-3. 
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Figure 5-3: Comparison of exponential and logarithmic wind profile (alpha = 0,2, z0=100 mm) 

Both profile gives wind speed of the same order of magnitude. 

5.1.4 Turbulence model 

The turbulence is basically due to friction with the earth surface and thermal effect. By 

heating, the density of the air decreases and the air tends to move vertically. 

The turbulence cannot be represented with determined equation although it obeys to 

fundamental law. The humidity, the temperature, the pressure, the density, and the motion in 

three dimensions should be taken into account to create a deterministic model which leads to 

complex equations difficult to solve. The statistical or stochastic definition is more suitable. 

Its power spectrum can be described by a Kaimal spectrum defined below: 

    ( )

  
  

   
  

    

(     
   

    
)

 
 

 

Where 

- f is the frequency in Hz 

- k is the speed component  (1=longitudinal, 2= lateral, et 3= ascendant) 

- Sk Component speed spectrum 

- σk  standard deviation of the component 

- Lk scale factor represents the scale of the formed eddies. It depends on the roughness of 

the ground and the heath above the ground. 

-      is the mean wind speed over 10 minutes at hub level 

By respecting all the conditions of the standard EN 61 400-1, the spectrum can be plotted. 
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Figure 5-4 : Power spectrum of Kaimal L1=8,1Λ1, L2=2,7Λ1, 31=0,66Λ1, Λ1= 42m, Vhub=10 m/s  

Mathematically, the standard deviation of each component can be calculated as:  

  
  ∫   ( )  

 

 

 

Another way to characterize the turbulence is to use the intensity of turbulence which 

measures the overall level of turbulence and is defined as:  

  
 

 ̅
 

Where: 

-   is the standard deviation of the wind speed 

The intensity of turbulence depends on the roughness of the ground surface, the height above 

the surface, the topographical features, the thermal behavior… The turbulence is present only in the 

boundary layer, where the turbine is.  

After having describing the turbulence across the time, the dependence with the space must be 

specified. The correlation between two points decreases with the distance. The correlation is also 

smaller for high frequency than for low-frequency variations. The coherence function below describes 

this: 
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Where:  

- R is the distance between two points 

- Lc is the coherence length 

- f is the frequency 

-      is the mean wind speed over 10 minutes at the hub 

level 

-   is the distance between two points  
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5.2 Basics of aerodynamic (4), (28), (53) 

The action of a fluid on a structure gives rise to drag and lift forces. Torsional effect can be 

present too. The drag (D) is the action resulting of the viscous nature of the fluid and the geometry of 

the structure. The relative velocity between the fluid and the structure must be equal to zero. The drag 

acts in the direction of the fluid speed. 

The lift (L) results of a dissymmetry in the pressure field between the extrados (upper edge) 

and the intrados (lower edge) of the blade. The lift acts perpendicular to the wind direction. 

These forces are applied to the aerodynamic center, which can be approximated at ¼ of the 

chord. 

Each airfoil profile has its own lift and drag coefficients which depend on their angle of attack, 

the wind speed, the viscosity, the size... It can be given a pitching moment coefficient if the ¼ of the 

chord is not the exact position where the resultant is applied. This is disregarded in this study. 

Generally, the coefficients are given for a given number of Reynolds. This dimensionless 

number evaluates the rate between the turbulence and the viscosity. Characteristic length of the 

structure, viscosity and wind speed are taken into account to calculate the Reynolds number. For high 

number of Reynolds, the turbulence dominates, stall can occur when the angle of attack is around 8 to 

14 °. When the blade stall, the flow pass from laminar to turbulent. It is an instability, a lot of eddies 

are created, the drag coefficient increases drastically whereas the lift coefficient decreases. The 

performance of the blade is altered. 

 

Figure 5-5 : Lift and drag coefficient for an airfoil bladexxv 

Since the drag and the lift forces depend on the angle of attack, each airfoil has curves of drag 

and lift coefficient based on these equations:  

{
 
 

 
    

    

 
    

   

   
    

 
 

   
   }

 
 

 
 

 

With:  

- CD is the drag coefficient (dimensionless) 

- CL is the lift coefficient (dimensionless) 

-   is the volumic mass of the air 

-    is the mean wind speed before reaching the blade 

-   is the area of the blade (chord x length) 
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Each airfoil blade has its own characteristic, for example, the airfoil profile and the 

coefficients of the FFA-W3-211 are presented below. The FFA airfoil profiles are designed for the 

wind turbines. The thickness is quietly larger than for airplane blades. The section is not symmetric 

which leads to lift and drag coefficient different for positive and negative angle of attack. 

 

 

Figure 5-6 : Airfoil profile of the FFA-W3-211 

 

Figure 5-7 : Drag coefficient curve (CD) 
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Figure 5-8 : Lift coefficient curve (CL)xxvi 

 

On these figures, the experimental curves show a stall angle of attack around 10°, after this 

angle the lift coefficient decreases and the drag increases. As the figures show, it is really difficult to 

model the flow around the blade and find numerically the drag and lift coefficient. The linear parts of 

these curves are well described by the software, but when the stall occurs, the difference is significant. 

The actual horizontal wind turbine are based on lift action, the optimum angle of attack must 

be the one where the ratio 
  

  
 is the highest. The power output is principally produced by the lift force. 

On the other hand, the drag force contributes principally to an axial load carried by the wind turbine. 

The choice of the optimum ratio enables the constructor to have the best compromise between the 

efficiency and the axial load. The optimum angle of attack must also be far enough of the stall which 

is the case by optimizing the ratio 
  

  
. 

These properties are applied to the wind turbine blade with the Blade Momentum Theory 

(BEM). The blade having a rotational speed, the relative wind speed must be taken into account. The 

relative wind speed of a blade is composed from the wind speed and the relative speed of the part of 

the blade considered: 

 ⃗       
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗        ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ 

The magnitude is calculated as follow:  

  √        (  )  
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5.3 Aerodynamic applied to the turbine (54), (55), (4) 

This paragraph presents the assumptions and the conclusions of the appendix B concerning the BEM. 

5.3.1 Characteristic of the flow 

This paragraph justifies the different assumptions made in the BEM. 

5.3.1.1 Mach number 

The Mach number qualified the compressibility of the fluid and is calculated as follow: 

  
 

      
 

The velocity of the tip blade is, in operation equal to: 

  √    (   
  

  
   )

 

      
 

 
 

The angular velocity of the rotor is equal to 18 rpm, and the velocity of the wind is equal to 25 

m/s (cut out speed). 45 m is the length of the blade considered. 

The velocity of the sound in the air is equal to: 337,5 m/s for a pressure of 1 atm and a 

temperature of 10 °C.  

Therefore,        and the flow is subsonic, (M<0,8). Moreover, M<0,3, thus: 

The flow can be considered as incompressible. 

5.3.1.2 Reynolds number 

The Reynolds number is calculated to check the nature of the flow (turbulent or not). 

The velocity of the relative flow is the same: 88,74 m/s. The characteristic length of the 

structure is 90 m, the diameter of the rotor.   is the kinematic viscosity of the fluid. 

   
                       

                      
 

  

 
 

        

          
           

The number of Reynolds being large compared to 1, the turbulence cannot be neglected. 
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5.3.2 Power in the wind (5) (30) 

In the Froude theory, the density of the air is assumed to be constant. This is justified by the 

fact that the number of Mach based on the relative velocity is below 0,3. 

 
Figure 5-9 : Interaction between wind and wind turbine. A1 is the area of the flow passing through the wind turbine far 

before the turbine. A3 is the area of the flow passing through the wind turbine far after the turbine. A is the swept area.  

The rotor is modeled by a disc. The air passing through this disc has a different wind speed 

upwind, and downwind. The pressure nevertheless is identical far before the rotor (p1), and far after 

the rotor (p2). There is a discontinuity of pressure    at the level of the rotor disc, which creates the 

thrust. The axial forces (thrust) and the power can be determined by using Bernoulli Equation, and by 

applying the momentum equations. There is no air flow across the boundary of the air considered. 

The induction coefficient factor determined by:   
                 

       
 characterizes the loose 

of velocity, and thus the extracted power. 

The power in the wind is equal to:  

  
 

 
  (  

    
 )  

 

 
     

    

With      (   )  called power coefficient. 

Where:  

- v1 is the wind speed before the rotor,  

- v3 is the velocity after, 

- v is the velocity at the rotor level 

- A is the area swept by the rotor according to the figure 

above. 

The maximum power available from the wind can be calculated from this theory. Indeed, since 

the wind speed after the rotor cannot be equal to 0, all the kinetic energy from the wind cannot be 

extracted. By optimizing the power, Cp=0,59 is found. 

The limited efficiency of a wind turbine is caused by wind braking from its upstream speed V1 

to its downstream speed V2, while allowing a continuation of the flow regime.  But in practice, it is 
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even difficult to reach this optimal value of the power. Indeed, there are additional losses in efficiency. 

The sources of these losses are the viscous and pressure drag on the rotor blades, the swirl imparted to 

the air flow by the rotor, and the power losses in the transmission and electrical system. (56) 

Moreover, as reported by Wind turbine blade design (24), the wake rotation and the turbulence caused 

by drag or vortex shedding (tip losses) reduce the maximum efficiency. Besides, structural choices 

with the choice of specialized geometry and specific airfoils can lead to efficiency losses.  

A theory with a rotating disc can be applied, which gives the same result. This theory 

developed in the appendix is valid at high tip speed ratio which is the case of the studied wind turbine. 

5.3.3 The blade momentum theory 

The principle of the theory is to consider several elements along the blade. The chord, the 

thickness, the airfoil profile, the twist angle vary along the blade; it is why each elements have its own 

characteristics. The drag and the lift forces induced by the relative wind speed on each element are 

calculated. The forces are projected in a global system to determine the thrust and the torque. The 

torque is proportional to the power output.  

 

Figure 5-10 : Down-stream rotation of the wake-The wake rotates in the opposite direction to the rotor 

In order to take into account the tangential wind speed of the downstream rotation of the wake, 

a tangential interference factor a’ is introduced. The tangential component of the wind induced by the 

rotation of blades (vortex) is taken into account which changes the relative wind direction and the 

angle of attack of the blade element. The rotor is decomposed in different rings, where these 

coefficients are considered as constant around a ring, and independent. a and a’ are determined 

iteratively.  

The force on a blade element is the only responsible for the change of momentum of the air 

passing through the annulus swept by the element. Therefore, there is no interaction in the radial 

direction. This is strictly the case if the axial induction factor is constant on an annulus, but can be 

extended for high tip speed ratio (>3) according to practical test. 

The limits of the theory are precisely presented in Wind energy Handbook (4). The theory 

brakes when a high level the axial induction factor is reached which means that the wind speed behind 

the rotor is close to 0. (a=1) The theory is not valid anymore. The flow becomes turbulent in reality, a 

mixing process between the air and the environment appears. The rotor can be modeled by a plate 
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instead. The thrust is larger than predicted. When using the program in this study, the axial induction 

factor is always under 1. 

In the following, additional information is given to take into account other characteristics. This 

theory can be used with the mean flow, or used with an instantaneous flow to take care of the 

turbulence. A process to create an instantaneous flow is given in Wind Energy Handbook (4). 

5.4 Turbulence: stochastic consideration (50), (57), (58), (59) (60), (61), (62) 

If the mean flow is only used in the BEM, then, a frequency approach can be realized to 

evaluate the turbulence contribution. This case is used generally for flexible structure. A structure is 

flexible, if at least one natural frequency is below 1 Hz; the analyses use only these values. 

In this case non linearity cannot be taken into account due to the use of the spectral domain. A 

determination of mode shape is required to calculate thanks to the spectrum of the generalized force. 

Due to the variability in space of the turbulence, the coherence function must be used. 

By following the theory described in Wind energy handbook (4) for example, and simplified in 

the Appendix D an extreme value of the displacement and the force can be determined. 

This theory is more complex for the blade since they rotate. The rotationally sampled spectrum 

must be used instead. 

5.5 Tower forces 

The load on the tower due to the wind can be determined using the drag coefficient for a 

cylindrical shape. These factors can be found in the Eurocode. Since the structure is flexible, a 

spectrum procedure can also be done to determine the contribution of the turbulence. 

In this work, the same wind profile is used for the tower and the rotor since the aim is to 

deduce the force in a wind condition (load case). 

When designing the tower, the Eurocode could be used. The reference wind speed is not the 

same as in the NF EN 61 400. But in the standard 61 400, several wind speed conditions are taken into 

consideration. Whereas in the Eurocode, only one condition, which includes the turbulence is taken 

into account. In the Eurocode, the value of the mean wind speed is around 34 m/s for the considered 

place. This corresponds to the mean wind speed at 10 m, during 10 minutes for a return period of 50 

years. 
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6. Other loads and dynamic components 
In this part, most of the loads, which act on the wind turbine, are mentioned. 

6.1.1 Gravitational load 

The weight of the elements must be considered. Besides, in a foundation analysis the vertical 

force is very important for the overall stability. 

When designing a blade, care must be taken due to the fatigue loading induced by the gravity. 

Indeed, the top and the bottom of the blade alternate between tension and compression in the 

chordwise direction as it is illustrated on the figures below. The design of blades is not the aim of this 

study; this fatigue load is not investigated further. 

 

Figure 6-1: Terms definition for a downstream wind turbinexxvii 
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Figure 6-2 : Fatigue illustration due to the gravity 

On the figure, the gravity induces for the left blade a tension at the trailing edge and a 

compression at the leading edge. When the blade is to the place of the right blade, the tension and 

compression zone induced by the gravity will change: tension for the leading edge and compression 

for the trailing edge. 

6.1.2 Inertial forces 

 

Since the blades rotate, in the non-Galilean reference system of blades, the inertial forces must 

be taken into account. Indeed, the angular velocity of blades gives rise to centrifugal forces, and 

vibration of blades, which induces relative speed in a movable system coordinate. This gives rise to a 

Coriolis force. 

By using a direct integration method, these forces are directly taken into account in the 

acceleration of each point determined in the Galilean system thanks to the mass matrix. 

During the acceleration and the braking, inertias of blades, of the different shafts, of the hub 

are required in order to add the contribution of the acceleration. 

These inertial forces have an impact on the behavior of blades. The gravity force and the 

centrifugal force from the other part of the blade harden the blade, whereas the centrifugal relief 

softens the blade. (6) This is described below since it can be used to evaluate the turbulence effect on a 

blade. 
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In the following, a blade in rotation is considered. 

6.1.2.1 Centrifugal relief or spin softening 

In the rotating system, the centrifugal force is: 

          

Where:  

-   is the mass of the element 

-   the rotational speed of the system 

-   the vector between the center of the rotor and the 

element considered. 

 

 

Figure 6-3: Centrifugal force (plane view) 

In case of displacement dr of the element,  

            

where      is similar to a negative stiffness. This is called the centrifugal relief. This must be taken 

into account when calculating the natural frequencies of a blade. 

 

The problem to solve in order to determine the natural frequencies is:  

  ̈  (   )          {

                      
                      
                        

} 

 

This additional negative stiffness can lead to instability if the total stiffness becomes negative. 
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6.1.2.2  “Hardening” of a blade (6) 

However, the spin softening is not the only phenomenon to consider. If the blade is not 

horizontal, the gravity adds a preload in the axial direction to the blade. Let us consider the blade as a 

beam. The axial loading of the beam changes the stiffness matrix. Indeed, tension increases the 

stiffness whereas compression decreases the stiffness. The gravity leads to tension and compression 

whereas the centrifugal force to tension of the blade. 

 

Figure 6-4: Simplified blade mode, Lr represents the hub radius, LB the length of the blade. m is the linear density. 

 If an element at the abscise x is considered. This element is subject to the axial forces N(x) 

from other elements. 

N(x) can be expressed by two components: a centrifugal one and a gravitational one. The axial force is 

determined as the load induced by the part at the right of the element.  

  

 

Figure 6-5: Determination of the normal force 

The centrifugal force    undergoes by (A) is calculated below:  

   (    )      (     
    

 
)       {

(    )                             

     
    

 
                      

                                

} 

        (  
                   ) 

The total axial load is calculated below:  

 ( )  (    )        (  )  
 

 
      (  

                 ) 
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At t=0, the blade is considered as vertical, as the blade 1 on the figure below. 

 

Figure 6-6: Sketch of a rotating blade. The blade 1 is in position t=0. 

The moment contribution of strain energy    is calculated to explain the change of stiffness of the 

blade: 

By considering geometric non-linearity (2
nd

 order): 
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And  ( )       (   ), which leads to:  
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In first order, y(x,t)<<1, the energy deformation is equal to: 

   
 

 
∫ (       (   )     ( )  (   )    (   ))  

  

 

 

Another term is due to the normal force, which harden the blade if the normal force is positive (in the 

direction of the centrifugal force). The gravity hardens and softens the blade alternatively. 
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6.1.2.3 Campbell diagram 

The Campbell diagram represents the natural frequencies against the frequency or pulsation of 

the rotor. The centrifugal force changes with the angular speed, the stiffness changes then the natural 

frequency of the blade. 

 

Figure 6-7 : Campbell diagram of a 30 m wind turbine bladexxviii 

The natural frequency changes with the rotational speed. The natural frequency increases with the 

angular velocity, which means that the stiffness increases, the hardening of the blade is therefore 

dominant. Indeed, the order of magnitude of a blade axial deformation is around 1 cm; the load is 

therefore really low compared to the centrifugal hardening. 

If an element of 1 meter is considered, in the direction vertical toward the sky, the gravity decreases 

the stiffness. The abscissa for which the centrifugal force and the normal force are equal is determined 

below for a variation of displacement in the rotational system of 1 cm. 

                      

 ( )   (     )     
 

 
      (  

                 ) 

     {

     
      

      
   

 

}             

This means that for an abscisse over 43,25 m, the spin softening is dominant, somewhere else, it is the 

centrifugal hardening which is dominant. 

In order to take into account these different effects, there are different possibilities: 



57 

 

 To determine the natural frequencies, in FEM software as Abaqus, a static analysis can be 

done before the modal analysis where the preload is activated. In this case, the modal analysis 

is done by considering the preloaded state. 

 In order to investigate the dynamic behavior, the activation of the “geometric non linearity” 

option leads to apply the forces on the deformed shape, which uses the full moment expression 

as calculated in 6.1.2.2. The use of a dynamic scheme calculation takes into account the 

centrifugal load. 

6.1.2.4 Other inertial forces 

The acceleration of the top tower creates also a dynamic component, which can be high due to 

the mass of the rotor.  

6.1.3 Balance of the rotor 

The rotor and the shaft must be balanced in order to avoid some unwanted load. But there are 

always some uncertainties.  

6.2 Other loads 

6.2.1 Yaw mechanism 

Due to the yaw mechanism, gyroscopic load must be considered. The gyroscopic load occurs 

when an object is in rotation; the change of the axis of rotation induces a force opposed to the change.  

However, the angular velocity is usually low and this effect can be disregarded. Generally, vertical and 

horizontal moments are created. 

For a three bladed rotor, there is no vertical moment, but only moment along the horizontal 

axis of the rotor plane called also tilt moment. 

                                    

   ( )                                                              

 

 

Figure 6-8: Gyroscopic load 

Mechanical calculations are done to evaluate the gyroscopic load. (cf. Appendix F) 
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6.2.2 Pitching mechanism 

The pitching of blades can also give rise to gyroscopic forces which leads to a flapwise 

moment. All these gyroscopic forces are neglected due to the low angular velocity of the mechanisms. 

6.2.3 Wind shear 

The wind shear creates a difference in the thrust acting at the blade tip and at the blade root. In 

order to take into account this, the wind speed profile upstream the rotor in the BEM includes the wind 

shear. 

6.2.4 Tower shadow (63) 

As describing previously, the tower deviates the flow upstream the tower, the velocity of the 

wind is reduced and blades undergo this change of speed. This induces a change in the load on blades 

which must be taken into account, as the wind shear, and the turbulence effect, in the fatigue 

calculation. 

 

This is taken into account in the BEM model by multiplying the velocity in the tower region 

by the formula:  

    (  (
 

 
)
 

 
     

(     ) 
) 

Where: 

-    is the mean value of the wind speed on the rotor area. 

   
 

 
∬  (   )    , 

- D is a diameter of the tower, 

- x and y are the coordinates in a plan orthogonal to the 

rotor plane, 

- A is the swept area. 

6.2.5 Foundation interaction 

 

This load is the load which must be determined; it is why an embedded tower will be considered at the 

superficial foundation level. The stiffness of the soil is disregarded. 

6.2.6 Other loads 

 

Ice can add self-weight to the wind turbine. Variation can occur between the inside of the wind turbine 

where the generator and all electrical elements are and the exterior where the temperature can be 

lower. This variation induces deformation in the tower and should be taken into account in the design 

of the tower: the implication on the foundation is negligible compared to the others. 
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6.3 Damping 

The damping is not a load in general, however, aerodynamical damping is derived from a load, 

and it is why this section is presented here. 

6.3.1 Types of damping 

In this case, there is different damping: structural damping and aerodynamical damping. 

6.3.1.1 Structural damping 

The structural damping depends on the material, and the way the structure is assembled. The 

structural damping is an internal resistance opposing the rate of strain. It is often given in guidance. 

However, for blades, structural damping is different in flapwise, edgewise and torsional direction. It is 

better to make some experiments to determine correctly the damping coefficient. The logarithmic 

decrement can be easily determined with a free oscillating displacement time response in respective 

direction.  

Another way is to model the damping in all the modes. In this case, the linear procedure must 

be used. By defining the damping on the mode, the damping is different in the three directions 

mentioned above since there are torsional and bending modes. 

6.3.1.2 Aerodynamic damping 

The aerodynamical damping is the damping caused by the fluid. It is a resistance of the air due 

to the vibration of blades and the tower. The rigid body motion creates already a thrust which is 

against the rotation. The aerodynamic damping depends on the choice of blade aerodynamic profile, 

twist angle of the blade, operational condition, wind speed, rotor frequency, and vibration direction of 

blade cross section and motion of blade section relative to incoming flow. (64) 

Some calculation can be done to evaluate the damping ratio. If a coupling scheme
12

 is used, 

this damping can be already taken into account in the model. Besides, some research teams use 

complex coupled model to determine aerodynamical damping coefficient. (65) However, if uncoupled 

scheme are used, the aerodynamical damping must be incorporated in the structural model. 

By considering a tower top motion, the aerodynamic damping can be illustrated. Indeed, the 

fore-aft motion of the top of the tower creates thrust variation. When the top of the tower moves 

forward, the blade experience an increase in “wind speed
13

”. An extra aerodynamic force is created 

which counteract the motion. On the contrary, when the tower moves backward, the “wind speed” and 

the thrust decrease. The reaction of the structure, which creates additional forces against the motion, is 

comparable to a damping. Vibrations in the rotor plane of blades, in the flapwise direction of blades 

and the side to side motion of the tower create also aerodynamic damping. The torsional vibration of 

blades, which creates a change in the angle of attack, induces also a reaction force. All these things are 

taken into account in a coupled model. 

There are several models in order to determine the aerodynamic damping for a constant speed 

wind turbines. The deviation by Garrad is presented in the following.  

                                                      
12

 These schemes are detailed further. 
13

 In this case, the wind speed is composed of the real wind speed, and the for-aft displacement of the tower top. 

The rotation of the blade is not considered. 
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For a blade element, the thrust is equal to:  

   
 

 
       

  (      ( )        ( ))      

Where  

-    is the volumic mass 

-      is the relative wind speed 

-    is the lift coefficient 

-    is the drag coefficient 

-   is the inflow coefficient 

-   is the chord 

-    is the length of the blade element 

And can be reduced to: 

   
 

 
       

                   {

   ( )                          
                                

               
} 

With  

-                         

-          is the radial speed of the element  

-   is the distance of the blade element from the center of 

the rotor (hub) 

-   is the rotational wind speed 

The high tip speed ratio allows:   
     

    
  

The constant rotational speed leads to:     (
     

  
)  

                 

     
      

    
 

Assuming that the twist angle   is constant,     (   )     where   is the angle of 

attack. 

And 
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Identification with a single degree of freedom equation can be done, if the fore-aft motion is 

considered:           ̇, where u is the change in the axial wind speed and  ̇ the structural motion 

whose is positive when being in the direction of the wind.  

The variation of the thrust per unit length can be rewritten as: 

   
 

 
        

   

  
   (   ̇) 
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The equation of motion of a single degree of freedom is given by:  

  ̈        

With:  

- m : mass of the element 

- k : partial blade stiffness 

- c : chord of the blade 

This leads to:  

  ̈  
 

 
        

   

  
    ̇     

 

 
        

   

  
     

The damping term can be identified:  

         
 

 
        

   

  
                          

        

   
 

Where:  

-          is the damping coefficient 

-       is the damping ratio 

-     is the critical damping 

Notice that this equation is proved with unstalled blades. The term 
   

  
 is always positive. 

However, with stalled blades, this term becomes negative. Others terms must be also taken into 

account since they cannot be neglected anymore, the drag term for instance. Therefore, the damping 

ratio could be negative leading to instability in certain configuration. 

The paper Aerodynamic damping in the design of support structures for offshore wind turbine 

(65) gives other expression for variable speed wind turbine. Due to the variation of the inflow angle 

with the rotational speed, a correction factor “b” is added, and     (
     

  
)  

                 

     

  
      

    
 

The angle of inflow at higher wind speed cannot be considered as little. The drag coefficient 

must be considered. 

The increase in rotational speed leads to less damping whereas the larger drag term leads to 

more damping. 

The twist angle can vary due to the pitching system. 

Approximations are given, for the blade:  

         
 

 
       

   

  
   

The damping is not the same for all part of a blade. 

Other theories can be used, but this one enables the reader to understand the aerodynamic damping. 
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6.3.1.3 Order of magnitude 

The table below presents some order of magnitude of damping,  

Table 6-1 : Comparison of Blade Damping Ratios for First Two flapwise modes extracted from (4) 

 First mode Second 

mode 

Natural frequency including effect of 

centrifugal stiffening 

1,78 Hz 5,88 Hz 

Aerodynamic damping ratio 0,16 0,04 

Structural damping ratio 0,008 0,03 

Combined damping ratio 0,17 0,07 

 

The aerodynamic damping ratio is dominant in the first mode. It is important to consider it. It 

is difficult to calculate it even if some models are proposed. The damping varies with rotational speed, 

lift, drag coefficients and geometry. 

For the fiberglass and bolted steel, the structural damping logarithmic decrement is equal to 

0,05. The damping ratio is thus equal to 0,008.              {
                       

               
}. 

Usually, according to Guidelines for design of wind turbine (64), the structural logarithmic decrement 

for the blade is around 3 % whereas for the shaft and the tower 5%. 

The structural damping increases with frequency, whereas the aerodynamical damping 

decreases. 

6.3.2 Model (66) 

In Abaqus the damping can be modeled in different way.  

The damping can be defined:  

 For a material or an element 

 For the whole model 

 For a mode 

 When using a direct time integration method 

There are different damping models:  

 composite damping 

 structural damping 

 viscous damping  

 numerical damping 

The composite damping is just a fraction of the critical damping. The critical damping is the first 

damping with which the system does not oscillate. The structural damping is a damping proportional 

to the stiffness, and is used for non-linear case. 

Usually the structural damping is modeled as a viscous one. The aerodynamical damping is a 

viscous damping; it is why only this model is detailed. The aerodynamic and the structural damping 

are modeled as only one damping matrix. 
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The Rayleigh damping is described by the C matrix defined below: 

        

With  

- M is the mass matrix 

- K is the stiffness matrix 

With the damping ratio equal to:  
 

  
 

  

 
. This matrix represents the global damping. The 

global damping coefficient is obtained by adding both coefficients. 

This model leads to decoupled equations of motion when a modal formulation is used. However, 

this model overpredicts the damping at high frequencies of vibration. Another damping matrix can be 

done by using different damping ratios based on the Caughey series, but this leads to large 

computational time due to the full matrix C. 

 

Figure 6-9: Evolution of the damping ratio with the frequency 

Since the structural damping increases with the frequency, and the aerodynamic one decreases 

with the frequency, the stiffness term represents the structural damping, whereas the mass term 

represents the aerodynamical damping. 

The damping ratio of two modes is necessary to describe all the frequencies. The use of material 

damping is better since there are different elements with different damping coefficients. (tower, 

blade…). However, the rigid body motion is considered in this approach, which must not be 

considered for the blades. 

An alternative solution is to use springs. A corotational system must be defined with no mass, 

spring can be implemented in each node of the blade. Different damping ratios can be given for each 

direction (flap direction, edge direction, and torsional direction.) With this model, the damping can be 

changed for each element of a blade; this takes into account the fact that the damping is dependent of 

the radius. 
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Conclusion 

The table below summarizes the different loads and the necessary parameters to lead the 

study:  

Table 6-2 : Mechanical and dynamical action on the wind turbines 

Mechanical and dynamical action What do we need to model the action 

BLADE 

Weight of the rotor - Gravity center 

- Mass of the rotor 

Wind action  

- Mean flow 

- Turbulence 

- Mean flow 

- Drag and lift coefficient factor 

- Action center 

- Speed of the wind 

- Orientation of the wind versus the axis of 

the rotor 

- Angular velocity of the rotor 

- Turbulence 

- Intensity of turbulence 

- Model of turbulence 

- Mode shape of the structure 

Rotation of the blade / centrifugal load - Angular velocity 

- Angular acceleration (in some case) 

- Inertial matrix 

Deformation of the blade - Stiffness of the blade 

- Geometry of the blade 

- Equation of motion of the blade 

- Mode shape and frequencies of the blade 

Wake of the blade - Distribution of wind turbine 

Gyroscopic load from the pitching system. - Angular velocity  

- Angular acceleration 

NACELLE 

Weight of the nacelle - Gravity center 

- Mass of the nacelle 

Vibration of the bed plate - Inertia of the shafts 

- Stiffness 

Wind - Lift and drag coefficient 

Gyroscopic load due to the yaw mechanism - Angular velocity  

- Angular acceleration 

TOWER 

Weight of the tower  - Gravity center 

- Mass of the tower 

- Tower out of vertical 

Blade shadow on the tower - Flow around the tower 

Interaction with the foundation - What we want to determine 

Displacement of the tower - Stiffness of the tower 

- Geometry of the tower 

 

Both wind shear, gravity loading, and tower shadow can lead to resonance for the blade or the 

tower. Main loads have been mentioned. Not all are dominant for the purpose of the study. The loads 

taken into account are presented in the next chapter.  
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Chapter 3: Model and calculation 
 

 After having listed the loads acting on the wind turbines, different models are described to 

show the range of possible models. The model used to achieve the aim of the study is defined. 

 The results of this model are presented. 
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7. Aim and method 

7.1 Problem and load case considered 

The aim of the thesis is to: 

- Understand the dynamic behavior of a wind turbine.  

- Determine the resultant forces at the foundation in order to explain the issues encountered 

at the foundation level on site. 

- Compare these results with the resultant forces given by the wind turbine provider. 

In order to solve this problem, several load cases issued from the NF 61 400 -1 are 

investigated. First, the DLC
14

 1.1 or 1.2 and 1.5 are studied because the wind turbine would generate 

electricity 82,7 % of its life. Several sources testify this value. However, they are at their rated power 

only 25% of its life. The DLC 6.3 or 6.1 since it is the critical load case for the tower base. The 

starting and the braking are not investigated due to the lack of information about the inertias of the 

shaft, of the rotor… Moreover, these cases represents less time in the life cycle. The rotor is 

considered as balance. 

 

Figure 7-1: Life cycle operational aspectxxix 

In order to determine the force at the foundation level, the foundation is modeled as embedded 

in the soil. This is not the real case. Indeed settlement can occur due to the stiffness of the soil. 

Settlement will induce extra-moment if the non-linearity geometric is considered. However, the 

foundation is designed to avoid a certain amount of settlement, and the order of magnitude of the load 

carried by the foundation is not affected by this assumption.  

                                                      
14

 Design load case extracted from the standard 61 400-1. 
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7.1.1 DLC 1.1/1.2 

The wind turbine is operating and electricity is transmitted to the grid. 

The blade element model is used between the cut-in speed and the cut-out speed, in order to 

evaluate the evolution of the load with the wind speed. The axis of the rotor is in the same direction as 

the direction of the wind. 

The mean flow is modeled by: (according to the NF EN 61 400-1) 

 ̅      (
 

    
)
   

 

With  

-  ̅ is the mean wind speed over 10 minutes at z level 

-      is the mean wind speed over 10 minutes at hub level 

-      is the hub level 

 

Figure 7-2: Normal wind profile for V_hub =10 m/s, the ‘o’ represents the hub level. The blade is drawn at the vertical 

position. 

In this case, the turbulence must be treated by spectral or temporal consideration. The standard 

deviation of the turbulence is given in the NF 61 400-1: 

       (              ) 

With:  

- Iref is the expected turbulence intensity at hub level with a mean wind speed of 15m/s over 10 

minutes. 

- Vhub is the wind speed over 10 minutes at hub level 

-    is the standard deviation of the wind speed at hub level in the axial direction. 
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7.1.2 DLC 1.5 

The wind turbine operates and produces electricity to the grid. A critical event occurs. 

The extreme wind shear model can be used. The turbulence is included in the mean wind flow 

model given. 

The mean flow is modeled by: 

- For a vertical shear :  

 (   )
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With:  

-  (   ) is the mean wind speed over 10 minutes during an extreme wind shear at the 

altitude z and the time t.  

-      is the mean wind speed over 10 minutes at hub level. 

-   is the time scale, it is takent o 12 s in the standards. 

-   is the diameter of the rotor. 

The different parameters are defined in the standard.  

 

Figure 7-3: Extreme vertical wind shear profile 1 with V_hub =10m/s for time from 0 (blue) to 6s (yellow/green) 

The wind is stronger at high level. This wind profile is investigated in order to evaluate the moment 

created by the extreme wind shear. The NF EN 61 400-1 specifies that for the rotor, the case with 
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larger speed at low level must be studied. This should not appear naturally. This case is represented in 

Figure 7-4. 

 

Figure 7-4: Extreme vertical wind shear profile 2 with V_hub =10m/s for time from 0 (blue) to 6s (yellow/green) 

- For a horizontal shear :  
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The horizontal shear must also be checked. It is investigated in this study in order to evaluate the 

torsional moment due to this dissymmetry. 

The next figure describes at different positions the variation of the wind speed with the time.  

The blue line represents the wind speed at t=0, which is the classical wind shear model 

presented for the load case 1.1/1.2. 

Then, the wind speed increases on the right (green, red, light blue, purple…) and decreases on 

the left. 
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Figure 7-5 : Variation of the wind speed along the y direction (rotor plan) and for different time (t=0 blue, and t=6s black) 

at different height (40m, 80m and 120m) 
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7.1.3 DLC 6.3 or 6.1 

 

In this case the wind turbine is stopped. The extreme wind model is used to investigate the 

maximum resultant force at the foundation level. A change of direction occurs (+/- 30° for the one 

year return gust and +/- 15° for the fifty years return gust). As reported by the Wind energy Handbook 

(4), it is the case the more unfavorable for the bottom of the tower, thus for the foundation. The worst 

rotor configuration is when one of blades is strictly vertical. The case with a change of direction of 90 

° is the worst, but generally omitted due to the high level of safety of the grid and the low probability 

that a grid failure and a change in wind direction of this type occur in the same time. 

The model presented below is the constant extreme wind. 

{
    ( )

   ( )
}  {

        (
 

    
)
    

 

        ( )

} 

-      is the reference wind speed which is the mean wind speed over 10 minutes with a return 

period of 50 years.  

-      is the hub level 

-      is the extreme wind speed with a return period of 50 years. The reference wind speed is 

multiplied by 1,4 in order to take into account of the turbulence. 

-     is the extreme wind speed with a return perod of 1 year. 

The standard describes another model: the extreme turbulent wind speed. In this one, the 

turbulence must be modeled, and the wind speed over 10 minutes at hub level is Vref. The 

definition of Vref is justified. 

This load case is studied since it is the load case given by the provider. 

 

Figure 7-6 : Extreme wind profile (50 years return gust) V_hub =70 m/s.  
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7.2 Different models 

After having described all the characteristics of a wind turbine, the different loads, the aim of the 

study and the considered load case, a model must be chosen to achieve the aim of this study. The 

choice of the model has consequences on the load which can be modeled.  

This part describes the different models found in the literature which could have been used 

considering the studied wind turbine described in Appendix A and the available software: 

- Matlab 

- Abaqus Standard/Explicit 

- Abaqus CFD which can model an incompressible flow 

The difficulties of the modeling are:  

- The interaction between the fluid and the structure 

- The large rotation of blades 

- The complex geometry 

- The poor available data 

The figure below explains the principle of the fluid structure interaction. The Fluid Structure 

Interaction (FSI) manager is the interface of the user. For instance, it is the Simulia platform for 

Abaqus. A tool co-simulation can be used to organize both structural model, and fluid model. 

 

Figure 7-7: Fluid interaction principlexxx 

 At each time step, the fluid calculates the pressure on the structure, and then the pressure is 

transferred into force on the structure. The displacement of the structure is calculated, and is 

transmitted to the fluid model. This leads the mesh to change. The pressure is calculated again and the 

loop is followed until a convergence is reached. Once both models have converged, the time can be 

incremented, and the loop begins again. 

Different models can be considered. They are described below, with their drawbacks and 

advantages  
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7.2.1 Coupling between Abaqus Standard and Abaqus CFD 

(Aeroelastic
15

 investigation) 

A coupling via Co-simulation could be done between Abaqus Standard and Abaqus CFD. This 

model follows the scheme described in the Figure 7-7. Other programs could also be coupled, but the 

company does not have other license. 

The wind turbine must be modeled with shell elements, in order to have a surface where the 

interaction with the fluid can be defined. The geometry of blades must be known, the place of the 

stiffeners, and the airfoil cross section. The characteristics, the different layers of the composite 

material of the blade must also be known to perform the analysis and find displacement of the wind 

turbine and load at foundation level. Due to the number of elements required, this method leads to a lot 

of time of computation. (CPU time) This type of model is generally used to investigate stresses in 

elements. (3D model to analyze local problems) It is not a model used at the first time. An order of 

magnitude issued from a simpler model must be known in order to validate the model built. 

The turbulence can be taken into account by one of the Spalart-Allmaras or k ε model. There 

are some relationships between the intensity of turbulence and the parameters of the models available 

in Abaqus CFD. These relationships are important to model the turbulence given in the standard. 

The Spalart-Allmaras model
16

 is based on the turbulent viscosity. It is adapted for 2 

dimensions model and comes from practical study and dimensional analysis. 
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The k ε model is a 2 equations model, based on the kinetic energy of the turbulence and the 

dissipation rate of the turbulence. Wall functions are required to model the viscous sublayer. 

Comparison must be carried between experimental data and the modeling done. 
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17 

Where:  

- K is the kinetic energy 

-   is the dissipation ratio 

                                                      
15

 Aeroelasticity is a discipline where mutual interaction between aerodynamic and elastic deflection are 

investigated. 
16

 These models are not explained in this thesis. These models are widely known. There are issued from fluid 

mechanic researches. 
17

 Issued from Guidelines for Specification of Turbulence at Inflow Boundaries  http://www.esi-cfd.com/esi-

users/turb_parameters/  

http://www.esi-cfd.com/esi-users/turb_parameters/
http://www.esi-cfd.com/esi-users/turb_parameters/
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Another problem to consider is the fact that when the blades rotate, the mesh of the fluid 

model is really affected. A re-meshing technique must be used. 

In this case, all the load, the vibration, the geometry, the non-linearity, the wind shear, the 

turbulence, the tower shadow would have been modeled. One of the drawbacks is the problem with the 

forces resulting of the pressure on the blade. Indeed, as it has been shown earlier in this report, the 

blade model has poor result for lift and drag after stalling of the blade. Moreover, the regulated system 

of the pitch angle must be implemented in order to consider it.  

This model is generally used to investigate a part of a structure, but not the whole wind 

turbine. The time calculation would be too long, the entire model would be difficult to implement, and 

not cost effective. 

7.2.2 Coupling between Abaqus Standard and Matlab (Aeroelastic 

investigation) 

This type of coupling is used in the report Aeroelastic simulation of wind turbine dynamics 

(1). 

The BEM theory could be used and implemented in Matlab. The theory is largely used in 

research program. The presented theory can be modified in order to take into account the shear wind, 

the tower shadow, the disorientation of the flow... This theory is recommended in guidelines (64) 

written by Riso. 

The wind turbine is described by beam elements, which is justified by the length of the blade 

and the tower relatively larger than their chord and diameter respectively. The forces are applied on 

beam; it can be used rigid link with no mass to apply at the right position the aerodynamic forces. 

The geometry of the nacelle is not important. Only the mass of the nacelle contributes to the 

dynamical behavior. Then, it can be modeled by a point mass. A rigid link is used to connect the hub 

and the top of the tower. The nacelle is considered as stiff enough not to contribute to the deformed 

shape. The displacement of the hub is therefore the same as the displacement of the top of the tower. 

This approach is more convenient concerning the geometry since only global parameters are 

necessary. But these ones are also difficult to obtain. Generally, a 3D-shell blade model is realized and 

the mechanical properties of different sections are extracted to implement in the beam model. 

In this approach, if the considered flow in the BEM theory is instantaneous, the result will be 

very precise. Of course, drag and lift coefficient must be known for the Reynolds number range 

considered. In a dynamical study, in Abaqus, the implicit scheme must be used since there is no 

impact on the structure. The non-linear option must be activated due to the large displacement of the 

blade. This implies that the forces are applied on the deformed shape. The flow, which would act on 

the blade, must be the flow at the deflected position of the blade. 

Matlab and Abaqus must be coupled by a Python script for example, to communicate; Abaqus 

would send the position of the blade to Matlab and Matlab would send the (re-)calculated force on the 

blade to Abaqus till converged values of force and position are reached. It is an iterative process. 

The rotation of the rotor is induced by the moment resulting from the blade. The inertia of all 

the system must be known since the rotation can vary with wind speed. The pitch system regulation 

and the regulation of the rotational speed must also be modeled. 
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A function in Matlab could be created to create the instantaneous flow. There are also other 

programs already implemented on the market. 

Mechanical characteristics are necessary, and the drag and lift coefficient can be well 

implemented with result of tests. The consideration of the pitching system, the gyroscopic load, the 

yaw mechanism, the shafts... require the knowledge of inertias, damping, centers of gravity and mass. 

This model is a good compromise, and enables to calculate the resistance of the blade to 

different load case, by considering the dynamical effect of the rotation of the rotor. The resultant at the 

foundation level would include almost of the load cited in a previous chapter. 

7.2.3 Uncoupled scheme 

This model is a first approximation. The deformation of the structure is not taken into account. 

The rotor thrust and the structure response are calculated separately without taking the output from 

each other. The blade momentum theory is used on the undeformed shape and the resultant is applied 

on the undeformed structure. 

 This model gives nevertheless a first approximation. 

The displacement of the tower can be taken into account, by applying the rotor thrust on the 

top of the tower, with the right eccentricity. However, the dynamic response due to the blade is 

disregarded. 

Result for the foundation can be found. The blades cannot be studied. 

7.3 Chosen model 

 

The aim of this part of the study is to determine the resultant force at the foundation level. An 

order of magnitude of: 

- The wind load 

- The gravity forces 

- The inertial forces 

must be found. 

The interaction between the fluid and the structure is calculated on the undeformed shape, 

uncoupled scheme. 
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Figure 7-8 : Uncoupled scheme. The forces and the displacements are the result. There is no iteration. 

If the mechanical characteristics of blades would have been known, the tangential and axial forces 

calculated by the BEM program will be implemented on Abaqus. This would have led to the rotation 

of the rotor. However, the torque is not constant, so the rotation would have been not constant. In this 

case, the inertias must be known and the regulation implemented. The vibration of blades could have 

been considered. However, this is not the purpose of the study and these characteristics are not 

available, therefore, the rotor behavior has been disregarded.  

Only the tower is modeled, the rotor and the nacelle are modeled by a point mass and the resultant 

force of the rotor applied at the top of the tower. The deflection can thus be considered to calculate the 

resultant force at the foundation. 

Vibrations of the tower are considered, and the global inertial effect of the tower. The braking is 

not studied. The turbulence contribution is calculated only for the tower. The usual situation with a 

wind flow constant is analyzed. 

The loads considered are summarized in the Table 7-1. 
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Table 7-1: Load considered in the model 

Mechanical and dynamical action What do we need to model the action 

BLADE 

Weight of the rotor, the rotor is considered as 

balance. 
- Gravity center 

- Mass of the rotor 

Wind action  

- Mean flow 

- The turbulence is not considered for 

the blade 

- Mean flow 

- Drag and lift coefficient factor 

- The center of gravity and the  

- Speed of the wind 

- Wind flow along the rotor axis 

- Angular velocity of the rotor 

Rotation of the blade: The inertial components 

are not considered. (Centrifugal load…) 

 

The deformation of the blade is not considered.  

The wake of the blade is not considered.  

The gyroscopic effects due to the pitch system of 

the blade are not considered. 

 

NACELLE 

Weight of the nacelle - Gravity center 

- Mass of the nacelle 

The displacement of the nacelle is considered, 

but not the vibration induced by the rotation of 

the shaft. 

- Displacement of the top of the tower 

calculated in the model. 

The action of the wind on the nacelle is only 

considered in the DLC 6.1 
- The nacelle is considered as a plate in the 

DLC 6.1. Cdrag=1. 

The gyroscopic effect due to the rotation of the 

rotor is not considered. 

 

TOWER 

Weight of the tower  - Gravity center 

- Mass of the tower 

- Tower out of vertical 

The blade shadow on the tower is not considered.  

The foundation are considered fix in the soil. The 

possible settlement of the foundation is not 

considered. The stiffness of the soil is taken to 

the infinity. 

-  

Displacement of the tower - Stiffness of the tower 

- Geometry of the tower 

7.4 Justification and order of magnitude 

The model must be justified before analyzing the response. It is why a comparison with a case has 

been done for the BEM program.  

The final BEM results are compared with power and thrust coefficient given by the provider in the 

Appendix A. 

The Abaqus model is compared to several orders of magnitude given in the literature listed below. 
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7.4.1 Tip displacement 

 According to Etude dynamique d’une pale éffilée (27), the out of plane vibration can reach 0,6 

m for a rotational speed of 6 rad/s and a blade length of 8 meters. It reaches 1 m for a 

rotational speed of 12 rad/s. The blades are in aluminum. 

 As stated by The investigation of the tower deflection effect on the blade dynamic behavior of 

large wind turbines (39), the out of plane vibration is about 2,5 m for a 45m diameter rotor in 

normal operating condition. 

 As reported by Wind energy handbook (4), displacement of a blade can reach 10 % of the 

radius, in this case 4,5 m in extreme operating condition. 

 According to parametric study for large wind turbine blades (28), displacement can be up to 

10 m for rotor similar to the studied one in extreme wind condition. It is transcribed in the 

table below. 

 
Table 7-2 : Blade Tip Deflection as a Function of Rotor Diameter extracted from (28) 

 
Section 

Type 
Rotor 

Diameter 

(m) 

Blade 

Length 

(m) 

Tip 

Deflection 

(m) 

Tip 

Deflection 

(in) 

Specific 

Deflection 

(% Diameter) 
Baseline 

Baseline 

Baseline 

Baseline 

Baseline 

62 

83 

104 

125 

146 

30 

40 

50 

60 

70 

5.9 

8.2 

10.6 

12.7 

14.9 

233 

321 

418 

501 

586 

9.53% 

9.83% 

10.20% 

10.17% 

10.20% 
Thicker 

Thicker 

Thicker 

Thicker 

Thicker 

62 

83 

104 

125 

146 

30 

40 

50 

60 

70 

5.2 

7.2 

9.3 

11.2 

13.1 

204 

282 

366 

439 

514 

8.36% 

8.62% 

8.93% 

8.92% 

8.95% 
Thickest 

Thickest 

Thickest 

Thickest 

Thickest 

62 

83 

104 

125 

146 

30 

40 

50 

60 

70 

4.6 

6.4 

8.3 

9.9 

11.7 

182 

251 

325 

391 

459 

7.44% 

7.67% 

7.94% 

7.94% 

7.98% 
Thin 62 30 5.9 233 9.53% 

Thicker 104 50 9.3 366 8.93% 
Thickest 146 70 11.7 459 7.98% 

 

7.4.2 Tower displacement 

 As stated by The investigation of the tower deflection effect on the blade dynamic behavior of 

large wind turbines (39), the tower displacement can reach 0,4 m for a 2 MW wind turbine in 

normal condition. 

 

7.4.3 Natural frequencies of a blade 

 As reported by Optimization of wind turbine blades (32), Fiberglass epoxy blades more than 

45m length have a fundamental frequency around 0.72-0.80 Hz. 

 According from Optimization design, modeling and dynamic analysis for composite wind 

turbine blade (25), a 10 meters diameter rotor has a fundamental frequency of 5,63 Hz 
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 As stated by Dynamic characteristics analysis of the offshore wind turbine blades (6), for a 

blade of 42 m length and a rotational speed of 1,69 rad/s (included the centrifugal and 

gravitational stiffening), the frequency is around 1,147 Hz, and 0,866 Hz for a blade of 50 m. 

 According to Structural analysis of complex wind turbine blades (22), the fundamental natural 

frequency of a blade whose length is 61,5 m is 0,7066 Hz. 

7.4.4 Natural frequency of the tower 

 As reported by Structural optimization of wind turbine towers (43), a tower of 30 meter high 

with a 2,421 meters diameter and a mean thickness of 1 cm can reached frequencies around 

5,06 Hz, and 1,82 Hz considering the gravity load of the rotor. 

 According to Optimization of a steel tower for a wind turbine structure (42), a 45 m tower, 

with a diameter between 3,3 and 2,1 m has a fundamental frequency of  0,62 Hz. 

 As reported by Analysis and design of the prototype of a steel 1MW wind turbine tower (41), a 

tower of 44,075 m, with a diameter varying from 3,3 to 2,1 m and a thickness from 18 to 10 

mm have a first natural frequency of 0,6 Hz. 

  

7.4.5 Summary 

These different values can give a magnitude of order for each component. To summarize, the 

relevant characteristics compared to the wind turbine studied are listed in the Table 7-3. 

Table 7-3: Magnitude of order of wind turbine properties 

Tower first natural frequency <0,62 Hz 

First natural frequency of the blade ~ 0,7-0,8 Hz 

Tower displacement in normal condition > 0.4 m 

Tip blade displacement in normal operation <4,5  m 

Tip blade displacement in extreme condition ~ 9 m 
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7.4.6 Resultant force at the level of the foundation 

The aim of the study is to find the time dependent resultant force at the level foundation in 

order to compare with the static resultant given by the provider.  

 

Figure 7-9: System of coordinate 

The extreme load is compared with the one from the provider: 

Table 7-4: Extreme load case resultant at foundation level 

Fx -754 kN 

Fy 302 kN 

Fz -2564 kN 

Mx -15117 kNm 

My -55475 kNm 

Mz -571 kNm 

 

This resultant can be written, in the wind direction:  

Thrust force 812 kN 

Vertical force -2564 kN 

Bending moment 57 498 kNm 

Torsional moment -571 kNm 
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 Apparently, the provider qualified this load case of 6.1, which is according to the literature the 

unfavorable load case for the wind turbine. This case represents an extreme gust with 

disorientation when the wind turbine is stopped. It is why there are force components and moment 

components along respectively x- and y-axes. 

The operational loads are compared with the mean load given for the fatigue calculation:  

Table 7-5: Operational mean load at foundation level 

Fx - kN 

Fy 195 kN 

Fz -2761 kN 

Mx -14 878 kNm 

My - kNm 

Mz -84 kNm 

   

 

The context in which these values are extracted is not clear. This gives an order of magnitude. 

In this case, the wind turbine is aligned with the wind. According to the given thrust coefficient, the 

equivalent thrust is given for a wind speed around 7 and 8 m/s. This corresponds to the value of wind 

the more frequent according to the probability given below. 

 

 

Figure 7-10 : Probability that V_hub-0.5 < V_hub < V_hub+0.5 with Vave=10 m/s 

 

 The difference in Fz between both tables is due to the lift force existing in the extreme load 

case, which acts along the z axis. 

 

The Matlab program done in this thesis in normal condition gives the mean resultant below:  

 Rotor 

contribution 

Tower 

contribution 

Total mean 

flow 

contribution 

Unit 

Fy   (axial force) 181 2.72 184 kN 

Mx (bending moment) 14 721 118.8 14 840 kNm 

Mz (torsional moment) 0 0 0 kNm 
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The resultant is almost identical excepted the torsional moment. After some calculation, it is 

proven that the torsional moment is really affected by unbalance rotor. 

7.4.1 Power and thrust curve 

The power and thrust curves are given by the provider. A representative thrust curve can easily be 

derived from the tower bottom bending. Generally, it is used to calibrate models. 

 

 

Figure 7-11 : thrust and power coefficient  
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8. Aerodynamic loading – Results 

8.1 Determination of the pitching curve 

The studied turbine has a variable rotating speed and a pitch regulation system. Many 

considerations must be taken into account in order to establish laws of these systems of regulation. 

- The power must be maximized under 3MW 

- The thrust must be minimized 

- The noise must be minimized 

First, without considering the pitching regulation, at 10 m/s (the mean wind speed), for the 

nominal rotating speed, the thrust given by the provider, and the thrust calculated by the BEM have 

the same order of magnitude. In order to get more accurate value, the pitching law is modeled below. 

The derivation is given in Appendix A. 

Since, none information about the variable speed law and pitch regulation law were given, a 

program based on the BEM code has been developed in order to find the pitch angle, which gives the 3 

MW mean power output. The result for a rotor configuration is different than for an operating 

configuration
18

. The code is accelerated by breaking the “for loop” when the angle of attack at the end 

of the blade is too high or when the non-convergence of the BEM code is not ensured for a too large 

number of elements.
19

 

It is obvious that at low wind speed, the low rotational speed is needed, whereas at high speed, the 

nominal speed (higher) can be used. The pitch angle increases with the wind speed in order not to 

reach stall of the end of the blade, which can create vibration and damage the rotor. The evolution of 

the pitch angle with the wind speed is presented in the figure below:  

 

Figure 8-1 : Pitching angle and rotational speed considered for each wind speed 

These laws are used to make further research on unfavorable case. The unfavorable case appeared 

around 12 m/s for the rotor, and for the maximum wind speed for the tower. These two cases are 

studied in detail in the operational load case. 

                                                      
18

 It is called operating configuration when the wind shear is taken into account, and the power and the thrust are 

calculated over a rotation. 
19

 Due to the wind shear, the tower shadow, different configuration of the blade, it is difficult to reach 

convergence for all cases. In case of non-convergence, the wind speed value of the previous element is used to 

limit the impact. The length of elements is equal to 0.3 m which is not too long, the non-convergence appearing 

at the beginning, at the tip of the blade, or at airfoil transition does not impact the result. 

0

2

4

6

8

10

12

14

16

18

20

4 9 14 19 24

o
m

e
ga

 (
rp

m
) 

Wind speed at hub level (m/s) 
-10

-5

0

5

10

15

20

25

4 14 24

P
it

ch
 a

n
gl

e
 (

°)
 

Wind speed at hub level (m/s) 



84 

 

8.2 Operational load case DLC 1.1 

The result of the Matlab code is given below. More details are available in appendix C. 

 

v=12m/s (Mean value) 

   

Resultant
20

 

Fx (kN) 

Horizontal 

force 

Fz (kN) 

Vertical 

force 

My 

(kNm) 

Bending 

moment 

Mz 

(kNm) 

Torsional 

moment 

Tower contribution 7.051 -160.9,81 337.9 0 

Rotor contribution 360.06 -1086.95 29 164 0.65 

Total  367.111 

-

2656,6.95 29501.9 0.65 

 

 

v=25m/s (Extreme values ) 

   

Resultant 

Fx (kN) 

Horizontal 

force 

My 

(kNm) 

Bending 

moment 

Mz 

(kNm) 

Torsional 

moment 

Max 361.4 29 211 44.482 

Min 355.68 28 961  -44.482 

 

The extreme values are due to the tower shadow. The wind shear give a variation in resultant which 

can be neglected compared to the one given by the tower shadow. 

 

v=25m/s (Mean value) 

   

Resultant 

Fx (kN) 

Horizontal 

force 

Fz (kN) 

Vertical 

force 

My 

(kNm) 

Bending 

moment 

Mz 

(kNm) 

Torsional 

moment 

Tower contribution 38.03 160.9,81 1657 0 

Rotor contribution 167 1086.948 13 822  0.8550 

Total  205.03 2656,55 15479 0.8550 

 

 

v=25m/s (Extreme values ) 

   

Resultant 

Fx (kN) 

Horizontal 

force 

My 

(kNm) 

Bending 

moment 

Mz 

(kNm) 

Torsional 

moment 

Max 169,38 13 883 54.47 

Min 163,68 13 621 -54.68 

 

The most unfavorable load case for the foundation is given for the 12 m/s wind speed. (This is 

analyzed in the Appendix E) The transmission to the foundation is investigated in the next chapter. 

                                                      
20

 The axis x corresponds to the wind direction, and the y axis is in the plane of the rotor. 
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8.3 Operational load case: Extreme wind shear DLC 1.5 

In this case, it is assumed that the same law for the pitch angle is used in this case. Indeed, if 

the wind speed is measured at hub level, these effects cannot be taken into account. 

The vertical wind shear with high speed at the top area is studied. The worst case (v=12 m/s) 

is investigated. The value for which the rotor is subject to large thrust is the same due to the profile 

expression. It is based on the same expression.  

 

 
v=12m/s 

    

Resultant 

Fx (kN) 
Horizontal 
force 

Fz (kN) 
Vertical 
force 

My 
(kNm) 
Bending 
moment 

Mz 
(kNm) 
Torsional 
moment 

Tower contribution 7.051 160 337.9 0 

Rotor contribution 330 1086.948 28 250 550 

Total  337 1246.948 28 587 550 

 

The values presented above are the value at 6s. The thrust and the bending moment decrease 

due to the change in inflow angle due to the increase in wind speed. The wind speed is negative for a 

range of tower altitude; the same profile cannot be used. The normal wind profile is taken into 

account. 

 

Figure 8-2 : Evolution of the force and moment at the foundation for vertical wind shear (unfavorable case for the rotor) 
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The application point increases with time (with increase in the wind speed). The bending 

moment decreases due to the decrease in the thrust, the optimal angle of attack is not reached. 

 

The unfavorable case for the wind turbine is at high wind speed for the rotor. 

 

The horizontal wind speed influences less the extreme values of the torsional moment than 

the extreme vertical wind shear. However, the mean value is affected since it is not equal to 0. 

 

Figure 8-3 : Evolution of quantities over time for horizontal wind shear 

 No information is given about the behavior of the blade in this situation. The result could be 

affected by the regulation system for example. 
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8.4 Extreme load case: DLC 6.1/6.3 

 

The result for the tower is described below:  

Table 8-1 : Result for the DLC 6.3 V_hub=70 m/s 

F 396,6 kN 

Z_application 40,42 m 

Moment 16 032 kNm 

 

In this load case, the wind turbine is stopped. The wind has a disorientation of an angle θ. One 

of blades is aligned with the tower. The rotor is considered as plan. The cone and tilt angle are 

neglected. The angle of attack is affected by this disorientation. Moreover, the airfoil section may 

change due to this disorientation.  

For the blade aligned with the rotor, the angle of attack is equal to: θ-β where β is the torsion 

angle, but for other blades, the angle of attack cannot be determined easily. The drag and lift 

coefficients are not given for angles of attack of this range. 

 Normally, the disorientation is limited to +/- 15 ° in the new rules. However, for old wind 

turbine, the unfavorable case for the foundation was a disorientation of 90°. This case is seldom since 

this requires a fault in the grid and a change of orientation of the wind. The perturbation of the flow by 

the first blade is neglected. Normally, the second blade is subjected to a relative flow less important 

due to the presence of a blade in the upstream. 

 In order to have an order of magnitude, this situation is studied. The force coefficient of a 

blade is given by an airfoil rectangle profile in the Eurocode. 

 

 The result is given below:  

F 556,7 kN 

Moment 47 409 kNm 

 

By adding the contribution of the nacelle and the tower: 

Total:  

F 1065 kN 

Moment 72411 kNm 

 

Comparing to the extreme load given by the provider, these values are higher due to the assumption 

made. Moreover, in the data provided by the constructor, the wind is disoriented with an angle below 

90°. The angle is unknown, but the wind turbine is disorientated since there are two components for 

the thrust and the bending moment. 

 The order of magnitude is comparable. A large knowledge of the blade geometry is necessary 

to perform a good analysis.  
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9. Structural model and result 
Due to the high length of the structure, the large load applied on it, and the large mass of the rotor, 

the deformation of the structure could lead to additional forces. The geometric non-linearity is studied 

in this part. Moreover, due to the large mass of the rotor, and the vibration of the tower induced by the 

dynamic load, inertial forces are investigated in this part. 

9.1 Hand calculation 

This part estimates the displacement of the tower with basic formula. 

The static displacement is calculated below by considering a cantilever beam with a force F at 

the end of the beam:  

 

Figure 9-1 : Cantilever beamxxxi 

         

   
  

     
        {

           
           

        
 } 

         

The “dynamic” displacement due to the variation of the force can be calculated by considering 

a system at one degree of freedom at the end of the tower. The load of the tower is not considered in 

this calculation. The force is considered for this simple calculation as a sinusoidal force, of amplitude 

6 kN, and period 1.12 s. Without considering any damping,  

   
  

 
 

 

  (
 
  

)
       

The passing blade frequency and the natural frequency of the tower are separated enough not 

to excite the first mode. With other rotational frequency, the displacement could be increased.  

The geometric non linearity can lead to a contribution in the bending moment of: 

              543,5 kNm. This is a minor contribution compared to the moment due to the 

thrust.  

This calculation is rather simple since it considers mean characteristics for the tower. The 

vibration is not calculated, but since the variation due to the variable load    is small, it is expected 

small inertial forces. Since the inertia and the load are not well described, an Abaqus model is done. 
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9.2 Structural model 

Different model can be used. 

 

Figure 9-2 : Assembly, datum point. The tapered beam are not visually supported in Abaqus CAE 

A shell model could be used, but the CPU times would have been too large. Indeed, when 

using it in the FSI calculation, the calculation takes more than 3 days for 600 s of simulation. 

Moreover, the requested output is the reaction force, which is easily and directly obtained by a beam 

model. The stresses in the tower are not interesting for the aim of this study. 

Tapered beam elements are used to model the tower, quadratic beam elements are used to 

increase the accuracy of the model. Both geometric non-linearity and geometric linearity formulation 

are studied in order to compare them. An implicit dynamic analysis is considered. Indeed, explicit 

dynamic scheme is adapted for impact calculation, and modal analysis do not take into account the 

geometric non-linearity. The modal analysis was performed, however, the transient response due to the 

application of the force were there. It was decided to perform a static analysis when all the forces are 

applied to the structure, then, the structure has the deformed shape. Then, the dynamic step (implicit) 

is performed by beginning with the deformation calculated in the static step. This enables to remove 

the transient part, and analyze only the steady state part of the response.  

The transient displacement response of the structure oscillates at the natural frequency. When 

the damping was taken into account, the oscillation decreased until reaching the mean displacement 

and the little oscillation around this. During the transient part, the displacement were larger than 1,2m, 

the inertial forces were very large. Furthermore, the load does not act instantaneously but gradually 

which is well represented in a static step. The turbulence acts randomly, but the magnitude of the force 

should not create an oscillation so large. 
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The steady state is interesting for this analysis. This transitional load appears because the force 

is applied directly, with zero initial conditions. The vibration period of the transient displacement can 

be calculated, and the frequency deduced.                      which is equal to the first 

natural frequency. It is the first mode which is excited when a kind of “impact” occurs. 

The forces acting on the tower are taken into account by a linear force, and an expression is 

used to consider the wind shear. The variation of the drag coefficient is also taken into account by the 

means of an expression. The used drag coefficient is the one use in the calculation of the thrust on the 

tower by the mean flow. 

      

Figure 9-3 : Forces acting along the tower   Figure 9-4 : Constraints of the tower 

 

Figure 9-5 : Evolution of C_drag with height and wind shear. The drag coefficient is based on the real velocity of the 

wind and the radius. 
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Reference point affected by a mass defined by a datum point is used to represent the nacelle 

and the rotor mass. The center of gravity is given by the drawings. This point is coupled by a 

kinematic coupling with the tower. Another datum point is used to apply the forces of the rotor. Once 

more, a kinematic coupling is used.  

The three parts of the tower model are coupled by a tie constraint (beam).  

The mass of the model, the natural frequencies are checked. The units must be consistent. All 

are in Newton, kg, m, s. 

The structural damping is modeled by a Rayleigh damping, a 5% logarithmic decrement for a 

bolted steel structure is applied for the two first natural frequencies. 
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The damping is given in the profile definition for the implicit dynamic step, and in the step 

definition for the modal analysis. This damping is an important characteristic since, the lack of 

damping leads to large displacement, which can increase the inertial forces. However, since the 

calculated displacement in the hand calculation is very small, it can be guessed that the damping will 

have not so much effect (the excitation frequency is far from the natural frequency). 

The structural damping is modeled by a Rayleigh damping, a 5% logarithmic for a bolted steel 

structure is applied for the two first natural frequencies. The aerodynamical damping is considered at 

least for the first mode. The velocity motion of the tower changes the relative velocity of the wind, 

which as it is described in the load chapter, creates a variation of thrust. However, as stated by Wind 

Energy Handbook (4), the aerodynamic damping is principally provided by the rotor. 

Indeed,  
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9.3 Rotor load on the model 

Amplitude is used to model the load over the time. If necessary the forces are periodized. 

 

Figure 9-6: Input data 
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9.4 Results for a non-deformed geometry: Linear formulation 

9.4.1.1 Displacement at the top of the tower 

 

Figure 9-7 : Displacement at the tower top. The displacement is 0,64 m due to all the action. The variation of the wind 

load induces a displacement along the x axis of less than 1 mm. (0,3) 

The displacement is of the same order of magnitude compared to the hand calculation. It is 

nevertheless lightly larger since more loads are considered in Abaqus and loads are represented in a 

better way. However, it is larger than the literature review. This could be explained by the model of 

the tower that is based only on the drawing of the Appendix A and the literature data. 

The displacement due to the dynamic load is very low. The excitation induces a vibration at 

the fundamental frequency, however, the force excitation has a period of 1,12 s which can be found by 

focusing on abnormal increase in displacement, which is due to a sharp variation in the thrust and the 

moment. Other abnormal peaks are present which corresponds to the frequency of the second mode. 

(f2=3xfe) 
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9.4.1.2 Inertial forces at the foundation level 

 

Figure 9-8 : Inertial force and forces acting on the tower along x axis. The action from the wind on the tower is around 

6,25kN, then the contribution of the inertial force can be deduced, around +/-6,75 kN << 300 kN 

Since the displacement is in majority along the x axis, the other components are useless.  

 

Figure 9-9 : Bending moment due to the inertia and the load from the wind on the tower in the y axis. This load is around 

-0.32 kNm (the mean value of the graph), then the inertial load leads to +/-0.23 MNm << 28 MNm. 
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9.4.1.3 Comparison with the literature 

This displacement can change the relative wind speed and the angle of attack of the blade. 

This is not taken into account in this model however, since in these conditions the displacement is low. 

It would not be so affected. However, it is seen that the displacement is a bit larger than found in the 

literature (>0,4 m); however, it is acceptable.  

 The computational time is clearly shorter in the modal analysis but in this case, the result is 

affected with the transient response. The computational time is not too long since the structure is 

rather simple. 

 Since the vibration due to the load is low, the damping is disregarded in the next part, to 

compare the results. 

It is obvious that the value of the variation of the thrust is low compared to the value of the mean 

thrust; it is why the response of the structure is low.  

 

9.5 Without damping 

The result is presented below. 

 

 

Figure 9-10 : Displacement of the top of the rotor without considering any damping 
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Figure 9-11 : Axial reaction force and moment at the foundation disregarding the rotor contribution. 

The variation in displacement can reach 0.5 mm, which is a little bit larger. The inertial forces 

are also higher +/- 14kN for the axial force and +/-0.35 MN for the bending moment. 

The damping has not a large impact since the exciting frequency is far from the natural 

frequency. 
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9.6 By considering the geometric non-linearity without damping 

9.6.1 Displacement 

By considering the non-linear geometry, the “static” displacement of the tower is more 

important. (3cm more) The displacement at the top of the tower oscillates around 0,67 m. The 

amplitude of the vibration is the same. 

 

Figure 9-12 : Top tower displacement without considering any damping (Non-linear geometry activated) 
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9.6.2 Reaction force and moment at the foundation 

 

Figure 9-13: The resultant force at the foundation against time 

 The reaction force is composed of the load of the wind on the tower, the inertial load, the 

gravity load, the load on the rotor… In order to evaluate the inertial load, the loads imposed at the top 

of the tower are subtracted in the following figures.  
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9.6.3 Inertial and tower load 

 

The inertial load is not constant contrary to the contribution of the mean flow. The mean value 

is the contribution of the mean flow; the inertial load is similar, +/- 14 kN. 

 

The mean value is larger due to the geometric non linearity. Indeed, the fact that there is a 

deflection of 0.67 m, the gravity induces a contribution to the bending moment of 0,67 m x (91+6.6 x 

3) x 10 =742,3 kNm. A part of the tower must be taken into account, then, the mean moment 

increases.  

The part due to the inertial load is not affected. The order of magnitude is always the same.  
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9.7 Conclusion 

In this chapter, the tower and the rotor contribution of the mean wind flow are calculated. Then the 

dynamic response is investigated, and the inertial loads are estimated. The turbulence for the tower is 

analyzed in the Appendix. 

All these calculations show that the main part of the load, which is transferred to the foundation, 

comes from the mean wind flow action. In the following of the study, the value of the inertial load 

with no damping is added to the contribution of the mean wind in order to consider the worst case. 

Then, the resultant force, which is used further, will be the sum of the mean wind flow 

contribution (on the tower and on the rotor) and the inertial forces caused by this excitation. This 

resultant is calculated below.  

The turbulence is neglected since the contribution is smaller than the inertial one. The turbulence 

is important in the dynamic response of the blade, which is more flexible. The inertial loads of the 

blade are principally used to design the hub. (4) However, for the tower, the contribution is not so 

important. The turbulence gives rise to some peaks, which are neglected in this study.  

The resultant forces that are used in the next chapter for the serviceability limit state (DLC 1.1) is 

given below: 

Table 9-1: Resultant load transmitted to the foundation at the foundation level DLC 1.1/1.2 

 

v=12m/s (Mean value) 

   

Resultant
21

 

Fx (kN) 

Horizontal 

force 

Fz (kN) 

Vertical 

force 

My 

(kNm) 

Bending 

moment 

Mz 

(kNm) 

Torsional 

moment 

Tower contribution 7.051 -1569,6 337.9 0 

Rotor contribution 360.06 -1086.95 29 164 0.65 

Inertial contribution +/- 15 - +/- 400  - 

Total (all are added
22

) 384,6 -2656,55 29 901,9 0.65 

 

The serviceability resultant load carries by the foundation in normal operational case is less 

important than the resultant force given by the provider. 

 

In addition, during the study, it is noted that when a significant change occurs instantaneously at 

the top of the tower the inertial response is large since the tower vibrate at its fundamental frequency. 

The brake of a wind turbine at high rotational speed with mechanical brake could induce large 

inertial effects. This should be investigated further.  

                                                      
21

 The axis x corresponds to the wind direction, and the y axis is in the plane of the rotor. 
22

 It is obvious that when there are inertial horizontal forces, the bending moment will increase. The 

worst case for the foundation in order to study the punching or the stability for example is the one 

where all the loads are added. 
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Chapter 4: Foundation analysis 
 

One part of the aim of this study is to understand the appearance of the cracks on the foundations 

and get an idea of the risk due to the load on the foundation. An analysis of the connection is realized 

to understand the load transfer mechanism and a cracks investigation is done. Finally, a model is 

presented in order to verify the punching resistance of the slab and the stability of the wind turbine in 

operation with the calculated resultant force. This study will add understanding about the design of the 

foundation since no calculation are done with the DLC 1.1 during the design since only the extreme 

loading is given by the provider. 
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10. Cracks analysis 
The aim of the analysis is to understand the principle of the solution proposed by the provider and 

to explain the cracks that have appeared on the studied wind turbine bearing. These cracks appeared in 

several wind power farms in France, Germany and Denmark as reported by Cracks in onshore wind 

power foundations (44). 

10.1 Cracks and description 

10.1.1 Issue description 

The pictures below describe the cracks on the bearing and the gap between the different 

elements of the connection noticed on the foundation slab of the studied wind turbine. The behavior of 

the whole wind turbine can be affected since a displacement of several millimeters is observed. This 

amplified the inertial load and the 2
nd

 order effect. 

 

Figure 10-1: Spalling of the concrete slab 

 

Figure 10-2: Separation between the ring steel and the concrete slab 
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10.1.2 Cracks in concrete 

Like any other reinforced concrete structure subjected to bending moment, the spread footing 

foundation contains cracks. However, these cracks must not jeopardize the whole structure; the size of 

these cracks can be limited by an adapted design. 

This adapted design cannot always be done by the civil engineer since the manufacturer provides 

only a resultant force (in the studied case), which is supposed to be the critical one. A resultant force 

can be critical for a situation, but favorable for another. The resultant to use to design the resistance 

and the stability can be different. The serviceability state is not studied in the design. Displacement, 

vibrations, cracks are not analyzed. 

Moreover, the bearing drawing given by the wind turbine provider depends on wind condition and 

soil condition assumptions. (There is class of wind turbine in the IEC 61 400-1 which describes the 

average wind speed, the extreme wind gust speed…) If site investigations are not conducted properly 

and findings not brought back to the design praxis, then, the structural design cannot be adapted. 

10.1.3 Origin of cracks 

There are different types of cracks in concrete which can occur in different moment of the 

concrete life. The origin of cracks in the concrete can result from different causes as presented in the 

figure below. However, these cracks can often be prevented if appropriate design, work, material, 

adapted construction method are used. 

 

Figure 10-3: Types and causes of cracks in concretexxxii 

In order to understand the cracks that appeared in this case, the transfer mechanism is described in the 

next paragraph. 
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10.2 Principle of the steel ring 

This part explains the way the internal forces are carried. The structural description of the 

connection is done in 4.4. 

10.2.1 Load transfer principle for a steel ring 

 

The elastic behavior of the connection occurs when the reinforced concrete and the steel ring 

are in the elastic domain. This state is the normal behavior of the structure: linear elastic behavior of 

the materials; uncracked concrete. 

Several principles carrying the internal forces of the system steel ring+concrete slab can be 

considered: 

 Punching resistance of concrete below the flange; 

 Punching resistance of concrete above the flange; 

 Resistance by concrete counter-abutment; 

 Resistance by concrete abutment; 

 Friction resistance (contact steel/concrete). 

The concrete works principally in compression due to the two different elements composing the 

connection. 

 

Figure 10-4: Load transfer principle from the steel ring to the concrete slabxxxiii 

 

These different principles can be more or less activated and must ensure the integrity between the steel 

ring and the slab. The suppression of one degree of freedom for the assembly can lead to severe 

damage in the concrete or the steel. For example, if the thickness under the flange is not large enough, 

and the reinforcement not adapted, punching occurs. Resistance by abutment and counter-abutment 

carry then more load and spalling can appear if the compression stresses are too large in the concrete. 

In the provider proposition, force carried by the connection cannot be taken by the punching, since the 

distance under the flange is very small. (Cf. Figure 10-5Figure 10-5 : Insert ring embedded in concrete 

foundation (2002)).  



105 

 

10.2.1 Reinforcement in the concrete slab (44) 

In order to carry the tension load in the concrete slab and to maintain the concrete as uncracked, 

reinforcement bars are necessary. 

There are different reinforcement arrangements possible. This arrangement is designed in order to 

give to the slab a reinforced concrete behavior. The reinforcement bars are used in tensile area since 

the concrete cannot carry tension. The reinforcement is also used to prevent the creation of cracks due 

to several causes as it is mentioned before. 

The following figure presents the arrangement proposed by the provider of the studied wind 

turbine. 

 

Figure 10-5 : Insert ring embedded in concrete foundation (2002)xxxiv 

First, the bearing is a square 14,5 m x 14,5 m. There are star reinforcement bars disposed 

radially around the steel ring, anchor U-bows, cross wise reinforcement and edge bows. These 

reinforcements are designed to carry the load transmit by the anchor ring. The anchors U-bows carry 

the tension stresses in the concrete around the lower flange. The star reinforcements carry the 

horizontal load from the wind turbine. 
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The reinforcement is continuous in the bottom layer in two orthogonal directions which is the 

normal disposition. 

The top layer reinforcement named “cross wise reinforcement” is not continuous. They do not 

pass through the steel ring since they are not radially. They are in continuity neither with the 

reinforcement bars through the steel ring, nor with star reinforcement bars, which are radially 

disposed. Therefore, the reinforcement of the concrete slab does not ensure the continuity of 

reinforced concrete, which does not constitute an adequate arrangement. 

The star reinforcement bars go through holes made around the steel ring. These holes represent 

20 % of the complete section which is relatively important and may generate void which could not 

assure the proper behavior of the entire steel ring-concrete slab. 

There are also U bows passing below the steel ring which prevents for punching of concrete, 

which are overlapped with the star reinforcement. They did not overlap with the top layer 

reinforcement. 

Moreover, the reinforcement bars, which pass through the insert ring, shall be not in contact 

with the insert ring. This constraint, which ensures the well behavior of the reinforced concrete, is 

difficult to verify. 

The disposition realized during execution was:  

 

Figure 10-6: Execution reinforcement (inspired from the provider one) 

The same comments are applicable; however, there are more vertical reinforcement. The thickness 

of concrete under the flange is larger. The design is based on the moment given by beam model in the 

foundation created by the application of the resultant forces at nodes localized at the steel ring 

location. The top and bottom layer are designed to carry the moment transmitted by the steel ring. The 

reinforcement bars around the steel ring are designed to carry the stresses which appear locally due to 

the connection. (Punching resistance) 

These dispositions do not ensure the behavior of a reinforced concrete slab. 

All this analysis is confirmed by the report Design of Wind turbine foundation slab (67) which 

analyses a wind turbine foundation slabs with different model (hand calculation, 2D FEM model, 3D 

FEM linear and non-linear model). It states that “radial reinforcement bars are required on the top 

surface of the slab in order to provide doweling in the heel of the slab and the concrete inside the steel 

ring.” Indeed, when losing the contact, the heel “hangs” which lead to high stresses and punch out of a 
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part of the slab. In order to prevent this, “the radial reinforcement has to be fully anchored in the 

concrete inside the steel ring; practically, this means that holes have to be provided in the steel ring.” 

This is confirmed by the non-linear analysis,” since the tension carrying capacity of the concrete is 

almost totally exhausted, the most stressed reinforcement bars are the vertical and radial one. The 

anchor “U-bows” (vertical) are useful to carry the tension below to the flange to the compression zone. 

In the report, the top layer reinforcement is radial and tangential whereas the bottom layer of 

reinforcement is orthogonal. The lengths of the radial reinforcement bars are more than two times the 

radius of the insert ring. An additional orthogonal top layer is placed after to take care of the shrinkage 

due to the cure of the concrete and subgrade friction. The moment in the slab due to the loads 

transmitted by the steel ring is totally carry by the radial reinforcement, which is continuous 

over the slab. Moreover, it is also stated that the radial reinforcement must not be too dense; indeed, 

the structural behavior of the steel ring can be impacted by holes made in it. 

10.2.2 Evolution of the reinforcement in the concrete slab (same 

provider) 

This foundation described before, which was used in the studied wind turbine, was adapted few 

years later for the same type of wind turbine. No cracks have been observed on the second type of 

reinforced arrangement.  

 

Figure 10-7 : Insert ring embedded in concrete foundation (same provider, 2009)xxxv 

In the figure above, the continuity of the reinforcement seems to be respected. If the bearing is 

circular, the slab could have a reinforced concrete behavior. The provider might have changed its 

design due to these considerations. Moreover, the thickness under the flange is larger. Punching can 

participate to the transmission of the load. 

It is difficult due to the confidentiality to have more drawings. These designs could have been 

changed since there are available online now.  
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The figure below shows another configuration where prestressed anchor are used to avoid 

punching. The thickness under the lower flange is relatively important. 

 

Figure 10-8: Other reinforcement configurationxxxvi 

10.2.3 Is the connection really clamped?  

The load given by the provider is calculated by taking into account a clamped boundary 

condition between the wind turbine tower and the foundation slab. 

When a resultant is applied on the steel ring, the load transfer to the bearing is not correctly 

ensure due to the consideration on the reinforcement and the connection between the steel ring and the 

reinforced concrete slab. This connection assumes that the contact is perfect between the two 

components. However, this is not the case; the interface is not really connected due to the shrinkage of 

the concrete. 

If there is an aperture between the steel ring and the concrete, and a seal failure, then the water 

can infiltrate and damage the concrete, therefore the overall stability is questioned. 

The clamped structure is then not satisfied in this case. 
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10.3 Crack investigation 

In this part, the origin of the cracks studied is investigated. 

10.3.1 Causes and consequences 

 

In the studied case, the cracks appeared after long time of use, after hardening. These cracks are 

not due to a poor casting of the concrete and are not due to the poor properties of the concrete since the 

experimental results give better properties than the characteristics taken into account in the design. 

The type of long-term cracks that appeared may be as reported by Types and causes of crack and 

cracking (68): 

 Long-term drying shrinkage due to ineffective joints between the steel ring and the concrete. 

Hardened concrete shrinks due to hydration of the cement and evaporation. 

 

Figure 10-9: Shrinkage crackxxxvii 

 Crazing due to the impermeability of the steel ring, comparing to the permeability of the 

formwork. Crazing is very fine cracks and does not affect the structural integrity. 

 

Figure 10-10: Crazingxxxviii 
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 Corrosion of reinforcement due to an infiltration of water. Usually, the reinforcement does not 

corrode due to the protective passive layer which is formed by the alkaline environnement on 

its surface. However, if water reaches the reinforcement, the excess of chloride will broke 

down the passive layer, then the steel may corrode and this extensive process will lead to 

crack the concrete. 

 

Figure 10-11: Corrosion of the reinforcementxxxix 

 Alkali-silica reaction. This occurs when the structure are high alkali content and subject to 

ground water. The mixture of the concrete must be formulated to avoid this reaction. It can be 

assumed that this was taken into account in the design of the foundation. 

 

Figure 10-12: Cracks due to alkali silica reactionxl 

As it is written in Cracks in onshore wind power foundation (44), the cracks on wind turbine are 

usually due to design faults like: insufficient concrete cover, improperly installed reinforcement, 
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inadequate concrete curing, concreting at low temperatures, not correct concrete mixt, cracked casting 

joints. 

In the case studied in the report Cracks in onshore wind power foundation (44), the steel ring 

connection leads to cracks and de-bonding in several cases for large wind turbine due to: 

 “A gap between the steel ring and the concrete is formed due to the differential displacement 

between the steel ring and the concrete. Indeed, the load acting on the steel ring leads to strain 

in the steel. 

 The horizontal displacement of the steel ring induces stresses in the concrete cover. Cracks 

and spalling can occur. 

 The gap and the cracks between the concrete and the steel enable water penetration. Due to the 

alternative loads and displacements, a pumping effect lead to water in the holes of the steel 

ring, damaging the reinforcement and the concrete. Damage can lead to visible movement of 

the steel ring, the tight fit of the inserted ring and the concrete can be lost. 

 The water penetration can lead to leaching of concrete, frost damage and reinforcement 

corrosion.” 

Moreover, the differential temperature between the inside of the tower and the outside, can also 

lead to deformation of the steel ring. The fatigue process and the poor reinforcement disposal can also 

lead to cracks. 

10.3.2 Investigation 

Some investigations are going to be done in the following part. The spalling of the concrete 

occurs if too large stresses appear on a compressed zone or a poor design and reinforcement 

disposition. 

Due to the small thickness of the concrete slab under the lower flange of the steel ring, the 

punching resistance is investigated. Indeed, if the resistance is not high enough, the punching load is 

not carried by the reinforcement and the concrete, then, the load transfer to the concrete by abutment 

can increase and the spalling occurs. 

The stability is also investigated in order to analyze if the compression area criteria is satisfied 

in an operational condition. Indeed, the compression zone was not large enough with the data provided 

by the wind turbine constructor. 

The load resulting from the previous part is considered in the following.  
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11. Model of the foundation and the connection 
This part is inspired from a work on the connection realized by the company. According to the 

design calculation, these properties were defined. The results given in this part are nevertheless 

adapted with the foundation load calculated in the previous section. 

11.1 Geometric description of the foundation 

The foundation of the wind turbine according to the provider is of superficial type whose the 

dimensions are16 m x 16 m x 2.4m. The junction between the tower and the foundation are realized by 

inserting a steel ring in the concrete of the foundation slab. The geometry is given below:  

 

Figure 11-1 :  View of the foundation slab 

 

Figure 11-2: Longitudinal section of the foundation slab 

 The steel ring is the one presented in the previous parts. 
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11.2 Material and soil properties 

11.2.1 Concrete 

The concrete slab was designed with:  C35/45 XA2 whose characteristics are given below:  

  C35/45 Concrete grade 

fcm  MPa 35 Mean compressive strength of concrete at 28 days 

fctm8  MPa 2.7 Tensile strength of concrete at 28 days 

Ediff MPa 12102.9 Delayed modulus of elasticity  

Einst MPa 35981.7 Instantaneous modulus of elasticity 

b  MPa 21.0 Admissible concrete stresses at SLS 

buF  MPa 19.8 Admissible concrete stresses at fundamental ULS  

buA  MPa 25.9 Admissible concrete stresses at fundamental 

accidental ULS 

11.2.2 Steel of the ring steel 

The steel used is:  S355NL / S355J2+N / S355NL+Z25. 

Steel grade 

Shell thickness 4cm  S355NL/ EN10025-2 

fy MPa 345 Plastic stress 

fu MPa 370 Yield stress 

Ea MPa 210000 Young modulus 

Bottom flange thickness 8cm S355NL+Z25/ EN10025-2 

fy MPa 325 Plastic stress 

fu MPa 470 Yield stress 

Ea MPa 210000 Young modulus 

11.2.3 Reinforcement 

 Fe500 Steel type 

fy MPa 500 Plastic stress 

fu MPa 435 Yield stress 

Es MPa 200000 Differed Young modulus 

 

  



114 

 

11.3 Soil properties 

In this part, the soil is considered as elastic. Geotechnical report gives the following table. 

Table 11-1: Geotechnical properties 

Geotechnical characteristics Variation 
Taken for the 

calculation 

Internal friction angle  15° ≤ ’ ≤ 35° ’=15° 

Admissible stress at SLS  Constant qa = 1.5 MPa 

Admissible stress at ULS  Constant qa = 2.25 MPa 

Vertical modulus  
kv1=100 ≤ kv ≤ 

kv2=200 MPa/m 

k1 = kv1 =100 MPa/m  

k2 = 2*kv2 = 400 

MPa/m 

Cohesion 5 kPa ≤ c’ ≤ 400 kPa c’ = 0 

 

According to the Appendix F.3 du Fasc.62 Titre V, for the short-term action, ki = 2 kv must be 

used. On the contrary, for the long-term action, kv must be used. 

Non-linear springs are used. (Elastic behavior only in compression, the spring does not work 

in tension) Therefore, the result for the short term and the result for the long term cannot be added 

separately.  

Therefore, a unique vertical modulus is taken for both load case, and two calculations are 

performed: 1) k1 = min (kv1; kv2) = 100 MPa/m; 2) k2 = max (ki1; ki2) = 400 MPa/m.     

The presence of water is considered until the ground level. 

11.4 Model 

11.4.1 Geometry 

According to the Figure 11-1, the geometry can be modeled on Abaqus. 

1. The concrete slab with the void corresponding to the place of the steel ring 

 

 

Figure 11-3: Model on Abaqus of the concrete slab 

 

Boolean operation was used to create this part in the assembly module. 
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2. The steel ring 
 

 

Figure 11-4: Model of the steel ring 

The upper flange, which does not contribute to the transmission of the load, is not represented. 

 

3. The soil modeled by a membrane 40x40m  

The unilateral behavior of the soil is modeled by a membrane with a significant flexibility in 

contact with the slab on the upper face and lying on elastic spring on the bottom face. This membrane 

enables the slab to lift off. The interface properties are described further. 

   

 

Figure 11-5: The three elements modeled 

The system is modeled entirely in order to be able to analyze all the direction possible with the 

same model. The wind can act in all the direction. In order to accelerate the computational time, the 

system could have been cut in two pieces. However, since the foundation is not circular, the behavior 

can be different. Boundary condition on the cut surface would have been required. 
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11.4.2 Mesh - model 

The concrete slab and the steel ring are modeled by volume element. The membrane is 

modeled by surface element type membrane (no bending stiffness). 

Following elements from the Abaqus library were adopted for each part: 

 

Part Number of 

elements 

Element 

types 

 Concrete slab  91191 C3D4 

 Steel ring  1344 C3D8R 

 Membrane (soil) 2532 M3D4R 

 

which represent 23823 nodes and 96667 elements. 

The C3D4 element type is a 3 node tetrahedral element. With this type of element, all the 

structure can be meshed without partitioning the part. A large number of elements are needed to reach 

the convergence. 

The C3D8R is an 8 nodes linear brick element. The reduced integration and the hourglass 

control are used. The reduced integration enables to eliminate shear locking, phenomenon which 

appears when using linear element in bending.  

 

Figure 11-6: Pure bending behavior (left) and bending behavior for a fully integrated elementxli 

The shear locking is the fact that the work done by the element in bending is stored in bending 

strain energy and shear strain energy due to the formulation of the form functions. In reality, in 

bending, there is no shear strain energy created. The shear strain energy is induced by the straight 

edges of the element. The use of second order element enables to eliminate this problem since the 

edges have a parabolic form but the computational time is larger.  

The use of reduced integration enables to eliminate the shear locking, but spurious mode can 

appear. A spurious mode is a deformation of an element with no strain energy as it is shown in the left 

picture. 
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Figure 11-7: Hourglass modesxlii 

The hourglass control enables to eliminate the hourglass mode without constraining the 

element and increasing too much computational time. Moreover, the use of more than one element 

through the ring stiffness enables also to avoid spurious mode. Note also that the reduce integration 

softens the model whereas the complete integration element stiffens the model. The result may be 

better with reduced integration element. The continuum elements for the steel ring are used to avoid 

problem when contact occurs (the use of continuum shell element would have been used otherwise). 

Moreover, in the continuum shell element, only 3 degrees of freedom are available. The use of volume 

elements enables to have the same output for both concrete slab and steel ring. The computational time 

is larger than by using shell elements. In addition, the load can also be applied like a pressure on the 

upper surface of the steel ring which leads to better result than by applying the resultant force at a 

point. 

The M3D4R is a 4 nodes quadrilateral reduced integration with hourglass control for the same 

reasons. The mesh is sparse because the wanted outputs are in the concrete and the steel; the 

membrane is just there to allow the lift off of the slab. 

 

Figure 11-8: Mesh of the assembly 



118 

 

11.4.3 Interactions 

11.4.3.1 Contact between the concrete and the steel ring 

A contact type pressure is used with or without friction between the two deformable bodies. When 

both surfaces are in contact, contact pressure can be transferred. When the contact pressure is reduced 

to 0, the surfaces are separated. Surfaces on contact are free to move, slice… The Coulomb model is 

used. 

Two friction coefficients are used:  

-  = 0.4    - according to art. A.6.1.21 from BAEL ; 

-  = 0       - without friction 

 

The upper reinforcement, which connects the concrete slab and the steel ring, is not taken into 

account as the other reinforcement layers. 

11.4.3.2 Interaction between soil and structure 

A contact is defined between the upper face of the membrane and the concrete slab. The same 

parameters from above are used. The slab can lift off. 

11.4.4 Analysis 

- 2
nd

 order are taken into account : the calculation is realized by taking into account the 

influence of the deformation of the structure ; 

 

- The structure material is considered in the elastic domain; 

 

- The soil is assumed in the elastic state ;  

The model is checked by comparing the result with another model used during the project. The 

volumes, the masses from each part, and the displacement of the soil are verified. 

11.5 Loads 

Variable loads from the wind are given by the precedent chapter. 

11.5.1 Permanent action 

 

 Own weight 

Slab volume: Vslab
 
= 391.74 m

 3
 

Reinforced concrete density:slab = 25,0 KN/m
 3
 

Weight of the slab: Gslab = 9793.5 KN 
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 Soil weight 

Soil volume: Vsoil= 222.66 m
 3           

 

Soil density:soil = 18.0 KN/m
 3
 

Soil weight: Gbackfill = 4007.9 KN 

 

11.5.2 Buoyant force 

The buoyant force appears due to a rise in the water table. Investigations show that the water is 

close to the ground level. The unfavorable case is when the water is up to the backfill table. 

Gw = w·Vslab + w ·Vbackfill = 3917.4 + 2226.6 = 6144.0 kN 

Which is equal to Gw = 2.4 x 16 x 16 x 10 kN/m
3
 = 6144.0 kN     

11.5.3 Combinations 

In order to verify the punching, the following combinations are considered. The vertical 

resultant is maximal. The ground water table is considered below the foundation slab. 

According to the Eurocode, or the Fascicule 62 V, the combination to consider is:  

1,35 Gmax+Gmin + γQ1Q1k (ULS P) 

- Gmax represents the permanent load which is unfavorable 

- Gmax represents the permanent load which is favorable 

- Q1k represents the principal variable load 

- γQ1=1,5 according to the recommendation on the design, the calculation, the execution and the 

control of wind turbine foundations. 

In order to evaluate the resistance at the serviceability limit state, this combination are studied: 

Gmax+Gmin + Q1k (SLS P) 

Table 11-2 : Design load for the ULS P, the SLS P, and the ULS Pprovider 

Load [ULS 

P] Coefficient Load (kN) Load_d 

Gbackfill          1.35        4 007.90          5 410.67    

Gslab          1.35        9 793.50        13 221.23    

V          1.35        2 656.55          3 586.34    

H          1.50        1 065.00          1 597.50    

M          1.50      72 411.00      108 616.50    

M own          1.35        1 106.00          1 493.10    
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Load [SLS 

P] Coefficient Load (kN) Load_d 

Gbackfill          1.00        4 007.90          4 007.90    

Gslab          1.00        9 793.50          9 793.50    

V          1.00        2 656.55          2 656.55    

H          1.00           384.60             384.60    

M          1.00      29 901.90        29 901.90    

M own          1.00        1 106.00          1 106.00    

 

Load [ULS 

Pprovider] Coefficient Load (kN) Load_d 

Gbackfill          1.35        4 007.90          5 410.67    

Gslab          1.35        9 793.50        13 221.23    

V          1.35        2 564.00          3 461.40    

H          1.50           812.00          1 218.00    

M          1.50      57 498.00        86 247.00    

M own          1.35        1 106.00          1 493.10    

 

In order to analyze the stability of the whole structure, the following combinations are used; 

1,35 Gmax+Gmin + 1,18 Gw + γQ1Q1k (ULS EQU) 

And Gmax+Gmin + Gw + Q1k (SLS P) 

In this case, the vertical force is less important. 

Table 11-3 : Design load for the SLS EQU 

Load [SLS 

EQU] Coefficient Load (kN) Load_d 

Gbackfill          1.00        4 007.90          4 007.90    

Gslab          1.00        9 793.50          9 793.50    

Gw          1.18    -   6 144.00    -     7 249.92    

V          1.00        2 656.55          2 656.55    

H          1.00           384.60             384.60    

M          1.00      29 901.90        29 901.90    

M own          1.00        1 106.00          1 106.00    

M total :                                                31 007.90    

V total :                                                9 208.03    

H total :                                                    384.60    
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12. Results of the foundation analysis 

12.1 Principal stresses in the concrete slab 

The figure below shows the compressive area in the concrete slab: there are four areas with high 

compressive stresses. 

1. Under the steel flange : punching resistance  

2. Over the steel flange : punching resistance 

3. Upper part of the slab: compressive resistance due to the bending moment of the slab. 

4. Lower part of the slab: compressive resistance due to the bending moment of the slab. 

 

Figure 12-1: Principal stresses in the concrete slab ULS P, k=100 MPa, μ=0,4 

Punching resistance of concrete below the flange, punching resistance of concrete above the 

flange and resistance by concrete abutment occurs in this case. It is the action of both mechanisms 

which ensures the resistance. 

12.1.1 Verification of the compressive strength resistance 

The compressive strength resistance of the concrete is 0,6 fcj=21 MPa at SLS. 

 

Figure 12-2 : principal compressive stresses under the flange (negative value) SLS P 
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Figure 12-3 : Principal compressive strength over the flange SLS P 

The compressive principal stresses are around 10 MPa which is lower than the admissible 

compressive stress at SLS of 21 MPa for the concrete considered. 

At the ULS P, it reaches 19 MPa under the flange and 34 MPa over the flange which is close 

to the limit (35 MPa). But the ULS P is overestimated. 

12.2 Load transmission 

By integrating the contact pressure, the load transmitted by the flange to the concrete can be 

calculated.  

 
Figure 12-4 : Contact pressure from the flange on the 

concrete., (compression toward the bottom for the concrete) 

SLS P 

 
Figure 12-5 : Contact pressure from the flange on the 

concrete, (compression toward the top for the concrete) 

SLS P 

  

The force transmitted by a mechanism can be obtained by using a body cut and asking for the resultant 

in the wanted direction. This results from an integration of the pressure (CPRESS). However, in a 

FEM software, the pressure is derived from the force, this result is less exact than by adding all the 

nodal force of the surface. (CNFORCE) It is this last method which is used to determine the resultant 

below. The order of magnitude is hopefully the same.  
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Table 12-1: Load transmission SLS P =0 

Transfer mechanism Resultant force 

(MN) 

Maximal pressure 

(MPa) 

Mean pressure 

(MPa) 

Mean linear 

force : MN/ml) 

 Punching of concrete under the flange 10,63 10,25 5,1 1,6 

 Punching of concrete over the flange  7,99 6,6 3,9 1,2 

 Counterabutment of the concrete  0,54 - - - 

 Abutment of the concrete 7 - - - 

 

Table 12-2: Load transmission SLS P   =0,4  

Transfer mechanism Resultant force 

(MN) 

Maximal pressure 

(MPa) 

Mean pressure 

(MPa) 

Mean linear 

force : MN/ml) 

 Punching of concrete under the flange 9,3 9 4,5 1,4 

 Punching of concrete over the flange  7,9 6,3 3,8 1,2 

 Counterabutment of the concrete  0,65 - - - 

 Abutment of the concrete 7,1 - - - 

In the SLS condition, the friction coefficient does not significantly affect the resultant force. 

The abutment of the concrete participates less than the punching of the concrete under the flange. 

Table 12-3: Load transmission ULS P,    =0, k=400 

Transfer mechanism Resultant force 

(MN) 

Maximal pressure 

(MPa) 

Mean pressure 

(MPa) 

Mean linear 

force : MN/ml) 

 Punching of concrete under the flange 34,6 35,7 17,1 5,3 

 Punching of concrete over the flange  30,9 24 6,3 4,65 

 Counterabutment of the concrete  2,63 - - - 

 Abutment of the concrete 25,5 - - - 

 

Table 12-4: Load transmission ULS P   =0, k=100 

Transfer mechanism Resultant force 

(MN) 

Maximal pressure 

(MPa) 

Mean pressure 

(MPa) 

Mean linear 

force : MN/ml) 

 Punching of concrete under the flange 34,6 35,3 17,1 5,3 

 Punching of concrete over the flange  31 24,7 15 4,65 

 Counterabutment of the concrete  2,71 - - - 

 Abutment of the concrete 25,5 - - - 
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In the SLS condition the load is carried the abutment of the concrete is less important than the 

load carried by punching. The same remark is valid for the ultimate limit state. The punching 

resistance must be checked. 

Table 12-5: Load transmission ULS P,    =0,4 , k=100 

Transfer mechanism Resultant force 

(MN) 

Maximal pressure 

(MPa) 

Mean pressure 

(MPa) 

Mean linear 

force : MN/ml) 

 Punching of concrete under the flange 22,5 23,9 10,88 3,4 

 Punching of concrete over the flange  30,3 20,8 14,7 4,5 

 Counterabutment of the concrete  3,026 - - - 

 Abutment of the concrete 25,7 - - - 

In this case, it can be seen that a part of the load is transferred to the friction since the resultant from  

is smaller. 

Table 12-6: Load transmission ULS P   =0,4, k=400 

Transfer mechanism Resultant force 

(MN) 

Maximal pressure 

(MPa) 

Mean pressure 

(MPa) 

Mean linear 

force : MN/ml) 

 Punching of concrete under the flange 22,6 24,2 11,2 3,5 

 Punching of concrete over the flange  30,2 20,6 14,6 4,5 

 Counterabutment of the concrete  3,5 - - - 

 Abutment of the concrete 25,2 - - - 

The effect of the stiffness of the soil can be disregarded. The vale 

Table 12-7: Load transmission ULS PPROVIDER   =0 

Transfer mechanism Resultant force 

(MN) 

Maximal pressure 

(MPa) 

Mean pressure 

(MPa) 

Mean linear 

force : MN/ml) 

 Punching of concrete under the flange 31,2 31,8 15,5 4,8 

 Punching of concrete over the flange  24,7 19 12,2 3,8 

 Counteraction of the concrete  3,8 - - - 

 

Table 12-8: Load transmission ULS PPROVIDER   =0,4 

Transfer mechanism Resultant force 

(MN) 

Maximal pressure 

(MPa) 

Mean pressure 

(MPa) 

Mean linear 

force : MN/ml) 

 Punching of concrete under the flange 24,8 24,9 12,3 3,8 

 Punching of concrete over the flange  24,1 17,5 11,9 3,7 

 Counteraction of the concrete  3,6 - - - 
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12.3 Punching resistance 

According to the article A.5.2.4 from the BAEL, the punching resistance must be justified for 

the ultimate limit state. However, in order to evaluate the resistance at the serviceability limit state, the 

SLS combination are also studied. 

According to the BAEL, the punching resistance is: 

               
   

  


And the following expression if the horizontal reinforcement is considered: 

   (          )        
   

  


12.3.1 Punching under the flange  

Under the flange,  

 The useful thickness of the slab is: d = 0.65-0.07=0.58m (distance between the center of the 

reinforcement and the bottom of the flange. 

 The density of horizontal reinforcement is: l = 0.00925 < 0.015 

 The perimeter uc2 is the projection of the contour where is applied the pressure on the mean plan. 

The mean plan is the plan at the same distance from the plane where is applied the pressure 

and the plane in contact with the soil. 

    uc2 = · (4.185 + 0.31 + 2·1/2·0.65) = 16,17 m 

    by meter, uc2 = · (4.185 + 0.31 + 2·1/2·0.65) / · 4.185 = 1.23 m/m   

The linear punching resistance can be calculated as: 

qu,inf = (0.05 + 1.5·0.00925)·0.58·1.23·35/1.5 = 1.06 MN/ml 

12.3.2 Punching over the flange  

Over the flange,  

 The thickness is : d = 1.75m 

 There are no reinforcement, the star reinforcement are disregarded since there are no in 

continuity with the others. 

 The perimeter uc2 is the projection of the contour where is applied the pressure on the mean plan. 

The mean plan is the plan at the same distance from the plane where is applied the pressure 

and the plane in contact with the air. uc2 = · (4.185 + 0.31 + 2·1/2·1.75) / · 4.185 = 1.5 m/m   

 The linear punching resistance can be calculated as: 

qu,sup = 0.045·1.75·1.5·35/1.5 = 2.76 MN/ml 
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12.3.3 Conclusions 

12.3.3.1 Punching resistance summary 

According to the previous results, the punching resistance by meter of flange is given below: 

- qu,inf   = 1.06 MN/ml under the flange 

- qu,sup = 2.76 MN/ml over the flange 

Table 12-9: Punching resistance analysis 

Punching resistance qu,inf
 
= 1.06 MN/ml

 
qu,sup

 
= 2.76 MN/ml 

Combination 

Mean punching force 

under the flange 

qED(MN/ml) 

Mean punching 

resistance over the 

flange (MN/ml) 

Ultimate limit state 

ULS PPROVIDER, =0 4.8 3.8 

ULS PPROVIDER, =0.4 3.8 3.7 

ULS P, =0 5,3 4,65 

ULS P, =0,4 3,5 4,5 

Serviceability limit state 

SLS P, =0 1,6 1,2 

SLS P, =0.4 1,4 1,2 

 By comparing the punching force on the flange with the punching resistance, it is concluded that 

the limit state of the punching is reached at the ULS and SLS with and without taking into account the 

friction coefficient under the flange. 

 In this analysis the star reinforcement, reinforcement which go through the steel ring, could 

increase the punching resistance but only for the punching toward the top of the slab. 

 This leads to the necessity of punching reinforcement.  

12.3.4 Calculation of punching reinforcement under the slab 

The punching under the slab is the more critical since the concrete thickness is lower, and the 

linear forces are larger. 

According to the article A.5.1,23 of the BAEL, the number of reinforcement needed are given 

by the expression below:  

  

    
 

   (          )

      
 

The assumptions using in the calculation are the following:  

   =0.31 + 2·0.65 =1.61 m, b0 represents the thickness where the reinforcement must be 

disposed. 

    =1.15, the steel safety factor 
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   = 500 Mpa, the steel resistance 

    = 2.7 Mpa, the traction resistance of the concrete 

   =1, the mean load is applied on the contour 

    
   

   
, shear stresses due to the punching load 

Therefore, for one meter of flange:  

    =     

u = 2m (calculated to satisfy the criteria of the punching resistance according to the BAEL) 

d = 0.58m, the distance between the bottom of the flange and the reinforcement. 

 

  

  
     

   

 
          

 
                                  

This is satisfied in the disposed arrangement. 

 

This value gives the amount of reinforcement needed in the serviceability limit state, the 

number of reinforcement required must be higher to resist to the extreme load. 

However, in order to be effective, these star reinforcements should be in the continuity of the 

top layer reinforcement.  

 

This condition is not fulfilled when using less thickness of concrete under the flange. In this 

case, the concrete under the flange would have cracked even in operation. 

Moreover, the calculation given in the BAEL is based on the beam calculation. These rules 

could not lead to good result for a slab. 

12.4 Stability analysis 

In this stability analysis, the compressed area is studied since there are different criteria on this 

subject. According to the Fascicule 62 titre V (French standard), the compressed area of the slab at the 

serviceability limit state must be larger than 75 %.  

The recommendation of the geotechnical committee on the wind turbine foundation state in 

their report that the compression of the slab should be equal to 100 % of the slab in the quasi 

permanent serviceability limit state which is the case studied. In case of an unwanted event, this can be 

evaluated at 75 %. 
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The deformed shape is given below.  

 

Figure 12-6 : Deformed shape of the slab, SLS EQU, k=100 MPa   Figure 12-7 : Contact pressure under the slab 

SLS EQU, k=100MPa 

The deformation scale factor is important (x 2675) it is why the deformed shape is visible.  

By regarding Cpress, the percentage of compressed soil can be calculated. 

 

Figure 12-8 : Same figure but with a scale adapted in order to see the decompressed zone (k=100 MPa at the left, 

k=400Mpa at the right) 

The compressed area of the slab is over 75 % but not at 100 %. More the soil is soft, larger is 

the compressed area. 

Table 12-10 : Verification of the compressed area under the concrete slab 

 Fascicule 62 Titre V Geotechnical guidelines  

SLS EQU k=100 MPa Criteria respected Non respected 

SLS EQU k=400 MPa Criteria respected  Non respected 

 

These results are calculated by taking into account the buoyant force. (Unfavorable case) The 

water table may not always be at the top of the foundation. The study can be done in any direction 

since the wind load can act in all the direction.   
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12.5 Fatigue verification 

This paragraph is based on a master thesis Fatigue assessment of Concrete foundations for 

wind power plants (69), to give some trend. 

12.5.1 Assumptions of the study 

As reported by Concrete foundations for wind power plants (69), there are a lot of 

uncertainties concerning the effect of fatigue on wind turbine foundation. 

Authors analyze a superficial foundation of a wind turbine. The connection between the tower 

and the slab is ensured by an adapter, but due to the model used (strut and tie model), the principle to 

evaluate the fatigue is the same. The concrete slab is modeled like a beam which is not really realistic. 

The studied foundation is a squared superficial foundation slab subject to a load whose 

ultimate limit state and serviceability limit state are given below:  

Design sectional force  (kN / 

kNm) 

Ultimate limit state Serviceability limit state 

Fz (vertical force) 3600 3600 

Fres (horizontal force) 1080 800 

Mres (bending) 97700 72500 

Mz (torsion) 3800 7900 

 

These values are not really the same that those transfer by the studied wind turbine provider 

although the tower height and the rotor diameter are quite similar. The provider is not the same, the 

design can be different, but the order of magnitude is conserved. The average wind speed for this wind 

turbine is lightly below. (8,5 m/s) 

The torsional moment is really high compare to the one given by the studied wind turbine 

provider. 

Nevertheless, the static design leads to a foundation with the same width, and an amount of the 

bottom layer reinforcement similar. In the studied case, there is no shear reinforcement except to 

ensure the punching resistance, and the top layer reinforcement is larger contrary to the slab defined in 

the master thesis. 

The studied foundation was designed with the BAEL whereas in the master thesis, the 

Eurocode is used. Nevertheless, the conclusion can give some track of investigation.  

Different rules are compared; the result for the first method to analyze the fatigue of the 

Eurocode will be exploited. This method calculate the damage by taking into account the frequency of 

the stress range contrary to the second method which calculate the number of cycle based on the 

maximum stress range. Since in the wind turbine case, the wind is highly variable, the use of the first 

method is more adapted. 

A compression zone under the anchor ring was calculated in order to model the anchor ring. 

The “bottom flange” was taken into consideration by this means. 

The shear resistance of the concrete is neglected. 
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12.5.2 Fatigue in reinforced concrete. 

The fatigue appears in the concrete in compression, in the steel in tension since the concrete 

carry the compression. The section calculation is taken equal to the critical one in the ultimate limit 

state. It may have been better to take those on the serviceability limit state since there are the one the 

more frequently solicited. 

12.5.3 Conclusion of the report Concrete foundations for wind power 

plants 

The conclusions of the report concerning the considered problem are given below:  

The reinforcement calculated disregarded the fatigue is insufficient for:  

 Tensile stresses in the reinforcement : the amount of reinforcement is doubled by the fatigue 

requirements 

 The shear reinforcement is increased significantly (54 329 mm²->81 000 mm²) by the fatigue 

requirements 

The fatigue due to the compression of the concrete is safe, the damage is really low. 

The global result is supported by Design of Wind turbine foundation slab (67) which considers 

that the most stressed reinforcements are the vertical suspension reinforcement and the radial top 

surface reinforcement. The author expects that these reinforcements become critical for fatigue limit 

state. 
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12.6 Conclusion 

In the wind power technology, there is no guideline to design the foundation  In France, some 

recommendations were edited about wind turbine foundations, but worldwide, no documentation has 

been published, the number of damages on wind turbines foundation will increase. 

The reinforcement disposition does not ensure the behavior of the reinforced concrete. Moreover, 

reinforcements are calculated with expression based on beam formulation. The behavior of the 

connection must be checked with continuum model since the behavior of the connection is complex. 

(Different mechanism to transfer the load) 

With the realized model, it appears that the punching resistance was solicited with the same order 

of magnitude as the abutment. This punching resistance must have been underestimated by the 

provider since it is not sufficient even with the loads in operation. 

These conclusions can lead to a cracking initiation assumption:  

 Fatigue in the reinforcement leads to an abnormal distribution of tension stresses in the 

reinforced concrete,  

 The tension, which is not well supported by the concrete, was too high, the cracks propagated 

and widened, 

 If fault appears, the ULS can be reached, and spalling or damage due to the punching can 

occurs if the thickness of the concrete under the flange is too low. 

 Water can therefore goes through in the cracks, 

 The reinforcement can corrode and the cracks become larger. 

 The motion of the steel ring can also lead to increase the crack width, and the penetration of 

water. 

The cracks can be formed due to multiples factors which could have been avoided by an 

appropriate connection and design.  
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13. Conclusion 

13.1 Conclusion of the study 

 

This study enables the lecturer to understand the development of the wind turbine industry and 

their perspectives. The structure of a wind turbine is described. Each component has particularities. 

The complexity of a wind turbine system is due to a wide range of domains necessary to understand 

the global behavior of a wind turbine. Experts in all these domains at the same time cannot be found 

easily, it is why the construction of a wind turbine must be based on clear and transparent rules.  

However, there is a discontinuity in the design of a wind turbine between the manufacturer of 

a wind turbine which designs all the component of a wind turbine (until the connection) and the civil 

engineer which designs the foundation (connection excluded) and set the wind turbine. These bases are 

not shared. All the load cases are not transmitted to the civil engineer. 

The different loads affecting all the parts of a wind turbine are described. The wind load, 

which is a particular load due to its turbulence components are investigated. The turbulence for the 

design of the foundation is not the principal load to consider. 

By considering characteristics from the provider, and by coupling with characteristics founds 

in the literature, a BEM model is used to find an order of magnitude of the aerodynamic load on the 

rotor during operation. This study leads to the conclusion that the resultant force given by the provider 

is really an extreme load since the value is really higher than the unfavorable load calculated in 

operation. The provided resultant at the foundation has an order of magnitude which seems correct 

with the static calculation done in this study.  

The connection and the concrete slab in normal operational case are investigated. This case 

does not lead to damage in the concrete slab. It can be concluded that the normal operational do not 

induce major cracks in the foundation. However, if cracks have been initiated during an accidental 

event, the whole stability of a wind turbine is questioned due to the variable load endured. 

However, the disposition of the reinforcement proposed is not convenient. This can explain the 

observed damages even if no accidental situation has occurred during the wind turbine life. More 

elements must be transmitted to the civil engineer in order to design carefully the concrete slab. The 

life of a wind turbine cannot describe by one resultant force.  

The connection must be studied carefully for wind turbine of this power output. The steel 

adapter enables the load to be carried in a proper manner by satisfying the reinforcement disposition 

requirements. It should be privileged. 

Eventually, it can be noticed that the standards are not adapted for the wind turbine. For the 

foundation, the work group on wind turbine foundation wrote recommendations on the design, 

calculation, execution and control of wind turbine foundations. This work lead to criteria more 

restrictive than the one published in the standards. The same work has not been realized on the 

structure part yet. 
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13.2 Research further  

 

The dynamical behavior of a wind turbine can be investigated further with real data. Data are 

not easily available, overall concerning the blades. Indeed, it is the principal components since they 

extract the energy from the wind. 

If the data necessary are available, the theory could be adapted and improved. Nevertheless, 

phenomena implicated are complex and experimentations are the only way to validate the results. 

Scale model in wind tunnel can be done in order to estimate the axial load on the foundation in 

different load cases. Some actual wind turbines could be equipped in order to explain the damage 

observed. 

It seems that the high towers are flexible. If an important force is applied instantaneously, the 

response can be important. Then the emergency braking of a wind turbine must lead to a high load to 

carry. A simple calculation can be done in order to evaluate the load carried by the activation of the 

mechanical brake. Data must be found on the needed time to stop the wind turbine. If this load is 

important, a precise study can be done.  

 The soil/structure interaction is disregarded to calculate the forces acting on the rotor. This 

could be investigated further. 
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