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Chapter 1.  INTRODUCTION 

 

1.1. OBJECTIVES 

 

The main aim of the thesis is to develop and test some design tools for the design of offshore wind turbines (OWT) 

resting on direct foundations on the seabed.  

As will be made clear in subsequent sections structural design of OWT is a complex problem and the integration of 

geotechnical design within the broader structural design problem can take many different forms. It is not yet clear what 

degree of integration of geotechnical and structural design is optimal, as the experience so far is limited and no clear 

consensus has yet emerged on the particular. Our objective is not to settle this issue proposing a closed methodology 

but rather to describe different tools that can be employed within different design approaches. 

To check the usefulness of the design tools proposed it was important to test them in a realistic design setting. 

Unfortunately, we did not have access to data from a specific OWT ongoing development. Hence we built a realistic 

problem using public domain data about a proposed development site (Kriegers Flak) and a reference OWT created by 

a public research body. 

The number of design checks and procedures according to current regulations for OWT design is very large. A 

complete OWT design is not the objective here; accordingly we have selected a few specific design checks that 

illustrate the potential of the proposed tools. 
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1.2. PLAN OF THE THESIS 

The thesis is organized into four main sections 

1.2.1. BACKGROUND  

In chapter 2 the procedures currently available for the structural analysis of OWT are described, including an overview 

on how direct foundations are represented in the analysis. 

Chapter 3 outlines the methodology applied in this thesis for a realistic evaluation of environmental loads on OWT. This 

chapter summarizes the main concepts employed in the structural design tools that are later applied to analyze a 

specific case.  

1.2.2. SPECIFIC DEVELOPMENTS 

In chapter 4 we describe two advanced foundation response models as well as their numerical implementation as 

standalone MATLAB-based applications. The models chosen are the Nova and Montrasio macroelement model and the 

Martin and Houlsby macroelement model. These models where initially developed for sand and clay, respectively, and 

although their failure envelope is similar their hardening laws are entirely different. In chapter 5 the failure envelope 

included in these models is further explored by comparing it with the classic methods for bearing capacity calculation. 

The stand-alone implementation here presented can be used to estimate foundation displacements under extreme 

loads, and that use is exemplified in chapter 8. In principle it is also possible to integrate these tools within a structural 

analysis program, although that task was not attempted in this thesis.  

1.2.3. CONSTRUCTION OF A REALISTIC CASE STUDY 

A realistic case study has been constructed using several separate elements: 

The site conditions are taken from the design basis of Kriegers Flak. Kriegers Flak is a site in the Baltic Sea between 

Germany, Denmark and Sweden where a new offshore wind farm development has been planned [ 23 ]. The design 

basis proposed by Vattenfall for the site are publicly available, including met ocean conditions and schematic soil 

profiles. These conditions are described in detail in chapter 6. The Kriegers Flak case also provides some foundation 

load estimates that are used for foundation pre-design on chapter 8. 

The OWT (rotor, tower, control system) are those of the NREL offshore 5-MW baseline wind turbine  [ 13 ]. The main 

aspects of this well-known industry reference turbine are recalled in Chapter 7. 
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The gravity base foundation design that has been used as a reference is that built at the Thornton Bank wind farm. This 

is the largest OWT on a gravity base installed to date and the main relevant data of the foundation design are publicly 

available [ 19 ] and are recalled in Chapter 8. 

1.2.4. APPLICATIONS 

A first application to be considered is the use of the advanced models previously presented for a pre-design of the sub-

structure. Such analysis are carried out in chapter 8. The methodology used and the main design variables are shown in 

a flowchart in Fig. 1. 

Four different soil hypothesis that could be expected at Kriegers flak site have been considered. The general scheme for 

pre-design is shown in Fig. 1, in grey; the fixed conditions for design: Soil parameters for every soil hypothesis, loads 

and design criteria and in white the design variables for  our proposed sub-structure: dead weight, diameter, 

embedment and structural stiffness.  

Design optimization is not a realistic aim here; that objective would require, amongst other things,  a careful 

consideration ofsub-structure construction and installation aspects that are clearly out of the scope of this work. 

However, to take into account as far as possible the economics of the project we have tried to design for a minimal 

foundation embedment and diameter. 

 

 Fig. 1: Flowchart used to pre-design the sub-structure 

The second application, described in Chapter 9 is to check the foundation design proposed in Chapter 8 using a 

simplified soil-structure interaction model. The structural simulations are carried out according to theory exposed in 

chapters 2 and 3. The cases chosen are representative of different types of foundation loading expected for realistic 

OWT sites.  
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Chapter 2.  BACKGROUND: STRUCTURAL ANALYSIS FOR OWT 

2.1. NOMENCLATURE 

The nomenclature used in this thesis to refer to the OWT parts is that proposed by IEC 61400-3 (Fig. 2). The rotor 

nacelle-assembly is the part where the machinery is installed (generator, drivetrain, rotor, blades, etc). The tower 

belongs to the support structure, but is generally designed separately from the sub-structure. The sub-structure is 

usually adapted to a pre-existing tower design and is subject to the different hydrodynamic actions. The foundation is 

the part of sub-structure in contact with the soil.  

 

Fig. 2: Parts of an offshore wind turbine (IEC, 2009) 

2.2. INTEGRATED ANALYSIS VS. ANALYSIS OF SUBSTRUCTURES 

As in every design , a tension between precision and simplicity is present in the structural design of OWT. Passon and 

Kuhn have described in [ 32 ] and [ 20 ] the challenges of modeling these structures. Two approaches are possible in 

principle: analysis of sub-structures, where the different parts of the wind turbine are designed sequentially, and an 

integrated multi-coupled analysis, where most part of the OWT structure is designed simultaneously. 
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In [ 32 ], Passon and Kuhn summarize graphically the many interactions that might be relevant for OWT design (Fig. 3). 

These interactions include (a) those that act directly between different environmental loads (wind and wave, for 

instance), (b) those between a certain ambient load and a major OWT sub-structure or component response 

(aerodynamic loads and rotor configuration, for instance), (c) those between different major OWT component responses 

(tower and foundation, for instance). An extra complicating factor is that non-linearity might be present is several of these 

interactions. 

 

Fig. 3: Interactions to be considered in offshore wind farms (Passon & Kuhn, 2005) 

 

Integrated analyses takes into account the simultaneous response of the whole structure to all the simultaneous actions 

prescribed within a specific design load situation (DLC). The advantages of integrated analysis are illustrated, for 

instance, in [ 21 ] where Kaufer et al show that the different response of a jacket type sub-structure and a monopole type 

sub-structure, under the same sea state, becomes apparent in the response of a different major OWT component (the 

bending moments of the blades (Fig. 4). The capacity to detect this kind of dynamic interaction between different 

components is a major advantage of integrated analysis, and justifies its repeated invocation in state-of-the art 

documents. 



10 

 

 

Fig. 4: Comparison between the bending moment spectra in the rotor-blade assembly for the same wind turbine on jacket or on monopile 

 

Despite all this, integrated analysis is still far from being used as a routine design tool for OWT (Hamre, 2012). 

Simplifications that are frequently applied involve the linearization of material response or some aspects of load-structure 

interaction (e.g hydrodynamic or wind loads on the tower). But the most extended simplification is substructure analysis. 

In it, different parts of the OWT are analyzed separately and the outcomes of one analysis are used as input for the 

remainder. A typical example would be one analysis where the rotor and tower are explicitly considered, but the 

substructure enters only as a boundary condition. The reactions on that boundary condition are later employed as 

design loads in the analysis of the substructure. This kind of analysis is very common in the offshore wind industry, and it 

is allowed by the design codes. The popularity of this approach was confirmed during the elaboration of this theses by 

contacts with several companies with experience in offshore design such as Rambol frequently uses this analysis for pile 

design. (Paredes, 2011); ALSTOM also works with the same framework for jackets and monopile design (Martin, 2012).  

2.3. AVAILABLE TOOLS FOR INTEGRATED ANALYSIS 

Several codes exist to perform integrated analysis of OWT, as described, for instance, in the OC3 project [ 17 ]. The 

OC3 project main aim was to cross-validate several design codes for coupled design. The project was divided in 4 

phases involving 4 designs (onshore, monopole, tripod and floating). 
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The codes generally employed in industry are licensed programs; examples of such codes are BLADED1 or FLEX2, 

however in this thesis the free distribution code FAST has been used. In order to simulate the wind turbine control and to 

include the foundation condition in the source code of FAST has been changed, and recompiled into a new executable. 

FAST, like other design codes is not FE based,  but instead calculates motions and forces on a wind turbine using a 

multi-body dynamic formulation; this combines modal analysis and Kane’s method [ 18 ] to obtain a reduced number of 

degrees of freedom system which is then solved implicitly. A full description of the equations and the methodology to 

reduce the system in a few degrees of freedom is described in Jonkman PhD. [ 12 ] 

NREL provides also a range of preprocessor to generate turbulent wind, calculate blade and tower mode shapes, 

calculate aerodynamic loads, etc. These codes3 are provided freely and can be modified using any FORTRAN90 

compiler (we have used Intel Fortran compiler XE 12.0). 

2.4. FOUNDATION REPRESENTATION WITHIN THE STRUCTURAL ANALYSIS 

2.4.1. SOIL-STRUCTURE INTERACTION  

When no interaction between the structure and the foundation occurs, the displacements of the foundation are estimated 

separately based on the loads transmitted through the structure. These loads come from a previous analysis in which the 

foundation is represented as an idealized boundary condition. As an example: for offshore jack-up structures it is usual 

to consider the foundation as pinned (fixed displacements, free rotations).  

In a coupled analysis the displacements of the foundation and the actions on the structure are evaluated simultaneously, 

hence the foundation has to be integrated in the structural analysis and, for dynamic problems, the stiffness, damping 

and added mass matrix representing the soil-foundation response are included into the equations of motion. The 

stiffness matrix is perhaps where the most significant design choices are made.   

  

                                                                    

 

1 http://www.gl-garradhassan.com/en/GHBladed.php 
2 http://www.elforsk.se/Global/Vindforsk/Rapporter_fran_aldre_program/Vindsim_AAhlstrom.pdf 
3 All the programs, manuals and source codes can be downloaded in http://wind.nrel.gov/designcodes/ 
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2.4.2. FOUNDATION RESPONSE MODELS  

The response model describes the load-displacement curve assumed for the foundation or, more generally, the stiffness 

matrix describing the soil-foundation interaction. There are many possibilities; in order to classify the different models. An 

important criteria used is their linearity, namely 

 If the displacements are proportional to the applied load or not (linear or non-linear). 

However other two factors shall also be considered: 

 If all the displacements are recovered when unloaded, or in contrast, the model considers the possibility of 

part of the displacements to be irreversible. In the first case the model is elastic, while the second case is 

plastic4. Non-linear elastic models can exist, but all plastic models are non-linear.  

 If one of the load components acting on the foundation (Vertical load, horizontal load or moment) produces 

conjugated displacements or not. Those displacements have the same components as the loads (vertical 

displacement for vertical load, rotation for moment…). The models that follow that condition are called 

isotropic and the ones that not anisotropic. Again, elastic models can be isotropic or not, while plastic models 

are generally anisotropic.  

2.4.3. THE CASE OF OWT DIRECT FOUNDATIONS 

As is the case for most structures, the geotechnical analysis of OWT foundations is generally carried out separately from 

the structural analysis, and no soil-structure interaction is considered, or, if it is considered, a very simple model to 

represent the foundation response is used, such as a linear elastic model. It is important to bear in mind that other 

choices are, in principle, also possible; such as the macroelement models described below. 

From the point of view of substructure analysis the case of direct foundations is one in which the rigidity of the sub-

structure is “a priori” much higher than that of the tower. This has some implications for the dynamic response of the 

structure. Let’s consider the classic 1DOF cantilevered beam; its natural period is  

 

                                                                    

 

4 There is a rich variety of models with plasticity: hipoplastics, elato-plastic with isotropic hardening, with kinematic hardening, etc. 
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Where m is the mass and kstr is the stiffness of the tower. However, let’s now consider the beam shown in fig. 5 with 

different fixity boundary conditions. The cantilevered bean is now constrained by springs representing the foundation: 

the natural period of the system is then 

 

 

fig. 5: Structural scheme of the 1 DOf system with flexible boundary conditions 
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Where T was the natural period for the rigid structure, H is the height of the flexible portion of the tower and kstr is the 

stiffness of the tower. If KH and Kθ are high compared to kSTR the natural period will be similar to the natural period for 

fixity conditions. Therefore if the substructure has a large stiffness in relation with the tower stiffness (as would be 

expected for GBS solutions) the natural frequencies of the former system (tower) would not vary much. 
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Chapter 3.  BACKGROUND: CALCULATION OF ENVIRONMENTAL LOADS ON OWT 

In this chapter the methodology that is later employed to obtain the environmental loads acting on an offshore wind 

structure is described.  

There are three approaches to the dynamic analysis of offshore structures: time domain analysis with deterministic 

environmental conditions, time domain analysis with irregular environmental conditions and frequency domain analysis. 

In this thesis we use time domain analysis with irregular environmental conditions mostly because of the non-linearity of 

the control system of the wind turbine.  

 

fig. 6: Three approaches to the dynamic analysis of offshore structures 

3.1. AERODYNAMIC AND WIND TURBINE LOADS 

An accurate way to obtain the aerodynamic forces acting on a structure is to perform a 3D model able to compute the 

relevant fluid mechanics equations. Although this method is the most accurate it is not feasible for wind turbine design 

due to the large amount of simulation time required. 

NREL provides a F90 source code (Aerodyn) able to compute the aerodynamic forces using blade element theory. A full 

documentation of the program and the theory behind can be found in [ 22 ]. This type of analysis uses the blade 

geometry properties to determine the forces exerted on a wind turbine using several annular stream tube control 

volumes. At the rotor plane the boundaries of these control volumes split the blade into a number of discrete elements, 

each of length dr. At each element the lift and drag forces can be computed. A brief summary of BEM is presented 

below. A more detailed description of Blade element theory is included in ANNEX A. 

The aerodynamic forces exerted on the blade elements by the flow stream are determined solely by the two-dimensional 

lift and drag characteristics of the blade element, dependent in turn on the airfoil shape and orientation relative to the 
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incoming flow. Orientation is characterized by the angle of attack α, defined as the angle between the incoming flow and 

the chord line of the airfoil. 

On every airfoil the resultants of aerodynamic forces are usually resolved in two resultant forces. The component acting 

normal to the incoming flow stream is known as the lift force, and the component acting parallel to the incoming flow 

stream is known as the drag force.  

The resultant forces and moment are related to the dynamic wind pressure by dimensionless coefficients for the normal, 

tangential and pitching actions, CN, CT and CM respectively. These coefficients are defined in ANNEX A. 

Taking into account all the forces acting on each finite element of blade, the differential rotor thrust dT, and the 

differential rotor torque dQ, acting on each blade can be deduced from Fig. 7. The blade is specified as propagating to 

the left as a result of blade rotation. The pitching moment is absent because it contributes nothing to the rotor thrust and 

torque. 

 

Fig. 7: Blade element theory geometry 

θp is the blade pitch angle (an operation parameter of modern OWT) measured relative to the pitch at zero twist; θT is 

the local twist angle, θPT is their sum and  is the rotation speed of the shaft. The local blade twist angle is a function of 

the annular radius and does not change with time (assuming the blade is structurally rigid and does not feather). The 

blade collective pitch angle can change with time to adjust for different operating conditions, but is constant across the 

entire length of the blade (the blade is connected at the root by a pitching mechanism). The angle θ is the angle of the 

relative incoming flow stream with respect to the plane of rotation and is equal to the sum of θPT and α. 
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If the normal and tangential force are substituted in the above expressions by the dimensionless coefficients CN and CT 

the expressions for the differential thrust, dT, and differential torque, dQ, are expressed as: 

21
[ cos( ) sin( )]

2 rel N PT T PTdT B V C C cdr   
 

21
[ sin( ) cos( )]

2 rel N PT T PTdQ B V C C crdr   
 

In the previous expressions dT and dQ represent the total differential thrust and differential torque acting on an annular 

ring of radius r and thickness dr.  

The BEM theory is useful for estimating external forces acting on the blades and tower; however the analysis must be 

coupled with the motions of the wind turbine to include forces due to inertial loading (rotation, pitch and vibration of 

blades). This kind of analysis is generally carried out using a servo-aero-elastic software. In this thesis the program used 

to obtain the loads on the structure is FAST, a servo-aero-elastic code developed by the NREL.  

3.2. HYDRODYNAMIC LOADS 

Hydrodynamic load estimation is also carried out using approximate methods, since the computational cost of 

performing 3D simulations is large. Many approximate methods to estimate hydrodynamic loading are available, in this 

thesis those recommended by IEC 61400-3 have been followed. 

In general, the hydrodynamic load evaluation can be divided into three stages: 1) Selection of the wave model, 2) 

Selection of the load-calculation model and 3) taking into account the response of the structure for second-order or 

interaction effects. Due to the stiffness of the GBS, the relative motions of the structure will be generally small, so this 

final step can be avoided. The hydrodynamic load calculation has been carried out with a subroutine programmed in 

MATLAB, the subroutine is capable of generating a random wave state and to compute the forces of the sub-structure 

according to its geometry as described below. 

3.2.1. WAVE MODELING-AIRY THEORY 

For our study irregular waves trains are considered, representing sea states, modeled as a summation of sinusoidal 

wave components, each one described by Airy theory. This theory is linear and hence, in its original formulation, does 

not include surface effects. Its simplicity is also advantageous; it can take into account diffraction theory with some 

corrections and and is relatively simple to apply for a good representation of stochastic sea states.  

In addition to the main theory, empirical methods have been developed to model the effect of wave height, such as 

stretching the wave field up to the actual surface. These methods can be applied to both regular waves and to 
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stochastic seas and the versions developed include Wheeler stretching (where the wave kinematics field is stretched up 

or down to the actual surface), extrapolation (where the wave kinematics are extrapolated from the mean water level up 

to free surface) and constant crest (where the wave kinematics are assumed to be constant at the mean-water-level 

value, from the mean-water-level up to surface).The extrapolation and constant crest methods tend to over-estimate the 

kinematics; stretching methods however are generally considered superior to the basic formulation and hence are widely 

used. More details about Airy theory can be found in ANNEX B. 

3.2.2. WHEELER-STRETCHING METHOD 

In order to take into account the varying height of the water surface, IEC recommends that a wave stretching technique 

should be applied. In this thesis the stretching technique employed is the Wheeler modification. The kinematics 

calculated at mean water level are applied at the true surface and the distribution down to the sea bed is stretched 

accordingly. This is achieved by substituting the vertical coordinate z with the scaled coordinate z’ where 

' ( )
d

z z
d




 


 

Where  is the instantaneous surface elevation and d is the water depth. 

cos( )h kx t    

3.2.3. IRREGULAR WAVES 

As stated, the irregular sea that corresponding to a specified sea state is generated by superposition of regular, Airy 

waves.  

The irregular sea elevation  is generated by Fast Fourier Transform (FFT) of a wave energy spectrum, such as the 

Jonswap spectrum or the Pierson-Moskowitz spectrum. This gives a finite set of discrete wave components. Each 

component is expressed as a harmonic wave with given wave amplitude, angular frequency and random phase angle. 

The resultant sea elevation is obtained by superposition of all extracted harmonic wave components with random phase 

angles uniformly selected between 0 and 2, the surface elevation of the irregular sea is approximated by 

1

( , ) cos( )
m

j j j j
j

x t a k x t  


  
 

Where  

aj = Amplitude of harmonic wave component j 

j is the angular frequency of the harmonic component j 
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kj is the wave number for harmonic component j 

φj is the random phase angle for harmonic component j 

The amplitude of each harmonic component is determined by 

,

,

2 ( )
u j

l j

ja S d




  
 

Remember that 

2

( ) ( ) / 2

f

S S f

 
 


  
Where l,j u,j represent the lower and upper angular frequency limit for wave component j. Therefore  

, ,u j l j
j N

 



 

 
According to IEC guidelines, to properly represent a real sea state at least 1000 regular wave components must be 

added. At each time instant loads are applied up to the instantaneous water surface, generated by superposition of the 

regular wave components. On the basis of the kinematics of each wave components the hydrodynamic loads are 

calculated as a time series with a given time increment and for a given time interval. In addition to surface waves the 

structure may also be exposed to a stationary current. 
 

3.2.4. FORCE MODELS 

The equation or method for calculating the load on a cylindrical structure in a fluid wave flow field depends on the flow 

regime. Hogben [ 5 ] states: 

“Loads on structures by waves may  be conveniently  classified under three  headings:   drag,  inertia  and  diffraction. 

The  relative  importance  of these  in a particular case depends  on the  type  and  size of the structure and the nature 

of the wave conditions. Broadly  it may be said that  drag  loads are the result  of flow separation induced  by the 

relative velocity of the fluid and are most significant for tubular components of small diameter  in waves of large height.  

Inertial loads are due  to the  pressure  gradient  associated  with  the  relative  acceleration  of the ambient  fluid and  

are  most  significant  for structural components of large sectional dimensions.  Diffraction forces are due to scattering of 

the incident wave by the structure and are only significant  when the sectional  dimensions  are a substantial fraction of 

the wave length.” 

Therefore, the following relationships between cylinder diameter D, the wave height H, and the wave length  

serve to define the flow regimes more precisely. 

 Drag: D/H < 0.1 the term involving drag (CD ) dominates the term involving inertia (CM) 

 Inertia: 0.1 < D/H < 1.0 the term involving inertia (CM ) dominates the term involving drag (CD) 
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 Diffraction D/ > 0.2. Diffraction loads caused by the interaction of the structure with the wave. Such loads are 
common in massive GBS structures and Morrison equation (see below) is no longer applicable. It can be 
accounted for with the Mac-Camy and Fuchs modification. 

3.2.4.1. MORISON EQUATION 

The wave force, dF, on a slender cylindrical element with diameter D and length ds according to Morison theory is given 
by 

2 1

4 2M n D n ndF D C a DC v v ds
     
   

Where ρ is density of water, CM is the mass coefficient and CD is the drag coefficient, an is water particle acceleration 

and vn is the water particle velocity including any current (wave velocity and current are added vectorially). The 

acceleration and velocity are evaluated normal to the longitudinal axis. The drag term is quadratic. The sign term implies 

that the force changes direction when the velocity changes direction. 

The values of CM and CD depend on the size of the structure, the wave height and the wave length, Reynolds number 

and Keulegan-Carpenter number. An experiment carried out by Hogben (1976) generated the chart presented in Fig. 8. 

Such mapping is only valid for submerged cylinders at the water surface but provides a qualitative idea of the expected 

loads to act on the GBS depending on the sea state 

 

Fig. 8: Regimes of forces on cylinders located at sea surface, z = 0. Hogben (1976) 
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The Keulegan-Carpenter and Reynolds numbers are related with the Inertia and drag coefficients, using the chart of the 

Fig. 9 and Table 1, inertia and drag coefficients can be easily estimated. However it must be reminded that if D/ > 0.2 

such methodology is not applicable. The expression for the Keulegan-Carpenter number is 

max
C

v T
K

D
  

Where maxv is the maximum velocity of the flow, T the period and D is the diameter. 

 

Fig. 9: CD and CM for smooth, vertical cylinders (Wilson,1984) 

Table 1 shows the factors commonly used for estimating the hydrodynamic loads in Morison equation. The coefficients 

used in this thesis  were the corresponding to the British Standards which are accepted in the IEC 61400-3. 
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Table 1: CM and CD according to usual offshore guidelines (Chakrabarti, 2005) 

Agency Application CM CD 
American Petroleum Institute  1.5-2.0 0.6-1.0 
British Standard Institution 5th order splash zone 2.0 or Diffraction 0.8 
British Standard Institution 1st order elsewhere 2.0 or Diffraction 0.6 
British Standard Institution Linear 2.0 1.0 
British Standard Institution Large cone/Pads Diffraction theory - 
British Standard Institution Low taper 2.0 - 
Det Norske Veritas  2.0 or Diffraction 0.5-1.2 
Norwegian Petroleum Directorate Smooth cylinder Variable >=0.9 

 

3.2.4.2. LARGE VOLUME STRUCTURES 

When the structure is large compared to the wave length Morison’s theory is no longer valid. Normally this is assumed to 

be the case when the wave length/diameter ratio becomes smaller than five. For large diameter cylinders (relative to the 

wave length) Mac-Camy and Fuchs solution based on linear potential theory may be applied.  

The forces on a submerged structure in waves appear from the pressure distribution on its surface. For a small structure 

these pressure distributions are difficult to compute because of the complex flow around the structure and formation of 

vortices in its vicinity. This is the reason for the use of the Morison empirical equation described above. However, if the 

flow remains essentially attached to the surface, then it is easier to compute this pressure field.  

When the structural dimension is large relative to the wavelength, then the flow around the surface of the structure 

remains attached. In this case, the incident wave experiences scattering from the surface of the structure, which should 

be taken into account in computing this pressure field. If the computation of the scattered wave potential is waived and 

its effect is incorporated by a force coefficient, then it is possible to compute a force simply by the incident wave 

potential. Thus, the calculation of the force is performed assuming the structure is not there to distort the wave field in its 

vicinity. The force is computed by a pressure-area method using the incident wave pressure acting on the submerged 

surface of the structure. This force is called the Froude-Krylov force. 

While limited in its application to offshore structure design, the simplicity of the Froude Krylov theory allows computation 

of forces in terms of a simple expression for a variety of shapes. The limiting criterion may be circumvented through the 

application of a force coefficient to account for the wave diffraction. For moderate-sized structures of simple contour 

shapes, this method provides a reasonable estimate of the forces. Its application is generally limited to estimating only 

approximate forces on structures.  
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According to that the horizontal force per unit length of a vertical slice of cylinder dz in finite water depth is given by: 

2
12 ( / ) sinh( / 2)

; 2
4 / ( / 2)

H
x H

C D J D kD
dF a C

D kD

  
 

   

Where J is a Bessel function 

 

fig. 10: Effect of large cylinder diameter on inertia coefficient, based on MacCamy and Fuchs 

With this correction the diffraction forces can be estimated as long as the shape of the GBS is close to cylindrical.  
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Chapter 4.  DEVELOPMENT: ADVANCED FOUNDATION RESPONSE MODELS FOR GBS 

In this chapter two macroelement models, one for sand and another for clay are described and numerically 

implemented. Macroelement models are similar to constitutive models; however the macroelement deals with the whole 

foundation as a single element and istead of relating stress and strain relates generalized forces and generalized 

displacements. 

The models presented here are the Nova and Montrasio macroelement model for sands and the Martin and Houlsby 

macroelement model for clays, both models are representative of two families of macroelement models as it can be seen 

below. Both models are formulated for load systems with three degreees of freedom (H, V, M); only coplanar loads can 

be represented faithfully by such a system. 

A standalone application has been compiled using Matlabcompiler, the program created is called BPUCMM (Barcelona. 

Politechnic University of Catalonia Macroelement Model) and includes the two macroelement models. The numerical 

implementation follows the recommendations published by the authors in  [ 27 ], [ 29 ], [ 30 ] and  [ 26 ] and some 

recipes from [ 33 ] The matlab code started from a previous implementation of the Nova-Montrasio macroelement by 

Andrea GalLi from Politecnico di Milan which was downloaded from the POSS-lab website5. The source code is 

described in the ANNEX F. 

4.1. NOVA AND MONTRASIO MACROELEMENT MODEL 

The Nova and Montrasio macroelement model has been employed to describe the behavior of surface and shallow 

foundations on sands. A series of tests were carried on scale foundations for combined loading (V, H, M), once the 

results were obtained a macroelement model capable of modeling such results was proposed. The sand used to carry 

out the experiments was Ticino sand, properly described by Belloti et al (1985). A full description of the model can be 

found in   [ 29 ] and [ 30 ]. 

The soil-structure interaction problem can be modeled from a geotechnical point of view with macroelements, 

macroelement models include a yield surface, plastic potential surface and hardening law, within the framework of 

plasticity. 

  

                                                                    

 

5 http://www.stru.polimi.it/Prometeo/prometeo.htm 
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4.1.1. THE MODEL 

The model describes the behavior of a rigid foundation in sands under combined coplanar loading. The foundation 

geometry can be circular, rectangular or a strip footing. One of the main parameters of the model is the bearing capacity 

under a vertical centred load. This maximum vertical load value might be specified according to  any suitable formulation 

(Vesic, Meyerhof, etc). 

The whole system is considered as a macroelement that relates applied loads (V, H, M) with incremental displacements 

(v, u, θ) as is show in fig. 11. 

 

fig. 11: Definition of loads and displacements (positive sign) 

In order to simplify the model a non-dimensional notation is used, in consequence the loads and displacements must be 

normalized by the maximum vertical load (V0) and other correction factors. It is defined Q as the vector of non-

dimensional loads and q as the vector of non-dimensional displacements as: 

0 01/ / ,

/

V v

Q h V H q V u

m M B B

 
  
   

       
                 
              

 

Where ψ and  are constitutive parameters of the model and V0 is the vertical bearing capacity under non-eccentric 

loading. Forces (V,H,M ) and displacements (u, v y ) correspond to those shown in fig. 11. 

To start to define the model the following failure envelopeis proposed. Such failure envelope limits the maximum loading 

that the foundation can bear, the shape of the failure envelope corresponds to an ellipsoid in the V,H,M domain. The 

failure envelope proposed by Nova and Montrasio is given by the expression: 

2 2 2 2(1 ) 0h m       
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While the yield surface of the model is: 

2 2 2 2( , ) (1 / )c cf Q h m         

This last expression corresponds with the failure envelope when ρc equals 1. Therefore, ρc is the main history parameter.  

To obtain the plastic displacements a plastic potential function needs to be defined. In plasticity, for any load state Q, 

the plastic potential function (g) determines the plastic displacements (qp). The flow rule is: 

( , ) 0 0

( , ) 0 ( , ) 0 0

( , ) 0 ( , ) 0

c p

c c p

c c p

if f Q dq dQ

if f Q y df Q dq dQ

dg
if f Q y df Q dq

dQ



 

 

   

    

    

 

The situation f > 0 is not possible  

The model proposed by Nova and Montrasio is not associated; therefore f and g are different. The plastic potential 

expression is: 

2 2 2 2 2 2( , ) (1 ( / ))c cg Q h m           

The parameters  and  must be calibrated, however the authors suggest =0.8 and  = 0.286 as default values 

The plastic displacements are calculated according to the consistency condition. For a given increment of load that 

would produce yield, the consistency condition becomes: 

( , ) 0c c
c

f f
f Q Q

dQ d
 


 

       

As mentioned, ρc is the history parameter and is a good representation on “how far the yield surface is from the failure 

envelope”. The parameter ρc increases as plastic displacements occur and varies from 0 to 1. The law that controls the 

value of ρc is the hardening law and is expressed as: 

0.52 2

20
2

0

1 expc

R

V

   
 

 

                      

 

In this case α and  are constitutive parameters used to adjust the amount of degradation of ρc with plastic 

displacements. Again, based on their own experiments, the authors propose default values of α = 1.81 and  = 1.71. 

Combining the equations the expression of the plastic multiplier as 
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With the plastic multiplier the plastic displacement can be obtained using the flow rule. Following a standard 

development the elasto-plastic stiffness matrix is obtained as 

e e

ep e

c
e

c

f
K K

dQ
K K

f g f g
K

d d q dQ dQ dQ






 
   

 
 

The elastic matrix is linear and diagonal. The stiffness values can be calculated with the classic methods. The not 

normalized elastic matrix Ke is therefore:  

0 0

0 0

0 0

V

H

M

V K w

H K u

M K 

     
          
         

 

4.1.2. NUMERICAL IMPLEMENTATION 

The algorithm used to solve the problem is a single step algorithm. The possibility that ρc can be isolated easily allows 

to use this algorithm with fast and good results. It has been implemented only for force controlled paths. In fig. 12 it is 

presented the flow diagram of the solver.  

After initialization (displacements, force, history…), the input load history is discretized into a series of load increments or 

steps.  For each step Q the integration procedure advances as follows 

 Final Load state is evaluated to verify if it is inside or outside the yield surface.  

 In the case that the load state is inside the yield surface, elastic increments are calculated using elastic matrix. 

Otherwise, the intersection point with the yield surface is obtained (Qe). by a secant method. Once found the 

derivatives on the intersection are calculated and the plastic multiplier calculated. Whit the plastic multiplier 

the plastic displacements are obtained. 

 New load state is calculated and the history parameter is updated, go back to the first step.  
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fig. 12: Flow diagram of the Nova and Montrasio simulator 

In fig. 12, the vector Q corresponds to the normalized loads, the vector q corresponds to the normalized displacements, 

ρc is the history parameter and f and g the yield surface and plastic potential surface respectively.  

4.1.3. USER INTERFACE AND PREPROCESSOR 

The user’s interface has been designed with Matlab GUIDE, and has been compiled afterwards with Matlab compiler, in 

fig. 13 is shown the interface with the preprocessing tools. 

The preprocessor options include the methodologies to obtain the maximum vertical bearing capacity, VM, and other 

constitutive parameters such as R0, , and ψ. The value of VM can be obtained in the panel “Superficie de rotura”, 

where the following options can be chosen:  
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 Circular (Vesic) 

 Rectangular (Vesic) 

 Strip (Vesic) 

 Circular (Advanced) 

 Rectangular (Advanced) 

 Strip (Advanced) 

In every of these cases classic bearing capacity formulae are used for drained conditions, for the proposed geometries 

(circular, rectangular and strip footing). The formulas that were used in Nova and Montrasio publications were those 

published by Vesic [ 36 ]. In the cases that the features figures as “Advanced” the formulation programmed is the one 

proposed by Lyamin, Salgado Sloan and Prezzi (2007) and Loukidis and Salgado (2009), a detailed description of such 

methodology is shown in [ 25 ] and [ 24 ]. However that formulation will not be used in the examples shown below. 

To obtain the values of , and ψ the authors propose the following formulas, depending on the geometry of the 

foundation and the contact soil properties 

tan 0.72

0.35 0.3

d

D
d

D

 



 

 



 

Where d is the embedment, D the diameter of the foundation and  the angle of friction between the foundation and the 

soil underneath it (soil-structure friction angle). Commonly it is calculated as 2/3 of the angle of internal friction. 

R0 is representative of the initial stiffness of the soil at the moment yield starts. Although it is recommended to obtain R0 

from a bearing plate test, the authors propose the formula:  

0 30 /r MR D V D  

 Where Dr is the relative density of the sand in % 
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fig. 13: Nova and Montrasio user interface. Preprocessor included 

In the fig. 13 are shown the panels with the preprocess option to run the desired simulation for load controlled 

trajectories; the response of this model is always ductile. The hardening law parameters and plastic potential parameters 

have as default values those used by Nova and Montrasio in their publication. 

4.2. MARTIN AND HOULSBY MACROELEMENT MODEL 

The macroelement model of Martin and Houlsby is initially proposed in the PhD. of Martin (1994), such model was 

focused on the realistic modeling of jack-up soil structure interaction with the clayey soils of the Northern Sea.  

Jack-up structures are widely used in the Offshore industry. Called commonly Jack-ups, these structures are semi-

floating structures capable of doing multiple tasks in the offshore industry, such as drilling, oil storing, load tests, support 

structures, instrumentation of larger platforms, etc. The methodology of installation of such structures consists into a 

floating platform with a number of legs, that once at the desired position are deployed in the soil, and elevate the 

structure over the sea level. Once installed the operation is similar as a fixed structure, being capable to resist extreme 

environmental events. In fig. 14 an illustration of a Jack-up structure while performing drilling operations is shown. This 

type of structures can reach big dimensions; they have been used in water depths of over 150 meters with wave heights 

of 15 meters. 
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fig. 14: Example of Jack-up during drilling operation 

The macroelement model proposed by Martin and Houlsby is capable to take into account the hardening of the 

macroelement due to the penetration of the leg in the soil, the model includes a nonlinear elasticity dependant of the 

penetration depth and the shape of the footing. The hardening law in this model allows the yield surface to expand or to 

contract according to the amount of penetration of the leg. Although this model works well for large displacements and 

their features are more focused on the loads common in the oil and gas industry it can be helpful as well to offshore wind 

farm modeling.  

4.2.1. THE MODEL 

The macroelement model has a similar behavior as the Modified Cam-clay constitutive model. The yield surface can 

swell or shrink according to the hardening law, contrary to the Nova and Montrasio model where it cannot shrink. The 

main parameters of the model are the undrained shear resistance (Su), the distribution of Su with depth and the shear 

modulus G, or equivalently the relation with Su (G/ Su). 

 

fig. 15: Foundation type and distribution of undrained shear resistance with depth 
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The model is applicable to a rigid foundation in clayey soil for loading under undrained conditions. The foundation 

response is described by a generalized stiffness (macroelement) relating incremental loads with incremental 

displacements. The geometry of the footing has to be circular in plan, but, to simulate spudcan geometry, the contact 

surface with the soil can be flat or conical. The model is formulated for forces acting on the same plane, similarly to Nova 

and Montrasio, as shown in fig. 11. For this method the notation used is the following 
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Where: 

0 0 02M m RV  

0 0 0c uH h N S  

In this case the main parameter of history is V0, which corresponds with the vertical bearing capacity and is related with 

the plastic vertical displacement (wp) by 

2
0 0( ' )c u pV N S w R    

Where Su0 is the undrained shear resistance in the contact between the foundation and the soil ( at depth given by wp), ’ 

is the effective density of soil, and Nc is the bearing capacity factor. The values of Nc used in this model were obtained 

initially from the work of Houlsby & Worth (1983), who obtained collapse loads for axisymmetric foundations using the 

characteristics method for different embedments. This work was extended by Houlsby and Martin (1992) for the study of 

the effect of the d/2R ratio, the apex angle () and the roughness of the contact zone. The detailed info of Nc is tabulated 

in Martin PhD thesis  [ 26 ] and in the results of SNAME (1997) and is recalled in ANNEX F through Function 

“Eval_Nc_dNcdwp” 

The coefficient Nc is interpolated from those tables during the simulation. 

The yield surface proposed by Martin and Houlsby in 1999 is given by the following expression 

0.52 2

0 0 0 0 0 0

( , , , ) 2 4 1p

M H H M V V
f V M H w a

M H H M V V
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The yield surface is similar to the proposed in the Nova and Montrasio model, except by the third term, that takes into 

account the coupled effects of moment and horizontal force acting in the same direction. This effect however is more 

important in embedded foundations than surface foundations. 

Martin and Houlsby macroelement model also presents another difference with the Nova and Montrasio model; it has 

non associated flow, but instead of a separate plastic potential surface the authors propose directly a plastic gradient 

formulation 

·
p

p

p

f
dVw

gfu dH dQ
f

dM





 
  
              

        
 

 

Therefore the model is not associated in the variable V, but remains associated in the H and M variables. 

The elasticity of the model it is also different from that in Nova and Montrasio, the elastic stiffness matrix depends of the 

value of the accumulated plastic vertical displacement wp and also on the footing apex angle . The elastic stiffness 

matrix proposed is the following 

1
2

3 4
2 3

4 2

0 0

0

0

e

e

e

V K GR w

H K GR K GR u
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The factors K1, K2, K3 and K4 can be obtained from Table  2, The stiffness factors were proposed by Bell (1991), where d 

is the embedment (=wp) and  the apex angle as shown in fig. 15. 

 

Table  2: Stiffness factors for circular embedded conic footing (Bell, 1991) 

 
d/2R  

Deduced results for   ν = 0.5 
K1 K2 K3 K4 

0 180 8.000 5.333 5.333 0.000 
0 150 8.100 5.531 5.709 -0.059 
0 120 8.142 5.814 6.369 -0.471 

0.25 180 8.598 6.311 6.939 -0.387 
0.25 150 8.598 6.302 7.263 -0.436 
0.25 120 8.631 6.562 7.852 -0.802 
0.5 180 9.031 6.867 7.288 -0.554 
0.5 150 9.029 6.836 7.638 -0.594 
0.5 120 9.060 7.070 8.268 -0.961 
1.0 180 9.746 7.357 7.395 -0.718 
1.0 150 9.828 7.504 7.798 -0.692 
1.0 120 9.741 7.569 8.809 -1.060 
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For any load state (Q) of the footing the plastic displacements can be determined by the flow rule as 

1

( , ) 0 0
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( , ) 0 ( , ) 0
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At first sight it can be seen that in the Martin and Houlsby model appears a new term that in the Nova and Montrasio 

does not, the terms appears in the equation due to the dependence of the elastic matrix on the plastic displacements, 

the new term is 
1

el

p

dKg
Q

dV dw


 

Given a differential increment of load the consistency condition must be satisfied, therefore: 

0 0 0 0 0 0
0 0 0
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f f f f
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dQ dV dH dM

   
           

The parameter V0 has been chosen to be our main history parameter, it is uniquely related with the plastic vertical 

displacement through Nc(wp) y and Su0(wp). Similarly H0 and M0 are related to V0 and their derivatives can be obtained 

from: 
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Combining these expressions, the consistency conditions can be written in function of dwp as: 
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dQ dw
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And, from the flow rule we have
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Substituting the plastic multiplier can be easily obtained as 
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The elasto-plastic stiffness matrix is then 

1

1

T
e

e e
p

ep e T
e

e
p p

Kg f f
K Q K

dQ dV dw dQ
K K

Kf f f g f
K Q

dw dV dQ dQ dV dw



 





   
  

  
     

    
   

4.2.2. NUMERICAL IMPLEMENTATION 

Numerical implementation of this model is not simple. Firstly in must be taken into account that the yield surface may 

shrink, leading to a brittle load-displacement response; if force control increments are always applied a numerical 

instability will appear. In addition, the change of the stiffness when the surface yields is extremely high, several orders of 

magnitude for normal soil conditions. If stress control is applied solution may not converge, although the length of the 

step is controlled. Others problem may occur in the interpolation of the tables, as some initial estimation of the plastic 

vertical displacements may be out of the domain of such tables. 

Due to that the model has been programmed for displacement control only, to ensure convergence in the vast majority of 

cases. A length controlled Newton-Rapshon algorithm has been programmed for such purposes. The algorithm is 

recommended by Potts and Zdravkovic in their book [ 33 ]. The algorithm used is the substepping stress point algorithm. 

The algorithm adjusts the length of the step according with the error estimated and also corrects the final load state in 

order to force the increment to accomplish the consistency condition. 

To implement such algorithm several functions have been created that are called from a main function. The main 

function is included in the subroutine that corresponds to the simulator part of the program. The role of the different 

functions is described below and their source code can be found in the annex.  
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Function “State” 
[ V0,H0,M0,Su,G ] = state( wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ) 
 

Computes the history parameters and the geotechnical parameters in the contact with the soil 

Function “yield” 
[ f ] = yield( V,H,M,V0,H0,M0,a ) 
 

Evaluates the yield surface for a given load state  

Function “Elmatrix” 
[ Kel, dKeli ] = Elmatrix( wp,G,R,apex ) 
 

Computes the elastic stiffness matrix and also the derivative of the flexibility matrix for a given wp. It contains the tables 

with the coefficients of Table  2 

Function “Eval_Nc_dNcdwp” 
[ Nc,dNcdwp ] = Eval_Nc_dNcdwp( apex,ro,wp,Roughness,R ) 
 

The function computes the value of Nc and calculates the derivative of Nc with respect vertical plastic displacements. 

Contains the tables of Martin and Houlsby 

Function “diffyield” 
[ dfdV,dfdH,dfdM,dfdV0,dfdH0,dfdM0 ] = diffyield( V,H,M,a,V0,H0,M0 ) 

 

The function computes the derivatives 
0 0 0

, , ,
f f f f

dQ dV dH dM

   
 in the introduces load state, this function includes a 

internal tolerance in order to avoid to calculate the derivatives in the corners of the yield surface near Q = [V0,0,0] or Q = 

[0,0,0] 

Function “molt_p_gens” 
[ molt_p_g,dk_gens,dsig_gens,dq_gens ] = 
molt_p_gens(V,H,M,wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex,a,dseta  ) 

 
This function applies a correction to the final load state in order to return to the yield surface in the case of being further 

than the tolerance allows. A full description can be found in [ 33 ] 

Function “Epmatrix” 
[Kep] = Epmatrix( V,H,M,dseta,a,wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ) 

 
Computes the elastoplastic matrix for a given history parameters 

Function “molt_plas” 
[molt_plas] = molt_plas( dq, V,H,M,dseta,a,wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ) 

 
Computes the plastic multiplier for a displacements increment for a load state and history parameters given 

Function “trail_mod” 
[ dqout ] = trail_mod( dq,K,SV,SH,SM ) 
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This functions controls the displacement imposed in order to satisy that dV, dH and/or dM = 0, providint the program a 

pseudo load control. In this case when condition dV = 0, dH = 0 or dM = 0 is enabled the incremental displacements are 

ignored and the program approaches to the displacement path that produces no increment of such load. 

Function “substep_disp” 
[ dQ,wp_sub,q_p_sub,Q_sub,Ytol ] = substep_disp( 
dq,Q,dig,wpi,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex,a,dseta ) 

 
This function is the “main” function, it corresponds to the substeping algorithm mentioned before, it uses all the functions 

described above. 

For a given displacement increment (q) the steps to follow are: 

1. To evaluate with the elastic stiffness matrix the increment of loads produced by the increment of 

displacements imposed. 

trial eQ K q    
2. Depending of the result of Q+Qtrial it is determined if the step is elastic or elastoplastic 

0 trialQ Q Q   
3. If the load state is outside of the yield surface (f>0) it is necessary to know which part is entirely elastic or 

plastic. To do so it is calculated the intersection point by the secant method, where α is calculated as: 

   0( , ) 0trial pf Q Q w   
 

4. To calculate α the secant method is used until f Ytol  
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5. Once α is obtained, the portion of elastic load increments and elastic displacements can be calculated as: 

   
   

e

e

Q Q

q q





  

  
 

6. Once the elastic part from the plastic part is separated an euler with error control algorithm can be used. 

a. Initialize parameters 

     0 trialQ Q Q    

   (1 )sq q     
1T   

0T   
b. The procedure starts assuming that only one substep is necessary, in consequence 

   ss sq T q     



37 

 

c. A first estimation of the associated load and the variations of the history parameters using a first 

order Euler estimation 

        1 ,ep p ssQ K Q w q      

             
1

,
, ,

pp
p ss

g Q w
q Q w q

Q


   

  

    1 1
p

p pw w q   
 

d. Using the new variables of history calculated the final loads and history parameters are recalculated 

following the same methodology 

        2 1 1,ep p p ssQ K Q Q w w q          

             1

2 1 1

,
, ,

pp
p p ss

g Q Q w
q Q Q w w q

Q

 
     

  

    2 2
p

p pw w q   
 

e. The average of the displacements, loads and history parameters is calculated then 

      1 20.5Q Q Q      

      1 20.5p p pq q q    
 

      1 20.5p p pw w w    
 

f. The relative error for the loads is: 

    1 20.5E Q Q     

    
E

R
Q Q


 

 
g. The relative error is compared with a user defined tolerance SSTol, if the error is tolerable the next 

load step is applied, otherwise the step is reduced by  newT T   and back again to b. 

The value of  is computed as 

0.8
SStol

R
 

 
h. Total loads, displacements and history parameters are actualized with the values calculated in e 

     Q Q Q    

     p p pq q q  
 

     p p pw w w  
 

a. Due to the approximations taken in the early steps it must be validated that the final load stat lies on 

the yield surface and that the surface drift phenomena does not occur. The yield function must be 
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evaluated again, and in the case that f Ytol , a stress correction will be used following a 

methodology proposed by Gens and Potts (1985). The correction algorithm is 

i. A new plastic multiplier is calculated with a Taylor series approximation, the second and 

higher orders can be mislead. The plastic multiplier is computed according to the last 

load state in h, because is the closest estimation of the final load state, and is closer to the 

yield surface 

    
                  

,

, , ,

p

GensPotts T T

p p p

el p

f Q w

f Q w g Q w f Q w
K w

dQ dQ dQ

 
  

 
     
     
     

 

ii. With the new plastic multiplier a more precise new load state can be found, if the new 

load state is obtained as CQ  from the previous load state BQ .(situation in h.) 

     
    ,B p

C B GensPotts el

P Q w
Q Q K

dQ

     
  

 

   
    ,B pp p

C B GensPotts

P Q w
q q

dQ

      
  

 

     
C Bp p pw w w  

 
 

iii. The yield function is evaluated again and f Ytol is validated, if such condition is not 

fulfilled the length of the step is reduced and back to b (normally with one iteration is 

enough) 

b. Once all the requisites are fulfilled the value T is actualized such that T T T  , and back to 

b, when T=1 the process of generating substeps finishes. 

7. Once finished the Euler integration scheme; the loads, displacements and history parameters are updated and 

the next load step introduced by the user is calculated, back to1. 

Depending which inputs are used the model may not converge; Martin also mentions this in his thesis. There might 

appear sharp changes in the stiffness and the hardening on the macroelement may be very small, this produces very 

large displacements for very small load increments. The abuse of table interpolation on this model also produces some 

numerical problems, surface drift is common because the values in the tables are rounded and the derivatives of the Nc 

and K factors are not continuous. In case of non-convergence is useful to try different step sizes and check if the 

displacement trajectories have physical sense. Also the numerical tolerance can be changed  with caution. 
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4.2.3. USER INTERFACE 

The Martin and Houlsby model has been also programmed in MATLAB. A user interface with the main inputs of the 

model was created and the whole program compiled into a standalone executable file using the Matlab compiler.  

 

fig. 16: User interface of the Martin and Houlsbymacroelement model 

The main inputs are: 

 The adjustment parameters of the yield and plastic potential surface (a, h0, m0 y ) 

 The geometry of the foundation (D, embedment,  and roughness) 

 Soil properties (’, Su0, ρ and G/Su) 

 The initial displacement and load conditions (Q, q)  

The default tolerances defined for this model are delicate, on every plastic load step the size of the yield surface 

changes and the tolerances change in order to converge to a solution in a short time. One of the inputs of the program is 

called precision and it will fix the two tolerances YTol and SSTol on every step. The value introduced is a measure of the 

absolute error in loads that the user is disposed to tolerate in every calculated step. As an example, a precision value of 
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1 will establish tolerances such that the numerical solution will not be more than 1 KN of the real solution, a precision of 

10 10KN and so on. The criteria followed to define both tolerances are 

0

0

precision
SStol

V

precision
Ytol

V
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Chapter 5.  DEVELOPMENTS: COMPARISON BETWEEN CLASSIC METHODS VERSUS 

MACROELEMENT MODELS. EXAMPLES 

In this chapter several implementations of the classical approach to calculate bearing capacity of foundations will be 

reviewed and their results will be compared with those obtained using the failure envelopes of Nova and Montrasio, for 

sands, and the Martin and Houlsby failure envelope, for clays. 

5.1. CLASSICAL BEARING CAPACITY FORMULATIONS.  

For offshore wind farm design the following guidelines include a description of bearing capacity according to the 

classical approach 

1. IEC/ISO IEC61400-3 refers on the aspects relevant to direct foundation to the ISO guidelines in offshore 

structures, particularly ISO 19901-4:2003 and ISO 19903-4:2006. 

2. Germanischer Lloyd Wind 2005. The prescriptions about foundations are based on the German guideline of 

foundations (DIN1054:2005-01) which is now superseded by Eurocode EC7. 

3. DNV-OS-J101 “Design of offshore wind structures”, that uses as a complementary document DNV CN340.4 for 

the geotechnical aspects. 

4. ROM 0.5-05, although it is not specifically a guideline for offshore wind turbine design it is a relevant 

reference.  

5. Vesic, this bearing capacity method is used to calculate the centered vertical loading in the Nova and 

Montrasio macroelement model. 

All these guidelines have in common the way to deal with combined actions, for a given load hypothesis.  A combination 

(H, V, M) is reduced to a unique oblique load acting at some point eccentric to the axis of the foundation. Eccentricity is 

later deal with by transforming the area of the foundation to an effective area that will be used to estimate the bearing 

capacity. However the methodology to determine the effective area that each guideline proposes is slightly different. 

In the case of circular foundations ROM 0.5 provides a table based to equalize the area and the inertia of an area limited 

by circular arcs. DNV on the other hand has a described methodology for circular foundations but the results are slightly 

different to the results given by ROM.  
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fig. 17: Definition of the equivalent area for circular foundations. (a): ROM (b): DNV-OS-J101 

GL indicates that the equivalent foundation must consider that the resultant load must be in the centre of the effective 

area following the same methodology as ROM in the rectangular case; however there are no indications for the case of a 

circular foundation. In the examples that follow the same methodology as ROM has been considered. ISO 19901-4 is the 

least clear, it indicates that for the bearing capacity the foundation must be reduced to a equivalent strip foundation in 

order to have the same area and inertia, however there are not explicit details on how to do so, as the IEC 61400-3 refers 

often to both DNV and ISO, DNV will be the criteria used below to evaluate the effective area for the cases labeled ISO. 

The bearing capacity proposed in each guideline can be summarized as bearing capacity factors (N, Nq Nc) multiplied 

for some correction factors  (K, Kq Kc)  as follows 

0.5 'vh eff q q c cp b N K qN K cN K     

Where ’ is the effective density beff the effective width c is the cohesion of the material under the foundation and q is the 

overburden over foundation level. However depending with guideline is used the correction factors and the bearing 

correction factors change.  

When undrained conditions apply with zero soil friction the Nq becomes 1 and N factors reduce to zero, then the bearing 

capacity formula can be simplified as: 

vh c cp q cN K   

The bearing capacity factors are shown in  

Table  3 and the summary of correction factors is presented in Table  5. 
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Table  3: Bearing capacity factors recommended in the guidelines 

 N Nq Nc 

ROM 5.0 2( 1) tanqN   2 tantan
4 2

e    
 

 
( 1)cot 0

2 0
qN if

if

 
 
 

  
 

IEC/ISO 
3

( 1) tan
2 qN   

2 tantan
4 2

e    
 

 
( 1)cot 0

2 0
qN if

if

 
 
 

  
 

GL/DIN/EC7 2( 1) tanqN   2 tantan
4 2

e    
 

 
( 1)cot 0

2 0
qN if

if

 
 
 

  
 

DNV 
3

( 1) tan
2 qN   

2 tantan
4 2

e    
 

 
( 1)cot 0

2 0
qN if

if

 
 
 

  
 

VESIC6 
VesicN  

q

VesicN  Vesic
cN  

 

 

Table  4: Vesic’s bearing capacity factors 

  Vesic
cN  

q

VesicN  VesicN  

0 5.14 1.0 0.0 
22 16.88 7.82 7.13 

24 19.32 9.60 9.44 
26 22.25 11.85 12.54 

28 25.80 14.72 16.72 
30 30.14 18.40 22.4 

32 35.49 23.18 30.22 
34 42.16 29.44 41.06 

36 50.59 37.75 56.31 
38 61.35 48.93 78.03 

40 75.31 64.20 109.4 
42 93.71 85.38 155.6 

 

  

                                                                    

 

6 Vesic’s bearing capacity factors are interpolared form Table  4 
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Table  5:Correction factors recommended in the guidelines (only relevant included) 

 K Kq Kc 
ROM 5.0 sid  sqiqdq  scicdc  

IEC/ISO si sqiq 
scic   ϕ > 0 

sc - ic     ϕ = 0 
GL/DIN/EC7 si  sqiq  scic  

DNV si  sqiq  scic  
VESIC s sq sc 

 

The inclination factors (i, iq, ic) are different in each guideline, as well as the shape factors (s, sq, sc) it can happen that 

in some guidelines appear depths factors or other correction factors while in others not. As there is a huge heterogeneity 

between guidelines we have only considered depth factors that are exclusively defined in the duidelines (ROM), but only 

circular shape and inclination factors, as summarized in Table  6 and Table  7. Vesic proposed inclination factors but 

they are not used in the Nova and Montrasio failure envelope. 

Table  6: Inclination factors recommended in the guidelines 

 i iq ic 

ROM 
 5.0 

3(1 tan )  3(1 0.7 tan )  

1
0

1

0.5 1 1 0

q q

q

eff

i N
if

N

H
if

A c






 

        
 

 

IEC 
ISO 

5(1 0.7 tan )  
2 tantan

4 2
e    

 
 

0

0.5 1 1 0

q

eff

i if

H
if

A c








       
 

 

GL 
DIN 
EC7 

1

2 2

(1 tan )

cos sin

2 /

1 /

2 /

1 /

m

l b

eff eff
l

eff eff

eff eff
b

eff eff

m m m

l b
m

l b

b l
m

b l







 









 

2 2

(1 tan )

cos sin

2 /

1 /

2 /

1 /

m

l b

eff eff
l

eff eff

eff eff
b

eff eff

m m m

l b
m

l b

b l
m

b l



 



 









 

1
0

1

0.5 1 1 0

q q

q

eff

i N
if

N

H
if

A c






 

        
 

 

DNV 4(1 tan )  2(1 tan )  

0

0.5 1 1 0

q

eff

i if

H
if

A c








       
 

 

θ: angle between H and direction L      tan coteff

H
V A c     
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Table  7: Shape factors recommended in the guidelines (circular only) 

 s sq sc 

ROM 5.0 1 0.4 eff

eff

b

l
  1 eff q

eff c

b N

l N
  qs  

IEC/ISO 1 0.4 eff

eff

b
i

l  1 sineff
q

eff

b
i

l
  

0

0.2(1 2 ) 0

q

eff
c

eff

s if

b
i if

l







  


 

GL/DIN/EC7 0.7  1 sin  

1
0

1

1.2 0

q q

q

s N
if

N

if






 

 

 

DNV 1 0.4 eff

eff

b

l
  1 0.2 eff

eff

b

l
  qs  

VESIC 1 0.4 eff

eff

b

l
  1 taneff

eff

b

l
  1 eff q

eff c

b N

l N
  

 

Although this methodology covers every combination of loads, it represents only a bearing capacity failure mechanism. 

However other mechanisms may bring structure to failure such as sliding, and again the previous guidelines do not 

exactly coincide in their proposed methodology. 

To define the slip failure the guidelines use different criteria than the mentioned above. Generally every guideline 

proposes the following formula to estimate the slip failure. 

tan ( )c p aH V aS E E     

Where H is the maximum horizontal action the structure can bear, V the effective vertical force, φc the soil-structure 

friction angle and a is the adhesion to such contact surface. Ep and Ea are the active and passive earth forces acting on 

the faces of the foundation. In this study these forces are neglected. Depending on which guidelines are being used the 

φc a and S may change. The main differences between the guidelines are 

1. In EC7 a = 0  for the drained case. 

2. The contact area in every guideline is the effective area is considered except in the ISO where the real area is 

taken. 

3. DNV and EC7 require that V > 0.4H for the drained case. 
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4. ROM and EC7 recommend misleading the terms Ea and Ep unless a special study is carried out to justify 

erosion is not possible.  

5.2. FAILURE ENVELOPES.  

As far as exposed here, it can be seen that the classic formulation uses two limit conditions to represent two distinct 

failure modes; a combination of these two conditions would result on a failure envelope, although this is a fact that is not 

usually explicitly acknowledged (only in ISO). That failure envelope would be very different if drained or undrained 

conditions are adopted and would vary according to the guidelines. For instance the condition V > 0.4H, adopted by ISO 

and DNV, forces the failure envelope to have a shape as shown in fig. 18b in the H-V plane. 

 

fig. 18: Failure envelopes according to ISO 19901-4 

The classic methodology has been tested mainly for foundations where the dominant load component is vertical, 

however in the offshore industry and especially in the offshore wind industry the dominant load components are the 

horizontal and the moment. It can be tedious to work with the classical methods and in the most part of the drained 

cases over conservative. 

Alternative failure envelopes are now available. The yield surfaces included in the macroelement models presented in 

chapter 4 can be interpreted as failure envelopes if their size is selected to describe failure conditions (as observed, for 

instance, in experiments). Both models can be expressed with the same equation to define a rugby-shaped failure 

envelope. 
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22 2

0 0 0 0 0 0

( , , ) 2 4 1
H M MH V V

F V H M a
H M H M V V

         
                       

 

Where V0, H0, M0 are the maximum loads that the foundation can support. The variables  and “a” are adjustment 

parameters. One difference between the failure envelopes of Nova and Montrasio and Martin and Houlsby is that in Nova 

and Montrasio a = 0 while in Martin and Houlsby a = 0.316 which makes the failure surface non-symmetrical in  (H, M) 

sections. 

As explained in chapter 4.1 Nova and Montrasio used the classic formulation of Vesic to obtain V0 and defines H0 and M0 

as: 

*
0 0 0

*
0 0 0

H h V

M m DV




 

Where m*0 and h*
0 depend on the soil friction angle between foundation and soil and embedment. 

As explained in section 4.2 in the  Martin and Houlsby model the maximum loads  V0, H0 and M0 are obtained as: 

 

2
0 0

2
0 0 0

0 0 0

0

0

1 ( )4
1

4

0.137

0.0923

c u

c u

V N S d D

H h N S D

M m DV

h

m

 



 







 

 

As explained, the bearing capacity coefficient Nc is tabulated for different conditions of depth (D), roughness, shape of the foundation etc.  An example for a flat 
foundation is presented in  

 

 

Table  8. 
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Table  8: Values of Nc for a flat circular foundation for cone apex 180º. Houlsby (1983) 

um

D

S


 d

D
 0u

um

S

S
 

Roughness α 

um

D

S

  d

D
 0u

um

S

S
 Roughness α 

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

0 0 1 5.69 5.86 5.97 6.03 6.05 6.05 3 0 1 7.16 7.45 7.69 7.91 8.08 8.21 
0 0.1 1 5.97 6.13 6.24 6.29 6.3 6.3 3 0.1 1.3 7.13 7.4 7.62 7.81 7.96 8.07 
0 0.25 1 6.31 6.47 6.57 6.61 6.61 6.61 3 0.25 1.75 7.15 7.37 7.58 7.75 7.88 7.96 
0 0.5 1 6.79 6.93 7.02 7.05 7.05 7.05 3 0.5 2.5 7.21 7.42 7.61 7.75 7.86 7.91 
0 1 1 7.49 7.63 7.7 7.71 7.71 7.71 3 1 4 7.43 7.62 7.78 7.9 7.97 7.99 
0 2.5 1 8.82 8.94 8.99 8.99 8.99 8.99 3 2.5 8.5 8.13 8.23 8.38 8.46 8.49 8.49 
1 0 1 6.25 6.47 6.65 6.79 6.9 6.95 4 0 1 7.56 7.87 8.15 8.38 8.58 8.73 
1 0.1 1.1 6.48 6.69 6.87 7 7.1 7.14 4 0.1 1.4 7.38 7.64 7.89 8.09 8.26 8.39 
1 0.25 1.25 6.74 6.94 7.11 7.23 7.32 7.35 4 0.25 2 7.26 7.5 7.71 7.89 8.03 8.13 
1 0.5 1.5 7.05 7.24 7.39 7.51 7.58 7.6 4 0.5 3 7.25 7.46 7.65 7.8 7.92 7.98 
1 1 2 7.47 7.64 7.79 7.88 7.93 7.94 4 1 5 7.44 7.61 7.77 7.89 7.97 8 
1 2.5 3.5 8.26 8.32 8.52 8.6 8.61 8.61 4 2.5 11 8.09 8.19 8.36 8.44 8.47 8.47 
2 0 1 6.73 6.98 7.2 7.39 7.53 7.63 5 0 1 7.94 8.27 8.57 8.83 9.05 9.23 
2 0.1 1.2 6.85 7.08 7.3 7.46 7.59 7.68 5 0.1 0.5 7.56 7.85 8.1 8.32 8.5 8.64 
2 0.25 1.5 6.98 7.2 7.39 7.55 7.66 7.72 5 0.25 2.25 7.34 7.59 7.81 8 8.15 8.25 
2 0.5 2 7.15 7.36 7.53 7.67 7.76 7.8 5 0.5 3.5 7.27 7.49 7.68 7.84 7.96 8.02 
2 1 3 7.45 7.63 7.78 7.9 7.96 7.98 5 1 6 7.43 7.6 7.77 7.89 7.97 8 
2 2.5 6 8.16 8.27 8.43 8.5 8.53 8.53 5 2.5 13.5 8.07 8.18 8.35 8.43 8.46 8.46 
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5.3. EXAMPLE COMPARISONS.  

To illustrate the differences between classic failure envelopes and modern ones two examples are proposed, one 

drained (sand) and the other undrained (clay), it will be used all the design criteria mentioned above. Table  9 contains 

common soil properties and the characteristics of a foundation.  

Table  9: Example definition 

Soil type Sand (drained case) Clay (undrained case) 

Effective density ’ (KN/m3) 10 10 

Cohesion (KN/m2) 0 100 

Friction angle (º) 35 0 

Roughness α - 1 

Soil-structure friction angle 23.3 - 

Diameter of foundation, D  (m) 20 20 

Depth of foundation, d (m) 0.0 , 5.0 0.0 , 5.0 

 

The embedment has been considered as an overburden load equal to the product of the density of the soil and the 

embedment, only in the failure envelope of ROM the proposed depth factors have been used (see Table  5). The ROM 

depths factors are: 

2

2

1

1 (2 tan ) tan( / )(1 sin )

1 2 tan( / )(1 sin )

q eff

q
c eff

c

d

d arc d b

N
d arc d b

N



 





  

  

 

The results of the failure envelopes, botch classic and modern, for the drained and undrained cases in the V-M and H-M 

planes are presented below. The bearing capacity under vertical centered loading is shown in the following table: 

Table  10: Vertical capacity under vertical centered loading of the examples 

Vmax values (MN) 

 
ROM IEC GL DNV NOVA MONTRASIO (Vesic) MARTIN HOULSBY (Bell) 

Sand d = 0 761 567 861 567 918 
 

Sand d/D = 0.25 1,715 1,390 1,684 1,194 1,815 
 

Clay d = 0 192 194 194 194 
 

190 
Clay d/D = 0.25 228 210 210 210 

 
223 

In order to illustrate the difference between the guidelines in Fig. 19 and fig. 20 are plotted the vertical bearing capacity 

values with the diameter, the geotechnical parameters are the same as the values of Table  9. 
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Fig. 19: Vertical bearing capacity non-eccentric vertical loads (drained) 

Fig. 19 shows a great heterogeneity for the drained cases depending on which method is used. The reason for that is 

that Nova and Montrasio have followed Vesic’s methodology to obtain Vmax. As can be seen in Table  4, this formulation 

has  a larger bearing capacity factor than the others. 
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fig. 20: Vertical bearing capacity non-eccentric vertical loads (undrained) 
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fig. 20 shows the vertical bearing capacity for the undrained cases, dispersion of results practically does not occur, it 

only occurs in the case  with embedment. This is because ROM includes depth correction factors and Bell has a greater 

bearing capacity factor (see table 8) 

If the failure envelopes are normalized by the centered vertical bearing capacity (Vmax) the effect of different bearing 

capacity factors is filtered and we can focus on the effct of inclination and eccentricity. For the drained cases with 

surface foundations the results are: 

0 0.2 0.4 0.6 0.8 1

V/Vmax

0

0.02

0.04

0.06

0.08

0.1

M
/(

D
V

m
a

x)

d/D = 0
ROM

IEC/ISO

GL/DIN

DNV

NOVA MONTRASIO

 

(a) 

-0.2 -0.1 0 0.1 0.2

H/Vmax

0

0.02

0.04

0.06

0.08

0.1

M
/(

D
V

m
a

x)

V/V0 = 0.5
d/D = 0

ROM

IEC/ISO

GL/DIN

DNV

NOVA MONT

 

(b) 

0 0.2 0.4 0.6 0.8 1

V/Vmax

0

0.04

0.08

0.12

M
//(

D
V

m
a

x)

d/D = 0.25
ROM

IEC/ISO

GL/DIN

DNV

NOVA MONTRASIO

 

(c) 

-0.2 -0.1 0 0.1 0.2

H/Vmax

0

0.04

0.08

0.12

M
/(

D
V

m
a

x)

V/V0 = 0.5
d/D = 0.25

ROM

IEC/ISO

GL/DIN

DNV

NOVA MONT

 

(d) 

fig. 21: Normalized failure envelopes for the drained example: (a) surface footing  V-M,  (b) surface footing H-M, embedded footing (c) V-M, embedded footing 
(d) 
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At first sight it can be seen that for a similar vertical bearing capacity the Nova and Montrasio provides a greater 

envelope than the classic methods. On the other the other methods have is similar failure envelope for the same VMAX, the 

only exeption is  GL/DIN, which is smaller. Paradoxically, in absolute terms GL/DIN is the failure envelope that in 

absolute terms provides a larger maximum moments as  VMax is larger than the other classic methods. 

In (b) and (d) it is seen that the Nova and Montrasio is generally larger than the other envelopes, but it is not greater than 

the classic methods for some cases with low moment value. The classic methods have also show a great heterogeneity 

for inclined loading as well, being DNV being the most restrictive of all. 

ROM methodology is closer to DIN methodology but is not used in offshore wind farm industry. On the other hand the 

IEC and DNV are the most conservative.  

 

The same methodology as with the drained case has been followed for the undrained cases, the geotechnical properties 

are those presented in Table  10. The normalized failure envelopes for undrained conditions are:  
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fig. 22: Normalized failure envelopes for the undrained example: (a) surface footing  V-M,  (b) surface footing H-M, embedded footing (c) V-M, embedded 
footing (d) 

In contrast with the drained cases the classic undrained failure envelopes do not show big differences between . The 

main differences are between the Martin and Houlsby failure envelope and the failure envelopes provided by the classic 

methods and especially in shape.  
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Amongst the classic methods GL/DIN is the one that provides larger failure load values while the other methods are 

similar among them. The Martin and Houlsby failure envelope takes into account the positive effect of horizontal force to 

moment resistance as can be seen in (d) 

GL/DNV keeps being the method, amongst the recognized by the wind industry, that provides higher values than the 

other classic methods. However ROM provides a larger envelope than the earlier classic methods when the footing is 

embedded. The Martin and Houlsby envelope is greater than the classic methods envelopes for the most combination of 

loads, especially in the domain where H and M are positive or negative (a combination of loads common in wind 

industry).  

From the previous result shown it can be concluded that the most conditioning parameter is the centered vertical 

bearing capacity. The differences between the different classic methods for drained conditions is more pronounced than 

for the undrained cases. The Nova and Montrasio failure envelope is always less conservative than the drained classic 

methods, while the Martin and Houlby woul be less conservative for combined loading which is usual in the offshore 

wind industry). Amongst all the classic methods, it can be affirmed that DNV is the most conservative methods amongst 

all. 

It is surprising that despite the classic methods for bearing capacity have over 70 years of practice the drained 

estimations of vertical bearing capacity still do not converge and have a great variability depending on which guideline 

is being used, specially for drained soils.   
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Chapter 6.  CASE STUDY DATA: THE KRIEGER’S FLAK SITE 

The environmental conditions used in later chapters to compute loads  were those given as basic data for the 

conceptual design of Kriegers Flak [ 23 ]. Kriegers Flak is a new wind farm still at the planning stage between Germany, 

Denmark and Sweden in the Baltic Sea; and is representative of current north European developments. The depths 

varies from 17 to 42 m, the wind farm area covers 4.5 x 12 Km2. In this chapter the environmental conditions that are 

described in [ 23 ] will be briefly summarized. 

6.1. WIND CONDITIONS AT KRIEGER’S FLAK 

In Table 11 presents the directional Weibull distributions of 10 minute averaged wind speed at 80 m height that were 

recommended for design purposes. These values are extrapolated from measurements taken at 10 m height. It is 

recalled that the Weibull distribution is given by  

10 min( / )
10 min( ) 1

CV AF V e   

 

Table 11: Wind distribution at 80 m. 

Direction 
Wind direction 

distribution  

V10min  
(m/s) 

A 
(m/s) 

C 

N 0 6.7 7.18 8.16 2.05 
NE 45 6.9 8.59 9.88 2.30 
E 90 15.9 8.41 9.71 2.40 

SE 135 12.5 7.68 8.79 2.19 
S 180 9.7 8.57 9.78 2.13 

SW 225 15.6 10.14 11.70 2.37 
W 270 21.7 10.09 11.69 2.49 

NW 315 11.0 7.51 8.56 2.09 

Omni  100 8.80 10.12 2.30 
 

As indicated the distribution gives an overall mean wind speed at 80 m height of 8.80 m/s. That Weibull distribution was 

fitted for the operational range 5-25 m/s. The wind direction distribution (%) is presented in Fig. 23. This orientation 

iformation is only shown here to recall that realistic on-site conditions show marked directionality; in what follows only the 

values averaged across all orientations are shown. 
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Fig. 23: Design directional wind distribution 

The extreme wind conditions provided in the Kriegers Flak design bases are shown below.  

Table  12: Extreme wind 

10 min extreme wind at 80 m height (50 year) 37.5 m/s 

3 sec extreme gust at 80 m height (50 year) 49.6 m/s 

10 min extreme wind at 80 m height (1 year) 28.3 m/s 

3 sec extreme gust at 80 m height (1 year) 37.4 m/s 

 

Air density 1.24-1.28 kg/m3 

6.2. WIND SIMULATION PROCEDURE 

Wind can be modeled as a stochastic phenomenon, to do so several wind power spectrums are proposed by the IEC 

guidelines: the Mann turbulent model and the Kaimal spectrum. The model adopted in this thesis is the Kaimal spectrum 

combined with the exponential coherence model. 

The component spectral densities are given in the following expression 

2
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/
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Where 

f is the frequency (Hz) 

k is the index referring to the velocity component direction (1 longitudinal, 2 lateral, 3 upward) 

Sk is the single-sided velocity component spectrum 

σk is the velocity component standard deviation (described above) 

Lk is the velocity component integral scale parameter (described in IEC) 

And with 

2

0

( )k S f df


   

The turbulence spectral parameters are given in where 
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Table 13: Turbulence spectral parameters for the Kaimal model 

 
Velocity component index (k) 

1 2 3 

Standard deviation σk σ1 0.8σ 1 0.5σ 1 
Integral scale, Lk 8.11 2.71 0.661 

 

Where 1  and σ1 are the standard deviation and scale parameters of the turbulence specified in the IEC 61400-1 

guidelines according to the wind conditions simulated: Normal turbulent model (NTM), extreme turbulent model (ETM), 

extreme wind model (EWM), etc.  

 

To illustrate the characteristics described of the wind power spectra four differerent wind design conditions are assumed 

and described in Table  14. Each spectrum will be designed according to 1  and σ1 for each case (see Table 13). 

However, the spectrum shown in Fig. 24 it is just the spectra of the energy produced by the horizontal component of 

wind at the hub height. Generally to generate wind conditions a full mesh of nodes with one degree of freedom for each 

wind speed component is necessary, each component of each node has an associated Kaimal wind spectrum and a 

coherence conditions is imposed between the wind speeds of those nodes. The design code used to generate turbulent 

wind in this thesis is TurbSim developed by the NREL. A full description of the code can be found in [ 15 ].  

 



58 

 

Fig. 24 and Table  14 shows the results obtained for five design conditions, as can be seen the most part of the energy is 

distributed in the low frequency values (10-3,10-1), this fact is particularly clear for the extreme turbulent models. As the 

wind turbine to be placed in Krieger’s Flak is a IIIC class: 

 
Table  14: Example of wind characteristics chosen for Fig. 24 

 Wind speed at hub height 
Vhub (m/s) 

Standard deviation σ1 

Normal turbulent model (NTM) 10 1.57 

Normal turbulent model (NTM) 20 2.47 

Extreme turbulent model (ETM) 10 2.52 

Extreme turbulent model (ETM) 20 3.10 

Extreme wind model (EWM50 years) 37.5 4.13 

 

 
Fig. 24: Power spectral density of horizontal wind speed at hub height  

To conclude, the wind energy is proportional to the square of the average wind speed, due to that the aerodynamic 

thrust acting on the tower and other immobile parts of the OWT will have spectrums proportional to the wind power 

spectra. 

6.3. MET-OCEAN CONDITIONS AT KRIEGER’S FLAK 

The design wave parameters are generated on the basis of model analyses based on bathymetry of the site and 

measurements performed in the region. The analyses were made following IEC guidelines for two different return periods 

50 year and 1 year. The directional design wave parameters (HS and Tp), as well as the averaged omnidirectional case 

are shown in Table 15 and Table 16. 
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Table 15: Extreme wave conditions 50 year return period 

 Direction 

Design parameters N NE E SE S SW W NW Omni 

Hs.1/50y [m] 3.2 3.7 4.5 4.6 4.7 5.2 5.0 3.2 5.2
Tp.1/50y [sec] 6.4 7.2 9.1 9.8 8.2 9.7 8.3 6.7 9.7

Hmax.1/50y [m]         9.6

Crest elevation η [m]         6.0

Particle velocity u [m/s]         6.0

Run-up height         13.7

 

 

Table 16: Extreme wave conditions one year return period 

Direction N NE E SE S SW W NW Omni 

Hs1y [m] 1.9 2.6 3.3 3.0 3.0 3.6 3.6 2.5 3.6
Tp1y [sec] 5.4 6.5 8.0 8.0 7.0 8.0 7.3 6.1 8.0

 

The spectrum recommended is the Jonswap with  = 3.3. The correlation between wind above 10 m sea level and 

waves is shown in Fig. 25. Table 17 presents the data and the correlation for different wind speed heights, 80 m and 10 

m. the correlation was obtained fitting the computed data shown in Fig. 25. 

 

Fig. 25: Scatter plot and mean value of wave height Hs and wind speed U(10m) omnidirectional 

  



60 

 

Table 17: Simplified correlation of wind and wave height 

Wind speed Wave height 

U(80m) 

[m/s] 
U(10m) 

[m/s] 
Hs 

[m] 

0.6 0.5 0.01 

5.0 4 0.26 

10.0 8 0.72 

15.0 12 1.33 

20.0 16 2.05 

25.0 20 2.86 

30.0 24 3.76 

35.0 28 4.74 

37.5 30 5.26 
 

Assuming that the dimensions of the sub-structure would vary between 6 and 20 m the load regime on the structure can 

be estimated according Fig. 26, the higher waves will be mainly inertia dominated, while for the smaller diffraction would 

dominate. Methodologies for calculating such loads in both cases have been described in chapter 3. 

 

Fig. 26: Regimes of forces on cylinders located at sea surface, z = 0. In black shadow the domain where the problem is fitted 
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Chapter 7.  CASE STUDY DATA: THE NREL 5MW BASELINE OWT 

Offshore wind turbines are dynamic systems fully coupled, where the response of every element depends on each other. 

Although the focus of this thesis is on the foundation, the structural model comprises many other elements (tower, blade, 

drivetrain, control…) that are of importance. The characteristic of such elements have great influence, at least, in the 

dynamical response of the system and on the aerodynamic loads. It is thus necessary to describe the main components 

of the specific wind turbine that is used in this thesis to compute loads on the foundation. We give brief, conceptual 

descriptions of some aspects, relegating many details to complementary Annexes (ANNEX C, ANNEX D, ANNEX E). The 

chapter ends with some simplified performance examples that illustrate some basic features of OWT operation. 

7.1. REFERENCE WIND TURBINE 

Loads produced by wind are dependent on the wind turbine characteristics, and especially in the control system. 

Aerodynamic loads are not only caused by the difference of pressure or viscosity of wind but also from the inertial 

loading due to the rotation of the turbine. Wind turbines usually have control systems such as variable speed controls, 

yaw controls and pitch controls that are crucial to determine the loads on the tower. 

The reference wind turbine chosen for the thesis is the NREL offshore 5-MW baseline wind turbine. This is not a real 

wind turbine; but it was defined by the NREL (National Renewable Energy Laboratory) by taking elements from the 

conceptual models developed in previous industry-wide collaborative projects (WindPACT7, RECOFF8 and DOWEC9). 

Although the turbine is not real it is fully documented and tested in the OC310 project and provides an appropriate 

reference for onshore and offshore developments. Some of the results and simulations carried out in the OC3 project can 

be found in [ 17 ]. The properties of the NREL wind turbine are close to thecommercial REPower 5MW wind turbine. 

The schematic dimensions and reference points of the parts of a three bladed wind turbine are shown in fig. 27, the main 

parts are the tower (blue), the hub (red), the blades(orange), the nacelle (light green) and the rotor shaft (green) 

                                                                    

 

7 http://www.nrel.gov/wind/windpact.html 
8 http://cordis.europa.eu/data/PROJ_FP5/ACTIONeqDndSESSIONeq112362005919ndDOCeq1564ndTBLeqEN_PROJ.htm 
9 http://www.ecn.nl/nl/units/wind/projecten/dowec/ 
10 The OC3 project consisted into a benchmark exercise of Aero-Elastic Offshore Wind Turbine Codes, many academic and commercial codes 
were tested and compared. 
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fig. 27: Layout of a conventional three bladed wind turbine 

 

In offshore industry the installation costs are much higher than onshore, in order to be cost effective large wind turbines  

(rated at 5MW or higher) are sought after. Wind turbines have already been installed with a nominal power of 6 MW and 

the design of the new generation turbines is heading towards 10 MW. An exhaustive description of the NREL offshore 5-

MW baseline wind turbine and the criteria used for design can be found in [ 13 ]. The main properties of the NREL wind 

turbine are presented in Table  18.  
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Table  18: Main properties of the NREL 5-MW Baseline Wind turbine 

Rating  5 MW 
Rotor Orientation, Configuration  Upwind, 3 Blades 
Control  Variable Speed, Collective Pitch 
Turbine class III C 
Drivetrain  High Speed, Multiple-Stage Gearbox 
Rotor, Hub Diameter  126 m, 3 m 
Hub Height 90 m. 
Cut-In, Rated, Cut-Out Wind Speed  3 m/s, 11.4 m/s, 25 m/s 
Cut-In, Rated Rotor Speed  6.9 rpm, 12.1 rpm 
Rated Tip Speed  80 m/s 
Overhang, Shaft Tilt, Precone  5 m, 5º, 2.5º 
Rotor Mass  110,000 kg 
Nacelle Mass  240,000 kg 
Tower Mass  347,460 kg 

 

Rating is the maximum power that can be extracted from the wind; Rotor orientation upwind means that the rotor 

assembly is at the upwind edge of the nacelle; the control system is described in section 7.6 and ANNEX E. The turbine 

class corresponds to the extreme wind speeds described in chapter 6 (IIIC); the drivetrain consists into a generator and 

a gearbox, the gearbox and generator connection is a high speed shaft. The cut-in and cut-out wind speed and rotor 

speeds corresponds to the ranges of operation of the wind turbine, while the mean rotor speed and wind speed are the 

values where the rotor thrust is maximum. The overhang, shaft tilt and precone are imposed deflections of the turbine 

parts. 

The 1P and 3P frequency range correspond to the rotor speed frequency and the blade passing frequency respectively, 

for this wind turbine, as the rotor speeds is rated from 6.9 to 12.1 rpm the 1P frequencies (rotor speed/60) will be 0.115 

to 0.2 Hz while the 3P frequency range (rotor speed/20) will be between 0.345 and 0.6 Hz. 

The program used to calculate the turbine loads is F.A.S.T. (Fatigue, Aerodynamics, Structures, and Turbulence). FAST 

is an aeroelastic research software. The code has been developed by the NREL, and is distributed as an executable 

standalone application, NREL also provides the source code in FORTRAN 90 in order to modify and include certain 

features. FAST can be recompiled with such modifications. 
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7.2. BLADE PROPERTIES 

7.2.1. STRUCTURAL PROPERTIES 

The NREL offshore 5-MW baseline wind turbine has three blades, each 62.6 m long, after the precone of 2.5º 61.5. The 

blades are designed in glassfiber and correspond to the same used in the DOWEC study. FAST uses modal analysis to 

represent parts of the structure. The blades are modeled as cantilevered beams, their deformed beam shape is obtained 

as a linear combination of 2 eigenmodes in the flapwise direction and one in the edgewise direction. The structural 

properties of the beams represented in the model (in this case the blades) are preprocessed to obtain their mode 

shapes by a preprocessor delivered by NREL, called “MODES”. Each mode shape is approximately input into FAST as a 

sixth order polynomial. The main structural properties  of the blades are summarized in Table  19. 

Table  19: Blade structural properties 

Length 61.5 m 

Overall Mass 17,740 kg 

Second Mass Moment of Inertia (from root) 11,776,047 kg·m2 

First Mass Moment of Inertia (from root) 363,231 kg·m2 

Centre of mass Location (along axis) 20.475 m 

Structural-Damping Ratio (All Modes) 0.48 % 

 

7.2.2. AERODYNAMIC PROPERTIES 

The aerodynamic properties of the blades are also taken from the DOWEC study. Each blade is discretized into 17 

nodes for integration of the aerodynamic and structural forces, each node stores the values needed to calculate the 

external forces according to Blade element theory (BEM). The methodology to compute those forces has been 

described in chapter 3 (see also ANNEX A). A more detailed description of the aerodynamic properties can be found in 

ANNEX D. 

The main properties that are requested by BEM theory are the drag and lift coefficients, which are complex, 

experimentally determined functions, of the blade geometry (airfoil) and the angle of attack (orientation of the blade 

section with the main flow direction).  The full blade includes nine airfoils; their lift and drag coefficients are fully 

documented in ANNEX D. As an example, the lift, drag and pitch coefficients for DU25 airfoil are shown in the following 

figure. 
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Fig. 28: Coefficients of the DU25 airfoil 

7.3. HUB, YAW DRIVE, NACELLE AND DRIVETRAIN 

The reference elements adopted for the NREL wind turbine are a combination of the DOWEC study and the REPower 5 

MW. In fig. 29 the distribution of the mechanical parts is shown, the main data for the hub, yaw drive and nacelle are 

summarized in Table  20. 

The yaw drive aligns the nacelle with the main wind speed, however this movement is so slow that does not affect 

loading much and therefore when simulating load cases yaw control is not active. However the mass of the nacelle and 

stiffness of the yaw drive must be taken into account. It has been assumed that the nacelle-yaw actuator has a natural 

frequency of 3 Hz, and a damping ratio of 2% critical. This assumption resulted in an equivalent nacelle-yaw-actuator 

linear-spring constant arround 9.0 GN·m/rad and an equivalent nacelle-yaw actuator linear-damping constant of 19.2 

MN·m/(rad/s). 

 

fig. 29: Scheme of the hub, nacelle, yaw drive and drivetrain distribution 
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The main properties are: 

Table  20: Hub, nacelle and yaw properties 

Elevation of Yaw Bearing above Ground 87.6 m

Vertical Distance along Yaw Axis from Yaw Bearing to Shaft 1.96 m

Distance along Shaft from Hub Center to Yaw Axis 5.0 m

Distance along Shaft from Hub Center to Main Bearing 1.9 m

Hub Mass 56,780 kg

Hub Inertia about Low-Speed Shaft 115,926 kg•m2

Nacelle Mass 240,000 kg

Nacelle Inertia about Yaw Axis 2,607,890 kg•m2

Nacelle CM Location Downwind of Yaw Axis 1.9 m

Nacelle CM Location above Yaw Bearing 1.75 m

Equivalent Nacelle-Yaw-Actuator Linear-Spring Constant 9,028.32 M N•m/rad

Equivalent Nacelle-Yaw-Actuator Linear-Damping Constant 19.16 M N•m/(rad/s)

Nominal Nacelle-Yaw Rate 0.3 º/s

 

The drivetrain consists in the rotor a low speed shaft, a gearbox, a brake, a high speed shaft and a generator, in fig. 30 

the parts of the drivetrain are represented schematically. The drivetrain proposed for the NREL wind turbine is a 

combination of the drivetrain of the DOWEC study and the Repower 5 MW, the rated rotor speed is the same as the 

Repower 5 MW. The gearbox is assumed to be a multiple stage gearbox but with no frictional losses while the generator 

has an electrical efficiency of the 94.4%.  The main characteristics of the drivetrain are summarized in fig. 30.  

The driveshaft is assumed to have the same natural frequency as the RECOFF turbine model. This resulted in an 

equivalent driveshaft linear-spring constant around  868 GN•m/rad and a linear-damping constant around  6.2 

GN•m/(rad/s).  

 

fig. 30: Scheme of the drivetrain parts 
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The exact properties are described as follow: 

Table  21: Drivetrain properties 

Rated Rotor Speed (low speed shaft) 12.1 rpm

Rated Generator Speed (high speed shaft) 1173.7 rpm

Gearbox Ratio 97 :1

Electrical Generator Efficiency 94.4 %

Generator Inertia about High-Speed Shaft 534.116 kg•m2

Equivalent Drive-Shaft Torsional-Spring Constant 867,637 KN•m/rad

Equivalent Drive-Shaft Torsional-Damping Constant 6,215 KN•m/(rad/s)

Fully-Deployed High-Speed Shaft Brake Torque 28,116.2 N•m

High-Speed Shaft Brake Time Constant (time to fully deploy) 0.6 s
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7.4. TOWER 

The tower is designed to withstand the motions induced by wind and blade vibrations, the design is similar to onshore 

towers. The tower is made of steel, the base diameter of the tower is 6 m and the thickness is 0.027 m, the top diameter 

is 3.87 m and the thickness 0.019 m. The young modulus of the steel is 210 GPa, and the shear modulus 80.8 GPa while 

the effective density of steel is taken to be 8,500 kg/m3, taking into account reinforcements and the painting and 

corrosion protection systems.  

The tower is represented in the structural model as a cantilevered beam. The tower motion is represented by a weighted 

combination of two modal shapes per direction. Modal properties are obtained using the program MODES. The 

properties of the baseline tower are summarized in Table  22 and Table  23. The structural damping ratio is 1% of critical 

for all modes, which correspond to the values in the DOWEC study. The properties shown in Table  22 of the tower are 

referenced to the tower base center. 

Table  22: Distributed tower properties 

Elevation
(m) 

Tower Mass Density 
(kg/m) 

Tower stiffness 
(N•m2) 

Tower torsion stiffness 
(N•m2) 

Tower axial stiffness
(N) 

0.00 5590.87 614.34E+9 472.75E+9 138.13E+9 

8.76 5232.43 534.82E+9 411.56E+9 129.27E+9 

17.52 4885.76 463.27E+9 356.50E+9 120.71E+9 

26.28 4550.87 399.13E+9 307.14E+9 112.43E+9 

35.04 4227.75 341.88E+9 263.09E+9 104.45E+9 

43.80 3916.41 291.01E+9 223.94E+9 96.76E+9 

52.56 3616.83 246.03E+9 189.32E+9 89.36E+9 

61.32 3329.03 206.46E+9 158.87E+9 82.25E+9 

70.08 3053.01 171.85E+9 132.24E+9 75.43E+9 

78.84 2788.75 141.78E+9 109.10E+9 68.90E+9 

87.60 2536.27 115.82E+9 89.13E+9 62.66E+9 
 

Table  23: Main tower properties 

Height above Ground 87.6 m

Overall (Integrated) Mass 347,460 kg

CM Location (w.r.t. Ground along Tower Centerline) 38.234 m

Structural-Damping Ratio (All Modes) 1 %

 

The tower described above is taken as prescribed for sub-structure design. Therefore the tower properties will condition 

the sub-structure design, in order to satisfy the dynamic requirements of the whole tower-sub-structure system. 
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7.5. DYNAMIC PROPERTIES OF THE WHOLE SUPER-STRUCTURE WITH FIXED CONDITIONS 

According to the structural properties described above the natural frequencies of the complete system (fixed onshore 

wind turbine) can be obtained, NREL provides in the documentation of FAST the natural frequencies of the structure 

assuming fixity at the tower base. The values obtained are shown in Table  24.  

 

Table  24: Natural frequencies of the wind turbine with no sub-structure and fixed conditions on tower base 

Mode Description Natural 
frequency (Hz) 

1 1st Tower Fore-Aft 0.3240 
2 1st Tower Side-to-Side 0.3120 
3 1st Drivetrain Torsion 0.6205 
4 1st Blade Asymmetric Flapwise Yaw 0.6664 
5 1st Blade Asymmetric Flapwise Pitch 0.6675 
6 1st Blade Collective Flap 0.6993 
7 1st Blade Asymmetric Edgewise Pitch 1.0793 
8 1st Blade Asymmetric Edgewise Yaw 1.0898 
9 2nd Blade Asymmetric Flapwise Yaw 1.9337 

10 2nd Blade Asymmetric Flapwise Pitch 1.9223 
11 2nd Blade Collective Flap 2.0205 
12 2nd Tower Fore-Aft 2.9003 
13 2nd Tower Side-to-Side 2.9361 

 

7.6. CONTROL SYSTEM 

For the NREL 5-MW baseline wind turbine, the default controller is a conventional variable-speed with variable blade-

pitch-to-feather11 configuration. In such wind turbines, operation relies on two basic control systems: a generator-torque 

controller and a full-span rotor-collective blade-pitch controller; in other words: a gearbox capable of controlling the 

torque applied to the generator in relation with the rotor speed and a system that estimates the excess of absorbed 

power and feathers the blades in order to maintain an optimal rated rotor speed. 

For safety reasons the two control systems are designed to be electrically independent. Although the two control 

systems are designed to work together, for the most part of time only the variable-speed control system works as the 

wind generally is below-rated rated wind-speed range.  

                                                                    

 

11 The variable blade-pitch-to feather is an actuator in the rotor nacelle assembly capable of orientating the blade to offer less resistance to 
relative wind speed 
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In conclusion, the goal of the generator-torque controller is to maximize power capture below the rated operation point 

while the objective of the blade-pitch controller is to regulate generator speed above the rated operation point to avoid 

failure. The baseline control system for the NREL 5-MW is based in this conventional design approach.  

The two control systems operate as dynamical systems, using as inputs measured data from the turbine operation (e.g. 

rotor speed). The operating limits are also significant as conditions for the desired performance of the actuators 

(gearbox, HSS brake, pitch, stall…). The dynamical characteristics of the system (response times, sampling rates, etc) 

add complexity to the control algorithms and require signal filtering. These aspects are described in some detail in 

ANNEX E. 

7.6.1. GENERATOR-TORQUE CONTROLLER 

The generator torque operation is classified into five different control regions: 1, 1½, 2, 2½, and 3. Region 1 is a control 

region before cut-in wind speed, where the generator torque is zero and no power is extracted from the wind; instead, 

the wind is used to accelerate the rotor for start-up. Region 2 is a control region for optimizing power capture. Here, the 

generator torque is proportional to the square of the filtered generator speed to maintain a constant (optimal) tip-speed 

ratio. In Region 3, the generator power is held constant so that the generator torque is inversely proportional to the 

filtered generator speed. Region 1½, a start-up region, is a linear transition between Regions 1 and 2. This region is used 

to place a lower limit on the generator speed to limit the wind turbine operational speed range. Region 2½ is a linear 

transition between Regions 2 and 3 with a torque slope corresponding to the slope of an induction machine. Region 2½ 

is typically needed to limit tip speed at rated power. Fig. 31 shows the resulting generator-torque versus generator 

speed response curve. 

 

Fig. 31: Torque vs speed response of the variable speed controller 
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7.6.2. BLADE-PITCH CONTROLLER 

The blade-pitch control goal is to regulate the generator speed, in region 3 the full-span rotor-collective blade-pitch-

angle starts to act based on the filtered generator speed and the rated generator speed, a full description of the 

methodology used is given in ANNEX E. 

7.6.3. CONTROL SYSTEM FLOW DIAGRAM 

The whole control system, blade-pitch and generator torque for the NREL offshore 5-MW is distributed by NREL as an 

external dynamic link library, the source code of such DLL can be found in  [ 13 ]. A flowchart of the control system is 

shown in Fig. 32 and the main properties are show in Table  65. 

 

Fig. 32: Flowchart of baseline control system 

As can be seen the control system adapts the characteristics of the turbine to the wind conditions based in a power 

control system. The turbine sensors cannot measure directly the aerodynamic torque; therefore the rotation of the shaft is 

used as a measure of which control region the wind turbine operates on based on the curve shown in Fig. 31. Region 3 

is the most complex to control, as the wind has more power than the turbine can extract, pitch starts to act to bring the 

rotation speed back to the rated rotation speed. The pitch control introduces virtual inertia and virtual damping to the 

whole system changing the response of the system on every time step. The amount of inertia and damping added by the 

control system is described in ANNEX E. 



72 

 

7.7. PERFORMANCE EXAMPLES 

To qualitatively illustrate the effect of such control system, NREL calculated a series of cases with the Baseline 5 MW 

wind turbine and the control system described above operating under a range of homogeneous, steady, wind 

conditions.  The results are mostly relevant for an onshore case, where only the wind is considered, however they 

illustrate several aspects of the turbine operation in the different control regions outlined above.  

 

Some results are reproduced here in Fig. 33. The different variables represented are  

 GenSpeed” represents the rotational speed of the generator (high-speed shaft).  

 “RotPwr” and “GenPwr” represent the mechanical power within the rotor and the electrical output of the generator, 

respectively. 

 “RotThrust” represents the rotor thrust. 

 “RotTorq” represents the mechanical torque in the low-speed shaft.  

 “RotSpeed” represents the rotational speed of the rotor (low-speed shaft).  

 “BlPitch1” represents the pitch angle of Blade 1. 

 “GenTq” represents the electrical torque of the generator. 

 “TSR” represents the tip-speed ratio. 
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Fig. 33: Steady-state responses as a function of wind speed (NREL) 

The effect of pitch control in region 3 is crucial for the safety of the wind turbine. As can be seen the maximum loads 

(“RotThrust”) do not occur when the wind speed is at the maximum of the operating range (25 m/s). The maximum thrust 

is obtained instead for a rated wind speed (11.4 m/s). Under turbulent wind conditions, however, the results would be 

different, because there is a time lag between the change in wind speed and the response of the control system. The 

dynamic response of the control system modifies the loads and the frequency of those loads, and the steady state 

response cannot be directly extrapolated. To illustrate the effect of turbulence we have run with FAST an example for the 

same reference OWT using a Normal Turbulent Model (NTM) with Vhub = 11.4 m/s (the rated wind speed). The simulation 

time is 10 minute and some results are shown in Fig. 35, Fig. 35, fig. 36 and fig. 37. 

Fig. 34 represents the wind and rotor speed, and the blade pitch angle of this simulation; it is visible how the control 

system tries to maintain the rotor speed near the optimal operating range (12.1 rpm) despite of turbulent wind conditions, 

it is also visible how blade pitch acts when the rotor speed is higher than the rated rotor speed. At first sight the effects 
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of the control system are that the changes in the rotor speed are much softer than the wind speed changes, showing a 

behavior similar as a damper. 

 

Fig. 34: Horizontal wind speed and rotor speed versus time 

To isolate the effect of the control system we compare the rotor thrust obtained from that simulation -rotor thrust (real), in 

the graphs-, to anoter value -rotor thrust (stationary)-, computed as that corresponding to the instantaneous wind speed 

for a turbine operating under stationary conditions at the hub. This value can be read from the NREL simulations 

reported in Fig. 33. Thus the effect of wind speed variation is thus distinguished from that of structural feedback. 

In Fig. 35 the comparison of the real and pseudo-stationary rotor thrust is presented in time domain, whereas in fig. 36 

the corresponding spectra are presented. The statistical values of the rotor thrust(real), rotor thrust(stationay) and 

horizontal wind speed at hub height are show in the following table. 

Table  25: Statistical values of Rotor thrust (real), Rotor thrust (stationary) and H. wind speed.  

 
Rotor thrust  
(real). (KN)  

Rotor thrust  
(stationary). (KN) 

Wind speed  
(m/s) 

Mean  603.6 676.0 11.3 

Max  839.5 822.0 15.5 

Min  269.1 185.3 4.8 

Standard deviation 94.7 96.7 1.6 

 

Both in the table and in  Fig. 35 it is visible that the control system dynamics result in a reduced average rotor thrust, but 

on a slightly higher extreme value than that corresponding to ideal, stationary operation. 
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The pseudo-stationary thrust has a more direct relation with wind speed than the real thrust as denoted by the similitude 

between wind and stationary thrust spectra in fig. 36.  Apart from reducing the loads and optimize power extraction the 

structure operation has generally reduced the amplitude of the loads from 10-1 Hz onwards, except in the resonant 

frequencies of the system (see Table  24). 

 

Fig. 35: Real horizontal force, equivalent horizontal force for stationary wind conditions and horizontal wind speed versus time.  

 

fig. 36: Spectra of rotor thrust (real), rotor thrust (stationary) and wind speed  
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Therefore the control systems can be equivalent as a non-linear transfer function between wind speed and rotor thrust, 

similarly as a dynamic system. (see ANNEX E) 

Another interesting result is shownThis aspect is further explored in fig. 37, representing  the spectrum of horizontal 

forces acting on the top of the tower. Four peaks appear around 0.63 Hz, 0,66 Hz, 1.1 Hz and 1,9 Hz. These values can 

be interpreted with help from  Table  24. The first peak (0.63 Hz) corresponds to the natural frequency of the drivetrain 

and is a consequence of the control system, the other 3 peaks (0.66, 1.1 & 1.9 Hz) appear by the vibration of blades, as 

such blades vibrate in their flapwise and edwewise natural frequencies the inertial loads acting on such frequencies are 

transmitted to the hub and therefore to the whole structure. Note that because this analysis has been carried out 

considering a rigid tower, the natural frequencies of the tower do not appear in the spectrum. In a more general case 

they will appear, as illustrated later in Chapter 9. 

 

fig. 37: Spectral density of the horizontal force in the top of the tower 

To conclude, the preliminary results of the last analysis show that the loads include the inertial loads of the vibration of 

the blades, it is important to outline that the control system is non-linear as seen in Fig. 34. We remind that it is 

recommended to run time-domain simulations. The previous analysis has been carried on considering a rigid tower, due 

to that the natural frequencies of the tower do not appear in this analysis.  
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Chapter 8.  APPLICATIONS: SUB-STRUCTURE PRE-DESIGN EXAMPLES 

Due to the involved nature of the structural analysis that OWT require it is clear that, before embarking in lengthy design 

checks, some pre-designing or broad sizing of the sub-structure is necessary. This chapter illustrates how the advanced 

response models described in chapter 4 might be usefuly employed at this preliminary design stage. 

8.1. KRIEGERS FLAK FOUNDATION PRE-DESIGN CRITERIA 

The design basis report for Kriegers Flak [ 23 ] contains information useful at different design levels. The aspects related 

to the definition of wind and wave loading have been reported in Chapter 6. Here we summarize other aspects that are 

relevant for the pre-design of a gravity base sub-structure (GBS). 

8.1.1. SUPER-STRUCTURE CHARACTERISTICS 

The properties of the 5 MW offshore wind turbine suggested for installation in [ 23 ] are described in Table  26. The 

prospective wind turbine for Kriegers Flak site has very similar properties as the defined NREL offshore wind turbine 

described in chapter 7. Therefore the use of the NREL wind turbine and tower instead of a commercial one for modeling 

is justified. 

 

Table  26: 5 MW reference turbine for Kriegers Flak 

Turbine size 5 MW 

Output power 5 MW 
Rotor diameter 126 m 
Foundation – tower interface level acc. MS 3.5 m 
Hub height above foundation interface 82.5 m 
Nacelle mass incl. Rotor 410 tons 
Tower top diameter/wall thickness 4.5 m/20 mm 
Tower bottom diameter/wall thickness 6.0 m/35 mm 
Tower mass 300 tons 

 

8.1.2. OTHER DESIGN CRITERIA 

Other design criteria are explicitly specified in [ 23 ], namely: 

a) The stiffness of the foundation shall be enough to keep the first natural frequency of the whole system within 

the range 0.23 Hz to 0.26 Hz. This range of natural frequencies lies between the 1P (0.12-0.21 Hz) and 3P 

(0.36-0.63 Hz) frequencies. This condition implies that the first natural frequency must lie in the soft-stiff range 



78 

 

(between the 1P and 3P frequency). This condition is more restrictive than for onshore design as wave loads 

may lie near the 1P range (see chapter 6). 

b) The allowed rotation for the GBS is 0.5º  

On the other hand, there is no specific reference to horizontal or vertical foundation displacement limits. The max run-up 

height12 must be at least +13.7 m relative to MSL.  

8.2. SPECIFICATION OF SOIL PROPERTIES 

Soil properties need to be specified to quantify any design or pre-design. As there is not a detailed description of the 

geotechnical properties on the Kriegers Flak site, to add some realism into the exercise we have selected soil profiles 

that might be considered typical of current OWT sites, in the North Sea and along the German coastline.  

Claudio Olalla Marañon on his thesis, [ 31 ] makes a brief description of the usual soil profiles in the North sea. Typically, 

the dominant soil conditions close to the continental coastline are dominated by large packs of sands, from loose to 

dense as fig. 38 shows. On the other hand, near the British coast, stiff overconsolidated marine clays have a larger 

presence.  

 

fig. 38: Typical soil profile in Holland 

                                                                    

 

12 This height corresponds to the minimal safety distance between sea and the platform 
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Hence the consideration of uniform soil profiles shall not lie very far from reality, four different idealized uniform soil 

profiles would be considered for our study, the width considered for each soil stratum is 50 m. Two examples will be for 

clays, (soft and stiff) and two for sands (loose and dense). The specific properties selected for sands are shown in Table  

27, while the properties for clays are shown in Table  28. 

Table  27: Soil properties assumed for the sand examples  

 Relative Density 
Friction angle  

(º) 
Cone tip resistance 

 qc (MPa) 
Effective density 

 (KN/m3) 

Loose sand 0.3 35 13 8 
Dense sand 0.7 40 33 8 

  

Table  28: Soil properties assumed for the clay examples  

 
Undrained shear  

resistance Su (KPa) 
Effective density  

(KN/m3) 
Soft clay 30 8 

Stiff clay 150 8 

 

In the Kriegers Flak design basis the evaluation of dynamic soil stiffness for small strains (G0) in drained conditions is 

based on the following formula:  

0.75

0

0

1200
'

c

c v

G q

q 


 

  
  

 

Where all variables are expressed in Kpa: qc is the cone tip resistance, G0 is the dynamic modulus and σv0 is the 

effective vertical stress. The recommended value of Poisson coefficient for sands is 0.3.  

On the other hand for the clayey soil the formula proposed is 

0 1000 uG s  

Where SU is the undrained shear resistance. This formula is only valid for the small strain range 310 %  .  

The small strains value of G0 has been used below for the natural frequency analysis, assuming as true the hypothesis 

that under normal operation the strains remain in the small strain range. 

For the verification of allowable rotation a secant shear modulus of soil is used. To estimate the value of the secant shear 

modulus (GS) the following common formula for sands based on CPT test results is used: (Schmertman 1978). 
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2.5s cE q  

In the case of clays the formula applied is: 

100s uG s  

For the time domain simulations reported on chapter 9 damping is one of the essential inputs. The Krieger’s Flak 

specifications do not include a methodology to compute damping values. We have used diagrams (fig. 39 and fig. 40) 

presented by Gazetas (2012) to determine the hysteretic damping . In the range of small strains the value of  is 0.03 

for sands while for clays the value considered for   is also 0.03, which is typical of clays of medium plasticity (IP = 20). 

 

fig. 39: Usual dynamic soil behavior in Sands. (Gazetas, short course on soil dynamics, UPC, 2012) 
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fig. 40: Usual dynamic soil behavior in Clays. (Gazetas short course on soil dynamics, UPC, 2012) 

In conclusion, the geotechnical values used for the four proposed soil profiles are summarized in the following table. 

Table  29: Soil properties summary table  

 
Friction 
angle 

(º) 

Undrained 
shear 

Resistance 
(kPa) 

Effective 
density 
(KN/m3) 

Dynamic 
shear 

stiffness G0 
(MPa) 

Secant shear 
Stiffness GS 

(MPa)13 

Poisson 
ratio 

Hysteretic 
damping 

 (%) 

Loose sand 35 - 8 85.0 32.5 0.3 3 
Dense sand 40 - 8 107.3 82.5 0.3 3 

Soft clay - 30 8 30 3.0 0.49 3 
Stiff clay - 150 8 150 15.0 0.49 3 

  

                                                                    

 

13 These value are only used for the maximum rotation check 
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8.3. SIMPLIFIED STRUCTURAL MODEL FOR NATURAL FREQUENCY COMPUTATION 

In order to check the design requirements, the natural frequencies of the system must be evaluated. To do so a 

simplified structural model has beed used. The model works under the following hypotheses: 

a) the whole structure (sub-structure+tower) is represented as a cantilevered beam  

b) the rotor and nacelle are jointly represented as a point mass on top of the beam 

c) the foundation is represented as a elastic constraint at the base of the beam 

d) the tower and sub-structure are represented using a FE discretization  

This model is used to compute the natural frequencies and mode shapes of the system, including tower-sub-structure 

and soil. The MATLAB source code employed for the computation is listed in ANNEX I. 

The methodology used to calculate the mode shapes is similar to the classic eigenvalue problem as described, in [ 2 ]. 

Global mass and stiffness matrixes are obtained from assembly of all the finite elements mesh. The finite elements 

considered are uniform beams with constant linear density and stiffness, fig. 41 represents schematically the kind of 

discretization was applied.  

 

 

fig. 41: Discretization of beams 
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Each finite beam element is represented by 4 degrees of freedom corresponding to displacement and rotation in the 

edges. The methodology to calculate the consistent mass matrix and stiffness matrix has been taken from [ 2]. The mass 

matrix and stiffness matrix of a finite elment are expressed as:  

 

2 2

2 2

156 22 54 13

22 4 13 3

54 13 156 22420

13 3 22 4
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l l
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Where l is the length of the finite element E the young modulus, I is the inertia, A is the cross section area and ρ is the 

density per unit of lenght. 

Foundation response is idealized as elastic. Foundation response stiffness is estimated using the elastic formulas 

proposed in DNV (fig. 42) for a uniform stratum over bedrock. The depth of the stratum (H) is taken as 50 m (see 8.2). 

The shear modulus value employed in the formulas is the dynamic shear modulus. DNV recommends ignoring any 

frequency-dependency of the stiffness, except for seismic loading. 
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fig. 42: Spring constants for surface foundations proposed by DNV OS-J-101 

It is clear from these formulas that the size of the foundation has a large influence, especially for the rocking motion, 

where the stiffness becomes proportional to the cube of the foundation radius. 

8.4. THORTON BANK SUB-STRUCTURE 

We use the sub-structure installed at Thorton Bank as a template for design. The Thorton Bank wind farm was the first 

wind farm installed in Belgium. The wind farm is located near Zeebrugge, approximately 27 Km from the coastline. The 

soil stratigraphy underneath the wind farm consists in 10 meters of medium dense sand followed by 10 meters of tertiary 

stiff clay again followed by 13 m of loose to dense sand. The wind turbines installed were six 5 MW wind turbines, the 

model of the wind turbine installed was the Repower 5 MW (which, incidentally, is very similar to the NREL reference 

OWT). 
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An important difference between the Thonton Bank site and that at Kriegers flak is still water level. Whereas at the 

Thorton bank site the still water level is 22.5 m, at Kriegers Flak the reference value is 30 m.  

The Thornton Bank sub-structure is a 44 meters high concrete structure, from soil contact to its top . The sub-structure 

was built onshore with a conical shape that becomes tubular at a given height. The width of the concrete walls is around 

50-60 cm. The Illustration 1 shows the 6 sub-structures during construction. 

 

 

Illustration 1: Picture of the Thorton bank gravity base sub-structures during construction 

 

This kind of sub-structure floats when it is empty and it is thus transported to the site for installation. The installation 

process consists mainly in two processes: soil bed preparation and fill operation. A scheme of one of the sub-structures 

is shown in Fig. 43. 
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Fig. 43: Thorton bank sub-structure design 

 

From the promoter documentation [ 23 ] the main relevant data for design have been estimated in Table 30. A detailed 

specification of the structure fill was not found, the only information available describes it as a mixture of olivine and 

sand. Therefore two different hypothesis, one with olivine and one with sand have been done as indicated in the Table 

30. 
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Table 30: Properties estimated for the Thorton Bank sub-structure 

Property Value (sand fill) Value (olivine fill) 

Height (m) 44.0 44.0 
Submerged height (m)14 27.0 27.0 
Top diameter (m) 6.5 6.5 
Base diameter (m) 23.5 23.5 
Volume of concrete (m3) 1,290 1,290 
Volume of fill material (m3) 2,925 2,925 
Avg. density of fill (Kg/m3) 2,000 3,250 
Dry weight (KN) 31,633 31,633 
Fill weight (KN) 57,388 93,256 
Volume of displaced water (m3) 3,703 3,703 
Effective weight (KN) 51,786 87,654 

 

As Table 30 data reveals the sub-structure was designed to float when empty, this is one of the great advantages of the 

GBS sub-structure solution. Construction of such massive structures can be done onshore, and do not need specialized 

vessels for transport; on the other hand a disadvantage of this type of solution is the necessity of sea bed preparation.  

8.5. PRE-DESIGN EXAMPLES 

In the following section it is described a design check of the Thornton Bank sub-structure on the loose sand profile 

proposed in 8.2. The aim of this check is to detect the main drivers for design, which are the most conditioning 

parameters for design. From the lessons learned of this check analysis, optimal sub-structures will be proposed for the 

soil profiles defined in section 8.2.  

8.5.1. THORTON BANK DESIGN CHECK 

The conditions are:  

a) the substructure design and size (D = 23.5 m) are those used on the Thornton Bank site 

b) the water depth assumed (22.5 m) is that relevant for the Thornton Bank site 

                                                                    

 

14 The submerged height includes the embedment of the sub-structure: 4.5 m 
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c) the embedment assumed is that used at Thornton Bank (4.5 m) 

d) the soil profile is assumed to be the same as the loose sand profile described in 8.2. The properties assumed 

here for this material are those reported in Table  27 

On the other hand we use also some data from the Kriegers Flak site, namely: 

a) the extreme loads of Kriegers Flak are extrapolated to the depth of Thorton Bank (see  Table 31) 

The similitudes between the real case and our hipotheses are important: on the one hand, the OWT at both locations is 

very similar to the NREL reference case. On the other hand the known metocean conditions at the Thorton Bank site15 (a 

significant wave design condition of 6.32 m for the 100 years return period with peak period of 11.06 seconds), are 

similar to the Kriegers Flak site. 

Combining the sub-structure data in Table 30 and extrapolating the values of horizontal loading and moment loading 

reported in [ 23 ] the extreme loads for the design check are: 

Table 31: Extreme loads for Thornton Bank design check 

 Thornton Bank extreme loads 

 Depth (m) Vertical load (MN) Horizotal load (MN) Moment (MN·m) 
Sand fill 27 51.8 7.4 250 

Olivine fill 27 87.7 7.4 250 

 

DNV design guidelines were used both at Kriegers Flak and in Thornton Bank16, therefore the following design check will 

be done according to DNV guidelines. 

8.5.1.1. BEARING CAPACITY  

The bearing capacity has been calculated according to the DNV formulation (see 5.1). The input values used in the 

bearing capacity formula and the results are shown in the following table.  

  

                                                                    

 

15 http://www.thecrownestate.co.uk/media/355471/a_further_review_of_sediment_monitoring_data.pdf 
16 http://www.dnv.com/industry/energy/segments/wind_wave_tidal/offshore_references/thornton_bank.asp 
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Table 32: Vertical bearing capacity according to DNV 

 
Friction angle  

(º) 
Effective density  

(KN/m3) 
Diameter  

(m) 
Embedment  

(m) 
 V. bearing capacity V0  

(MN) 
Loose sand 35 8 23.5 4.5 1,360 

 

Following the same methodology as in chapter 5, the failure envelope in the V,H and M plane can be calculated and 

represented alongside the two relevant load hypothesis (olivine or sand fill). The results are shown in Fig. 44 and Fig. 45. 
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Fig. 44: V-M failure envelope according to DNV for Thorton bank foundation, and design loads. Loose sand. 
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Fig. 45: H-M cross section of the failure envelope for V/V0 = 0.038, and design loads. Loose sand. 

 

The safety factor depends on the direction of the load path. Due to the shape of the failure envelope, the failure load 

depends on the direction of the load increments; therefore the definition of a global safety factor is complex. In order to 

evaluate the safety of the sub-structure the following safety factors have been defined. 

Given a point inside of the failure envelope (V,H,M) and its projection in the failure envelope (Vr,Hr,Mr),  the safety 

factors (SFV, SFH, SFM) are defined as: 
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Fig. 46 illustrates the previous idea, in it is drawn the extreme load value as ( , )H M  and the two possible failure 

loads ( , )r rH M . In this case the vector ( , )H M  corresponds to the difference of ( , )r rH M  and ( , )H M . 

 

Fig. 46: Two different load paths for one direction. Charge (left), Discharge (right)  

The safety factors defined here provide information about “how far” the load state is from the failure envelope following a 

straight direction on the V, H or M axis. Depending on the sign of r load increment is positive or negative. Due to this, 

for a imposed load path there will be always two failure loads ( , , )r r rV H M . The safety factors for the Thornton Bank 

case (using the DNV failure envelope) for the load paths defined and under the different load hipothesis are: 

Table 33: Safety factors for Thornton Bank design 

 SFV (r>0) SFV (r<0) SFH (r>0) SFM (r>0)  
Sand fill 25.10 1.5 4.21 1.96 

Olivine fill 14.82 1.7 6.85 3.12 
 

As all the safety factors are greater than 1.5, the Thornton Bank sub-structure fulfills the bearing capacity conditions. It 

must be remembered that the design code used is DNV (which is the most conservative amongst all classic bearing 

capacity methods, see chapter 5); if other bearing capacity method is adopted the safety factors would be greater. 

Apart from this fact, Table 33 show that the most restrictive safety factors appear in  SFV obtained with a r<0. Care must 

be taken when choosing the fill density as stability depends on the value of the vertical load. In general, the use of a 

denser fill (olivine) would increase stability. 

Coming back to the results of Fig. 44 all the Thornton Bank base design results in a V/V0 ratio well below 0.5. These 

result is not due to the Thornton Bank sub-structure being light, but rather to its large large diameter leading to a big 

value of V0. Paradoxically a smaller diameter using the same amount of weight may not result in a decrease of safety as 

the maximum H and M that the foundation can bear increase until V/V0 = 0.5. 
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8.5.1.2. MAXIMUM ROTATION CHECK 

For the maximum rotation check the secant rocking stiffness and the extreme load values presented in Table 31 are 

used (see 8.2). The analysis is carried out in statical conditions, therefore the maximum rotation value is the fraction of 

the load and the rocking stiffness. The formula used to estimate the rocking stiffness is that proposed by DNV (see 8.3) 

and the secant shear modulus is used (GS). The reference values are shown in the following table: 

Table 34: Properties for maximum tilt estimation 

 
Shear secant 
stiffness Gs 

(MPa) 

Rocking 
secant stiff. 
Kh (KN·m) 

Extreme 
moment 
(KN·m) 

Maximum 
rotation (º) 

Loose sand 32.5 4.09e8 250,000 0.035 

 

For the loose sand case and the Thornton Bank sub-structure the maximum rotation is 0.035º which is well below the 

required limit (0.5º).  

8.5.1.3. NATURAL FREQUENCY CHECK 

The natural frequency check is done using the model described in 8.3, a more detailed version of the subroutine 

implemented in MATLAB can be found in ANNEX I. The conditions are: 

a) the whole structure is represented as a cantilevered beam as described in 9.3 (sub-structure+tower) 

b) Rigid contact between tower and sub-structure, no hinge.  

c) the fill and added mass effects are included in the distributed mass of the beam, resulting thus in a virtual or 

equivalent density 

d) the foundation is represented as an elastic constraint at the base of the beam.  

The fill and the submerged part of the sub-structure add virtual mass to the dynamic system, the fill density considered 

in this case is 2300 kg/m3 as an average value of the range of fill densities described in 8.4. Added mass at the 

submerged part of the sub-structure has also been included; the added mass coefficient considered is 1.0. Therefore 

the equivalent density is computed as 

virtual real A waterC     
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The uniform density of each beam element is taken as equal to the virtual density in the mid point of the beam element, 

and the same is done with stiffness. The number of beam elements employed to dscretize the substructure is 30. Table 

35 summarizes the non-distributed properties used in the model. 

Table 35: General Non distributed properties estimated for Thorton Bank 

Property Value 
Concrete density (Kg/m3) 2,500 
Fill density (Kg/m3) 2,300 

Water density (Kg/m3) 1,025 
Point mass at the top (Kg) 350,000 

Length of the tower (m) 87.7 
Length of sub-structure (m) 44 

Submerged height (m) 27 
Added mass coefficient CA 1.0 

Concrete Young’s modulus (GPa) 30 
Dynamic shear stiffness of soil (MPa) 85.0 

Poisson ratio of soil 0.33 
Width of the stratum (m) >50 

Soil Horizontal stiffness (GN/m) 7.5 
Soil Rocking stiffness (GN·m) 1,071 

 

The distributed properties along the beam (mass and stiffness) are presented in semilog scale versus the length of the 

beam (Sub-structure+tower) in Table 36 and in fig. 47. 

Table 36: Distributed properties of the tower-sub-structure system 

Lenght (m) 
Distributed virtual mass  

(Kg) 
Distributed stiffness  

EI (Nm2) 
0.0 2.53E+06 3.74E+14 
6.9 7.90E+05 2.25E+13 
13.9 3.19E+05 4.67E+12 
20.8 1.14E+05 7.60E+11 
27.8 8.46E+04 7.60E+11 
34.7 8.46E+04 7.60E+11 
41.7 8.46E+04 7.60E+11 
52.9 5.23E+03 5.35E+11 
79.1 4.23E+03 3.42E+11 
105.4 3.33E+03 2.06E+11 
131.7 2.54E+03 1.16E+11 
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fig. 47: Distributed mass and stiffness properties of the sub-structure-tower system (rotor-nacelle-assembly mass not included) 

In fig. 47 a sharp change in stiffness is visible in the transition between the conical shape and the tubular shape of the 

sub-structure around 18.5 m. It must be mentioned that although the Thornton Bank GBS seems a massive rigid 

structure its stiffness at the contact with the tower is similar to that of the metallic tower itself. On the other hand the 

transition between concrete and steel can be clearly seen at 44 m in the distributed mass profile.  

To illustrate the effect of considering the soil interaction effect the natural frequencies and mode shapes have been 

calculated using two different hypothesis: a fixity condition and the elastic spring-constant condition. The solutions of the 

natural frequencies for the two boundary conditions are compared in Table 37. 

Table 37: Natural frequencies of the Thorton bank system for the two BC hypotheses 

Natural 
frequency 

Loose sand Fixed % Difference 

1º  0.252 Hz 0.255 Hz 1.2 
2º 1.406 Hz 1.546 Hz 9.1 
3º 2.763 Hz 3.399 Hz 18.7 
4º 3.907 Hz 7.679 Hz 49.1 
5º 7.242 Hz 11.533 Hz 37.2 
6º 9.821 Hz 17.469 Hz 43.8 

 

Examining the results of Table 37 it can be seen that for the first mode the natural frequency is well within the limits 

requested by the Krieger Flak design basis. It can also be seen that there are important differences between the two 

boundary conditions, but mostly for the higher order modes. Bottom fixity always results in higher natural frequencies in 
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agreement with the elemental analysis performed previously in 2.4.3. The comparison is carried out in the following 

histogram: 

 

fig. 48: Histogram of the natural frequencies for each considered case 

Apart from the natural frequency value, differences also exist in the mode shapes between the fixity condition and the 

spring condition (loose sand). In the following figures there are plotted the normalized mode shapes for the first 6 natural 

frequencies of the sub-structure-tower-nacelle system, in the figures the transition between the conical and the 

cylindrical part of the sub-structure it indicated at 18.2 meters. If the mode shapes (fig. 49 to fig. 51 ) are examined in 

detail, a large influence of the foundation boundary condition can be noted in the third and higher modes. In particular, it 

can be seen that for the more realistic spring boundary condition the conical part of the sub-structure behaves like a 

rigid solid, whereas if a fixity condition is imposed at foundation level some bending does appear even in the conical 

section. 
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fig. 49: Normalized mode shapes for the first and second mode of vibration 
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fig. 50: Normalized mode shapes for the third and fourth mode of vibration 
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fig. 51: Normalized mode shapes for the fifth and sixth mode of vibration 

These results suggest that this type of sub-structures might be represented by a rigid body with two degrees of freedom 

plus a flexible beam attached to it (the beam would include the tower and the compliant part of the sub-structure). Note 

also that the first natural frequency (which is the most important for predesign) does not depend much on the BC 

conditions applied, but mostly on the mass and stiffness of the tower and the flexible part of the sub-structure. 

According to the previous results, the whole tower-sub-structure can be idealized as a flexible part attached to a rigid 

body for the design load case simulations. For the Thornton Bank sub-structure the rigid body can be considered to start 

at 18.5 meters, in the intersection of the sub-structure tubular shape with the conical shape as shown in fig. 52. 
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fig. 52: Layout and idealization of the Thorton Bank foundation  

8.5.1.4. OBSERVATIONS 

Several lessons can be learned from the Thorton Bank design check. For bearing capacity, the fill density is one of the 

driving design parameters, as the most restrictive safety factors appear following a vertical discharge load path. The 

diameter can be reduced if the vertical load (conditioned by weight) is increased. 

For general design (shape of the sub-structure), it appears that the most conditioning issue is the first natural frequency. 

Given the rotor-nacelle mass and the matching stiffness of the tower and upper sub-structure section, the length of the 

cylindrical section of the substructure is selected to achieve the desired value of such first frequency. Note that, as 

presented in section 7.5, the first natural frequency of the tower-nacelle systemby itself is 0.32 Hz. As one of the limiting 

condition is that the first natural frequency o must lie within the 0.23 and 0.26 Hz (see section 8.1.3), part of the sub-

structure must be flexible enough to match the tower, thus virtually increasing its length to reduce the first natural 

frequency to (at least) 0.26 Hz. In the Thorton bank design, this is achieved by a concrete cylindrical part of 25 meters 

long, followed by a more rigid and massive conical part whose function is to increase weight and stability trough a large 

diameter.  
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So far the lessons learned from the Thorton Bank sub-structure design check performed are: 

a) the sub-structure was adapted to the conditions of a given super-structure (Tower + nacelle). 

b) the sub-structure must have a flexible part in order that the first natural frequency of the system lie within the 

range of 0.23 to 0.26 Hz. 

c) the designer can act on the rigid part of the sub-structure (cone) to optimize the pre-design as it is not much 

conditioned by dynamic requirements. 

d) when designing this kind of sub-structure in the range  V/V0 < 0.5,  the density of the fill is crucial to increase 

efficiency. A dense fill such as olivine or iron ore will increase the maximum moment and horizontal force that 

the sub-structure can resist for a given diameter, and will also reduce the risk of failure due to vertical load 

discharge. 

To put this into perspective it is worth noting that the offshore wind industry is facing new challenges with 30 to 40 meters 

depth installation of wind turbines at a competitive cost. Apparently there are four types of solutions that might be more 

competitive: Jacket structures, Suction caissons, floating structures and Gravity based structures. The “strengths” of the 

GBS solution are that it can be built onshore industrially and then transported to site with a minor need of installation 

vessels, while the main drawbacks are the soil bed preparation (the dredging reaches to a diameter of more than 50 

meters for a 23.5 diameter sub-structure). Because of this facts, to increase the competitively of such kind of solutions it 

is crucial to minimize the diameter and the embedment of such foundation. This is explored in the following section. 

8.5.2. OPTIMISING SUB-STRUCTURE SHAPE AND EMBEDMENT 

In this section we explore a design in which a Thornton Bank sub-structure typology is applied at the Kriegers-Flak site. 

Again, the basic pre-design criteria are bearing capacity, rotation under maximum loading and first natural frequency. 

The specific aspects of this exercise are: 

a) we consider four different soil profiles (two in clay and two in sand, see section 8.2) 

b) we consider as a good design criteria 2 meters of embedment to minimize soil bed preparation (the issue of 

scour protection is beyond the scope of this thesis) 

c) we use the advanced response model of Nova-Montrasio and Martin-Houlsby to check bearing capacity and 

rotation 

d) we use a denser fill (2.800 kg/m3), mixture of olivine and sand excavated form soil bed 

e) we optimize the sub-structure size by varying its diameter 
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8.5.2.1. DEFINITION OF ALTERNATIVE SUB-STRUCTURE SHAPES 

The proposed sub-structure follows the philosophy implicit in the Thorton Bank design. The designed sub-structure will 

include a cylindrical concrete section of 25 m, similar as the Thorton Bank design, followed by a conical part.  

The conical part of the proposed sub-structure is different from the Thornton Bank design, the embedment has been 

reduced to 2 m in order to minimize soil bed preparation and the proposed design does not include a perimetral 

concrete slab. The aim of the design proposed is to increase the V/V0 ratio. In fig. 53 a comparison is made between the 

Thorton Bank sub-structure and the sub-structure proposed for loose sand, the details for design are described below, 

the bold black line represents the mudline. 
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fig. 53: Comparison between the Thorton Bank and the Sub-structure proposed for 30 m depth: Loose sand case 

8.5.3. SAND FOUNDATION PROFILES 

The summary of the hypotheses for design the GBS in sands are 

a) the substructure design and size is only limited by the failure envelope of Nova and Montrasio. 

b) drained conditions, liquefaction or other cyclic load induced effects are not considered 

c) the geotechnical properties for sands are those summarized in section 8.2 

The reference extreme loads shown in Table 38 have been obtained from [ 23 ]. 

Table 38: Extreme loads for 32 m depth 

Depth (m) Horizotal load (KN) Moment (KN·m) 
32 10,800 293,000 
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These load values have been used to calculate the stable minimal diameters using failure envelope. To take into account 

the safety factor, the resistant parameters of soil have been factored by 0.66 as DNV recommends. If the Nova-Montrasio 

failure enevelope expression (see chapter 4) is expanded it becomes 

2 2 2 2

0
0 0 0 0

( , , , , , , , ) 1 0
H M V V

f V H M V D
V V D V V



  
 

       
           
       

 

The value V0 is the bearing capacity under vertical loading, many methods exist to calculate this value, however we have 

used the Vesic’s methodology as that was the one originaly proposed by Nova and Montrasio (1990). As the values of: 

horizontal load (H), moment load (M), embedment (d), , ψ,  (see chaprter 4) and the resistant parameters (’) are 

assumed known, a implicit expression linking the vertical load (V) and the diameter (D) is obtained: 

0( , , , (0.66 , , ), , , , ) 0f V H M V D d D      

On the other hand, we have calculated the dependency of the effective vertical load (dead weight plus fill less the weight 

of the displaced water) of the structure with the diameter. As the fill density, embedment and shape of the whole sub-

structure is conditioned by our initial hypothesis (fill, and tubular part already prescribed) the weight is only dependent to 

the diameter and was obtained using a MATLAB sub-routine that integrates the volumes along the sub-structure. 

The results are shown in Fig. 54. The dashed lines are the envelopes of minimal stability for loose the sand and for the 

dense sand profiles, while in black solid line is the relation of the dead weight with the diameter. The possibility of two 

alternative solutions for a given diameter (one with a lighter structure and another with a weightier one) is implicit in the 

concave shape of the failure envelope and is apparent here in the results obtained for loose sand. According to Fig. 54 

the optimal diameters are 20 meters in the loose sand case and 18 meters for the dense sand case. It can be seen that 

the optimum is found at a point close to where the Nova-Montrasio envelope starts increasing  the required diameter to 

support a smaller effective vertical load.  
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Fig. 54: Diameter-Effective weight curve vs minimal stable diameters for loose or dense soil conditions 

 

Once the diameters for the two sand cases are defined the effective vertical load are known (Table 39) and the 

generalized properties of both sub-structures can be defined The distributed properties are presented in Table 40. 

Compared to the Thornton Bank sub-structure the new designed sub-structures have a smaller diameter, are higher and 

heavier. According to section 8.1 at a depth of 32 m (30m water depth + 2 embedment) the extreme loads proposed for 

further checks are shown in Table 39. 

Table 39: Maximum loads estimated for proposed sub-structure 

 Effective vertical load 
(KN)17 

Estimated Horizontal 
 loading (KN)18 

Estimated Moment  
loading(KN·m)19 

Loose sand 80,381 10,800 293,000 

Dense sand 70,011 10,800 293,000 

                                                                    

 

17 The effective vertical load has a factor of 1.0 as is positive to stability 
18 The horizontal force has a factor of 1.5 
19 The horizontal force has a factor of 1.5 
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The undistributed properties of the two defined sub-structures are: 

 

Table 40: Properties estimated for the proposed sub-structure for sands  

 Dense Sand sub-structure Loose Sand sub-structure 

Height (m) 49.0 49.0 
Submerged height (m)20 32.0 32.0 
Top diameter (m) 6.5 6.5 
Base diameter (m) 18 20.0 
Volume of concrete (m3) 1,128 1,269 
Volume of fill material (m3) 2.789 3,268 
Avg. density of fill (Kg/m3) 2,800 2,800 
Dry weight (KN) 27,667 31,112 
Total weight (KN) 104,270 120,870 
Volume of displaced water (m3) 3,407 4,026 
Effective weight (KN) 70,011 80,381 

  

                                                                    

 

20 The submerged height includes the embedment of the sub-structure: 2 m 
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8.5.3.1. ROTATION CHECK 

We will use the Nova and Montrasio macroelement model described in chapter 4 to calculate the displacements and 

rotations for the extreme loads precribed. In this case the analysis will be done as a quasi-static analysis. The main 

inputs for the Nova and Montrasio macroelement model are summarized in Table 41. 

Table 41: Main inputs for the Nova and Montrasio macroelement model for the sub-structures on sands 

 Loose sand Dense sand 
Diameter (m) 20 18 
Embedment (m) 2 2 

Factored friction angle (º) 23.3 26.6 
V. bearing capacity V0 (Vesic, KN) 194,717 229,307 

Mu  0.503 0.581 

Psi ψ 0.380 0.383 

Lambda  0.8 0.8 

Chi  0.286 0.286 

Alpha α 1.81 1.81 

Gamma  1.71 1.71 

Initial stiffness R0 (MN/m) 7,243 8,140 
Elastic horizontal stiffness (MN/m) 5,330 6,079 

Elastic rocking stiffness (MN·m) 503,120 476,160 

 

The load increments have been applied in two stages: a initial stage where only vertical load is applied and a second 

stage where the horizontal and moment loading are applied. The total number of load steps for every stage is 100. In 

Fig. 55  are shown the outputs of the program: the loads paths, the plastic potential surface (green) the failure envelope 

(red) and the yield surface (blue).  
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Fig. 55: Failure envelopes for the loose sand case with minored resistance. Red: failure envelope, blue: Nova and Montrasio yield surface, green: Plastic 
potential surface. Black: Load path 

In the Fig. 56 the load-displacement curves are presented. 

 

Fig. 56: Load displacement curves calculated with Nova and Montrasio macroelement model for the loose sand case 
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In Fig. 56, in the V-v plane it can be apretiated the two load stages, firstly a monotonic vertical load is applied that 

produces a monotonic ramp until the vertical load (70,011KN), and then there is a vertical settlement caused by the 

second load stage that produce yield which produce vertical plastic displacements. In the other two load-displacement 

curves non linear behavior can be seen in the H-u and M-theta plots, in this stage yield occurs for each load increment 

enlarging the yield surface.  

The maximum movements obtained using this more refined model are: 

Maximum vertical  
displacement (m) 

Maximum horizontal  
displacement (m) 

Maximun  
rotation (º) 

0.0258 0.007 0.037 

 

According to the results the rotation design requirements (0.5º) are fulfilled.  

For the dense sand case the same process than in the loose sand case has been carried out. The results are 

summarized below. In Fig. 57 are presented the load paths and the projections of the surfaces that constitute the model. 

In the fig. 58 the load-displacement curves are presented. 

 

Fig. 57: Failure envelopes for the dense sand case with minored resistance. Red: failure envelope, blue: Nova and Montrasio yield surface, green: Plastic 
potential surface. Black: Load path 

In fig. 58 the load displacement curves are shown, the results have the same trend as for the loose sand case, but the 

values obtained are different. 
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fig. 58: Load displacement curves calculated with Nova and Montrasio macroelement model for the dense sand case 

 

The maximum displacements are: 

Maximum vertical  
displacement (m) 

Maximum horizontal  
displacement (m) 

Maximun  
rotation (º) 

0.032 0.015 0.05 

 

In this case the displacements are larger because the diameter of the sub-structure for the dense sand profile is smaller; 

despite that the optimal sub-structure clearly fullfils the rotation design requirements (0.5º) .  

8.5.3.2. NATURAL FREQUENCY CHECK 

Again, as done in the Thornton Bank previous analysis the natural frequency of the system are checked. The model used 

is the described in 8.3 with the same methodology as the described in the Thornton Bank check. The results are 

presented in the first two columns of Table 42 and the resustls from the previous Thornton Bank analysis are included for 

comparison. 
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Table 42: Natural frequencies of the sub-structure proposed for sands 

 
Loose Dense 

Thornton 
Bank (loose) 

1º  0.250 Hz 0.247 Hz 0.252 Hz 
2º 1.094 Hz 1.075 Hz 1.406 Hz 
3º 2.200 Hz 2.286 Hz 2.763 Hz 
4º 3.419 Hz 3.574 Hz 3.907 Hz 
5º 5.747 Hz 6.061 Hz 7.242 Hz 
6º 8.657 Hz 8.753 Hz 9.821 Hz 

 

Fig. 59 shows the natural frequency values of each case. It is seen how the crucial first natural frequency of the system 

does not depend much on the modifications applied to the conical section of the sub-structure. The differences between 

Thornton Bank and the other two sand cases start to become more significant in the second natural frequency. The 

stiffness of the soil and the mass of the sub-structure has influence on the other modes. If we look back to the mode 

shapes shown in 8.5.1.3 it can be seen how in the second mode the rigid part of the sub-structure is displaced. In 

addition, is is also remarkable that there are not great differences in the natural frequencies between the loose sand 

check and the dense sand check. 

 

Fig. 59: Natural frequencies for the sand cases 

In conclusion, a minor change in the shape of the rigid conical part of the sub-structure does not have a major influence 

in the first natural frequency of the system but only in the higher orders. As a check the mode shapes have been also 

obtained for these cases and exhibit very similar behavior to the mode shapes shown previously for Thornton Bank. The 

mode shapes have not been included here, but can be obtained easily with the source code of ANNEX I.  
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8.5.4. CLAY FOUNDATION PROFILES 

Clay soils under undrained conditions are usually stiffer than sands but their bearing capacity generally is a more limiting 

design parameter than for sands. It is also important to have into account that clays consolidate with time as long as 

water pressure dissipates and that secondary settlement occurs due to creep. However, these aspect are out of the 

scope of this thesis. The hypotheses for optimizing the GBS design in clays are 

a) the substructure design and size is only limited by the plastic surface of Martin and Houlsby. 

b) no consolidation or secondary settlement is considered. 

c) the geotechnical properties for clays are those summarized in section 8.2 

Similarly as with the sand cases, the fill used during installation has an average density of 2800 kg/m3. The extreme loads 

are the same as for the sand case and are shown in Table 38. 

These load values have been used to calculate the stable minimal diameters using the Martin and Houlby failure 

envelope. To take into account the safety factor, the resistant parameters of soil have been factored by 0.66. The Martin 

and Houlby yield surface is (see chapter 4):  

0.52 2
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In this case the main parameter of history is V0, which corresponds with the vertical bearing capacity and is related with 

the plastic vertical displacement (wp) by 

2
0 0( ' )c u pV N S w R    

In the model, the embedment is considered as a plastic displacement, therefore the embedment (d) is equal to the 

plastic displacement ( wp). As the values of: horizontal load (H), moment load (M), embedment (d), m0, h0, a (see 

chaprter 4) and the resistant parameters (SU) are known for every case, a implicit expression linking the vertical load (V) 

and the diameter (D) can be achieved as: 

0 0 0( , , , (0.66 , , ), , , , ) 0u pf V H M V S D w m h a D   
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On the other hand we have calculated the dependency of the dead weight of the structure with the diameter. As the fill 

density, embedment and shape of the whole sub-structure is conditioned by our initial hypothesis (fill, and cylindrical 

part already prescribed) it only depends with the diameter and it can be obtained with a MATLAB sub-routine that 

integrates the volumes along the sub-structure. 

The results are shown in Fig. 60. The dashed lines are the envelopes of minimal stability for soft clay and for stiff clay for 

the Martin and Houlsby yield surface, while in black solid line is the relation of the dead weight with the diameter. For the 

soft clay (under the design hipothesis) there is not a solution as there is no crossing point. For the stiff clay the optimal 

diameter is 19 m. 
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Fig. 60: Diameter-Effective weight curve vs minimal stable diameters for soft and stiff clay conditions 

Fig. 60 shows that for the soft clay profile the design is unfeasible as there is no intersection with the weight line (solid 

line). For the stiff clay there is an optimal solution with a diameter of 19 m. Once that diameter is defined the sub-

structure properties and the extreme loads can be calculated, their results are show in the following tables: 

  



110 

 

Table  43: Properties estimated for the proposed sub-structure for clays  

 Soft Clay Stiff clay  

Height (m) 

Not feasible 

49.0 
Submerged height (m)21 32.0 
Top diameter (m) 6.5 
Base diameter (m) 19 
Volume of concrete (m3) 1,197 
Volume of fill material (m3) 3.022 
Avg. density of fill (Kg/m3) 2,800 
Dry weight (KN) 29,357 
Total weight (KN) 112,370 
Volume of displaced water (m3) 3,710 
Effective weight (KN) 75,073 

 

The extreme loads are then totally characterized 

Table  44: Maximum loads estimated for clay sub-structure 

Effective vertical load 
(KN)22 

Estimated Horizontal 
 loading (KN)23 

Estimated Moment  
loading(KN·m)24 

75,073 10,800 293,000 

 

8.5.4.1. ROTATION CHECK 

We will use the Martin and Houlby macroelement model described in chapter 4 to calculate the displacements and 

rotations for the extreme loads prescribed. The analysis is done as a static analysis. The main inputs for the Martin and 

Houlsby macroelement model are summarized in Table  45. 

  

                                                                    

 

21 The submerged height includes the embedment of the sub-structure: 2 m 
22 The effective vertical load has a factor of 1.0 as is positive to stability 
23 The horizontal force has a factor of 1.5 
24 The horizontal force has a factor of 1.5 
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Table  45: Main inputs for the Martin and Houldbymacroelement model for the sub-structure on stiff clay 

 Stiff clay 
Diameter (m) 19 

Embedment (m) 2 
Factored undrained shear strength Su (kPa) 100 

Roughness α 0.0 

Vertical bearing capacity V0 (KN) 166,300 
Dynamic shear stiff. G0 (MPa) 150 

h0 0.8 
m0 0.286 

a 0.316 

Dseta  0.64 

 

To perform the calculation (as the model has been formulated in terms of displacements) the following initial conditions 

are applied: an initial vertical load equal to the effective weight and initial plastic vertical displacements equal to the 

embedment. Then, a displacement path that would result in the same as appliying the load path. As the behavior inside 

the yield surface is linear elastic to obtain the displacement path only required to calculate the elastic stiffness matrix 

and invert it. In fig. 61 there are shown the load paths and the projection of the failure envelope as the macroelement 

program outputs.  

 

fig. 61: Failure envelopes for the stiff clay. Yield surface and load path. Martin and Houlsby model 

  



112 

 

A 3D representation of the yield surface and the load path is show in the following figure: 

 

Fig. 62: 3D representation of Martin and Houlsby failure envelope and load path (blue) 

The load displacement curves are: 

 

fig. 63: Load-displacemetns curves for the Stiff clay sub-structure 

As the yield surface is not crossed, no yield occurs and the behavior of the macroelement model is linear elastic. The 

final loads lie inside the yield surface and the rotations are small. The maximum displacement values are: 
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Maximum vertical  
displacement (m) 

Maximum horizontal  
displacement (m) 

Maximun  
rotation (º) 

0.0 0.0013 0.022 

 

According to the results the sub-structure fullfils the rotation design requirement (0.5º) .  

8.5.4.2. NATURAL FREQUENCY CHECK 

Similarly as with the other cases a natural frequency of the sub-structure on stiff clay has been carried out. The results 

are presented below in and Table 42 and fig. 64. 

Table 46: natural frequencies of the sub-structure proposed for clays 

 Stiff clay 
1º 0.252 Hz 
2º 1.231 Hz 
3º 2.554 Hz 
4º 3.825 Hz 
5º 6.747 Hz 
6º 9.118 Hz 

 

The first natural frequency is in the design range and has not changed much compared to the Thornton Bank and sand 

sub-structure designs (as expected). The different natural frequencies are ploted below. 

 

fig. 64: Natural frequencies of the system for the stiff clay and for fixed conditions 
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8.6. SUMMARY 

Two observations about the incluence of soil conditions follow from the results presented above. The first one, is that 

macroelement models and modern failure envelopes can be employed to optimize and check the design. And a second 

one is that soil stiffness is not a driver parameter for pre-design of gravity sub-structures for OWT.  

Indeed, as a consecuence of the high moments that the foundation has to bear, the designed diameters are large. A 

large diameter provide a very stiff spring boundary condition, especially for rocking (the rocking stiffness depends on 

the cube of the diameter). As a result, the first natural frequency (which is more conditioned by the rocking stiffness) is 

almost independent of the soil considered. Although we have adopted very conservative hipotheses (factored soil 

resistance, secant shear modulus, factored extreme loads, yield…) the maximum displacements and rotations were very 

small.  

About the natural frequencies it can be said that the first natural frequency is independent of soil stiffness, while the 

higher natural frequencies show dependency on the mass of the sub-structure and secondly in the stiffness of the soil. 

Table 47 and fig. 65 show the natural frequencies for every soil case considered. 

 

Table 47: Solutions proposed for the soil cases studied 

 Loose sand Dense sand Stiff clay 
Diameter (m) 20.0 18 19 

Dynamic soil Shear  
Stiffness (MPa) 

85.0 107.3 150 

1º 0.250 Hz 0.247 Hz 0.252 Hz 
2º 1.094 Hz 1.075 Hz 1.231 Hz 
3º 2.200 Hz 2.286 Hz 2.554 Hz 
4º 3.419 Hz 3.574 Hz 3.825 Hz 
5º 5.747 Hz 6.061 Hz 6.747 Hz 
6º 8.657 Hz 8.753 Hz 9.118 Hz 
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fig. 65: Natural frequencies for each soil case studied 

 

To conclude, under the pre-design conditions of [ 23 ] the major issues for an efficient GBS sub-structure design are a 

proper estimation of the generalised bearing capacity of the foundation, a proper selection of the fill weight and the 

dredgability of the soil. It has been shown that larger embedment provide more ressitance against moment loads, 

however it will increase installation costs, the designer may balance these two aspect for optimal design, as well as other 

issues such as scour protection, when relevant.   
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Chapter 9.  APPLICATIONS: IEC DESIGN LOAD CASES  

In this chapter foundation loads in realistic design load cases are simulated employing a sub-structuring approach in 

which the lower section of the sub-structure is assumed rigid. In IEC 61400-3 over 30 design possible situations are 

described, and among them several cases require many simulations each. Obviously not every case can be simulated 

here and only four environmental loading cases have been chosen as a good representation of relevant load scenarios 

acting at the foundation level. 

The sub-structure chosen for the simulations is the “optimal” sub-structure for loose sands proposed in the previous 

chapter ( 20m. diameter on loose sand). .Among all the design cases chosen, three correspond to power production 

conditions, while in one the turbine is parked (no operation). The cases and the main characteristics of the environmental 

states are described in Table  48. A full description of the load case specification is given in [ 7 ] and [ 8 ] 

Table  48: Design load cases chosen for our study. Main design parameters 

DLC Wind model 
Wind speed 
Vhub (m/s) 

Sea state 
Significant 

wave height 
Hs (m) 

Wave 
period  
Tp (s) 

1.1 NTM 11.4 NSS 1 5 

1.3 ETM 11.4 NSS 2 6 
1.6a NTM 18 SSS 5.2 9.7 

6.2a EWM 52.5 ESS 5.7 10.4 

 

Actions due to envirnmental loads had been calculated according to the methodology exposed in chapter 3. The 

Aerodynamic loads had been computed through FAST while the hydrodynamic loads have been calculated using a 

MATLAB subroutine specificallydeveloped for this work. 

If an element of a dynamic system very is rigid and massive (the conical part of the gravity base design in our case) 

compared to the rest of the elements of the system (the tower), their dynamics will be practically independent. We 

illustrate this affirmation with the following 2 DOF example: 
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fig. 66: 2 DOF dynamic undamped and unforced system 

The equations that govern such model are: 

1 1 1 1 2

2 1 1 1 2 2 2

( )

( )

m x k x x

m x k x x k x

  
  


  

If m2 >> m1 and k2 >> k1 then the following approach give: 

1 1 1 1

2 2 2 2

m x k x

m x k x

 
 


  

Which would correspond to two independent 1DOF dynamic systems with a natural period of  2 k
m . 

An analogy between this 2 DOF dynamic system and the sub-structure-tower exists. We have seen that the behavior of 

the conical part of the sub-structure is rigid, and that the tower and the compliant part of the sub-structure are flexible. 

As the motions of the rigid part of the sub-structure depend on the foundation boundary condition it can be 

characterized as a 2 DOF dynamic system (free rotation and horizontal displacement).  

On the other hand the tower and the flexible part of the sub-structure can be characterized with their first and second 

mode shapes. Two mode shapes provide a sufficient approach of the vibrations of the beam, indeed FAST models the 

tower vibrations only with the first two mode shapes. 

If the two previous dynamic systems described are coupled, the resulting system would yield to a 4 DOF model which 

would include the flexible part of the structure (2DOF’s) and the rigid part of the sub-structure (2DOF’s). However, as the 

soil spring boundary condition is much stiffer than the tower stiffness theit dynamic behavior would be independent. As a 

consecuence we only will consider the dynamic model for rigid sub-structures.  
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9.1. STRUCTURAL MODEL FOR RIGID SUB-STRUCTURES 

The model proposed is inspired by one published in [ 11 ]. The original model considers an offshore platform which 

behaves as a rigid body and is subject to hydrodynamic loading only. The degrees of freedom of the model are the the 

rotation and horizontal displacements of the rigid body. A graphic idealization of the model is shown in fig. 67. 

 

fig. 67: Mathematical scheme of the rigid model. 

The model assumes that the cone behaves as a rigid body, the inputs required are the stiffness of the soil, the mass and 

the inertia of the structure around the point 0, the centre of dry mass, the centre of buoyant mass and the external forces 

acting on 0 (the external loads are tranfered to point 0). In this model it is also assumed that the viscous damping effect 

of the soil foundation is much larger that the viscous damping effect of the surrounding water, so the later damping 

effects are ignored. 



119 

 

The total forces are the combination of hydrodynamic loads with aerodynamic loads. The aerodynamic loads are 

obtained through FAST. To perform that, the tower and the flexible part of the sub-structure is introduced in FAST and a 

simulation with only wind and a fixity boundary condition is carried out. 

The methodology to obtain the equations of motion of the platform is Lagrange’s method. According to rotation and 

horizontal displacement the equations of motion are written in terms of generalized coordinates. (v, θ). 

v

d K K V
g

dt v v v

  
  

    

d K K V
g

dt   
  

  
  

 

The parameters that need to be defined for the model are described in the following table: 

Table  49: Main inputs of the rigid 2 DOF model 

Soil Stiffness, sliding ( / )vK N m  

Soil Stiffness, rocking ( · )K N m  

Soil damping, sliding ( · / )vc N s m  

Soil damping, rocking ( · · )c N m s  

Added mass coefficient  ( )AC   

Structural mass, Virtual 0 ( )A bm m C m Kg   

Structural mass, actual 0 ( )m Kg  
Structural mass, buoyant ( )bm Kg  
Structural inertia, virtual 2( · )GJ Kg m  
Structural inertia, around O 2( · )OJ Kg m  
Centre of actual mass ( )Gh m  
Centre of buoyant mass ( )bh m  

 

Generalized forces are applied at the bottom of the sub-structure.The kinetic energy K, the potential energy V, and the 

non-conservative virtual work W of the system’s non-conservative generalized forces are given respectively by  

0

0

0

0

( , )

( , )

H

aero hydro

H

aero aero hydro

F F F z t dz

M M F H zF z t dz

 

  




 

  21 1

2 2G G GK m v h J    
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2 2
0

1 1
(1 cos ) (1 cos )

2 2v G b bV K v K m gh m gh       

 
0 0[ ] [ ]v vW c v F v c v M            

The respective equations of motion become 

0G v Hmv mh c v K v F    
 

2
0 0( ) ( )G G G G b bmh v J mh c K m gh m gh M            

Once all the operations are carried out it can be seen that the system can be expressed as a linear ordinary differential 

equations system with the common expression of: 

0

0
0

0

0 0

0 0

0

0

( )

( )

1

G
v

G G

G
G v

G
H G b b

G G

G H G b b

G G
G

G G

G

J mh
c cm v v

J J
J

h c c

J mh
K k m gh m gh v

J J

h K k m gh m gh

mh mh
h F M

J J

M h F









 



                     
      

        
  

      
  

 
 

 

Where      , ,M C K are the matrix of mass, damping and stiffness respectively and  0 0,F M  are the external 

loads (horizontal force and moment).  

 

9.2. SIMPLIFIED STRUCTURAL MODEL INPUTS 

The inputs required for the model have been calculated for the 20 meters diameter sub-structure. The mass an inertia of 

the nacelle and tower has been included in the rigid model. The soil-structure interaction is calculated with the DNV 

formulas presented in 8.3, the soil damping is calculated according to 8.2 and the mass and inertia values are 

calculated from the sub-structure geometry. The inputs are shown in Table  50. 
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Table  50: Main inputs for the simplified structural model of the lumped Sub-structure for sands. 

Soil Stiffness, sliding 6.726·109 N/m 

Soil Stiffness, rocking 6.3512·1011 N·m 
Soil damping, sliding 7.7273·106 N·s/m 

Soil damping, rocking 1.402·1010 N·s·m 

Added mass coefficient  1.0 

Structural mass, Virtual 2.0559·107 Kg 

Structural mass, actual 1.6431·107 Kg 
Structural mass, buoyant 4.1281·106 Kg 

Structural inertia, virtual 1.0357·1010 

Structural inertia, around O 1.5425·1010 

Centre of actual mass 15.7 m 

Centre of buoyant mass 9.21 m 

 

The soil is considered to behave as linearly elastic material, this as assumes that the soil remains in the small strain 

range. Soil stiffness is therefore constant during the simulation. The source code to solve the simplified structural model 

is show in ANNEX H. 

The natural frequencies of the model have been calculated for the values of Table  50, the values obtained are shown in 

the following table:  

Table  51: Natural frequencies for the simplified structural model 

 Natural frequency (Hz) 
1º Nat. Freq. 0.997 Hz 
2º Nat. Freq. 3.591 Hz 

 

The natural frequencies of Table  51 are similar to the second (1.094 hz) and fourth (3.419) natural frequencies of the 

structural model of chapter 8. 

9.3. DESIGN LOAD CASES 

In the following chapter we describe four realistic design load cases as proposed by the IEC 61400-3. The aim of this is 

to make the reader familiar with the loads that are to be expected in an OWT. The DLC case 1.1 is more described in 

detail, while the others are more focused in the load values and final results. 
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9.3.1. DESIGN LOAD CASE 1.1: POWER PRODUCTION, NTM, RATED WIND SPEED AND NSS 

The conditions described here are the most usual conditions according to the wind data at Krieger’s Flak. Under these 

conditions the turbine is extracting power from the wind and the pitch control and variable speed control are enabled 

and actuating. The sea state is normal and the waves are normal.  

It must be said that, the location of Krieger’s flak is especially suitable for installing offshore wind turbines; the site has 

high and stable winds with low turbulence and not high extreme wind speed values. The sea states are not severe, the 

fact that the maximum wave height in 50 years is around 10 m confirms the site as a very good location (generally for 

design of oil offshore structures the 50 years maximum wave height rise up to 30 m). In this site the hydrodinamic loads 

are not expected to be very determinant.  

The following figures show the computations of the external forces (wind and sea) acting on the soil foundation interface 

for DLC 1.1. 

 

fig. 68: External loads. Time domain simulation of the DLC 1.1 

In fig. 68 the external forces produced by aerodynamic and hydrodynamic forces are shown, at first sight the normal sea 

state does not have a great influence in the total loads and the major contribution to moment and horizontal loading 

comes from the aerodynamic loads. This situation is even clearer for the  moments, where the moment produced by 

hydrodynamic forces is one order of magnitude lower than the produced by aerodynamic forces. The maximum, mean 

and minimum values of the computed external loads are shown in Table  52. 
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Table  52: Mean, max and min loads of the DLC1.1 time domain simulation 

 Max Mean Min 

Total H. Force (KN) 1,003 608 188 

Total M (KN·m) 126,320 85,418 42,744 

 

The spectra of the external the forces of fig. 68 show how are the frequencies grouped. In fig. 69 are shown the spectra 

calculated from the hydrodynamic, aerodynamic and total external loads for horizontal force and moments.  

 

fig. 69:  External loads spectrum of the of the DLC 1.1 

In the following paragraphs we will look in detail the aerodynamic loads transmitted by the wind turbine and tower and at 

the hydrodynamic loads acting on the sub-structure. The total load spectrum shows several peaks, these are explored 

further in fig. 71 and fig. 70. 

 

fig. 70: Spectrum of aerodynamic and vibration induced foundation loads (detail) 
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In fig. 70 it is shown a more detailed part of the aerodynamic load spectrum of fig. 69. Every peak is identified with the 

phenomena that cause it and shown in the figure. The loads of fig. 70 are small compared to the main loads appearing in 

the low frequency range wich are caused by variations of wind speed. The peaks of fig. 70 are due to inertial loads from 

the vibrating parts of the wind turbine (tower, blades) and the rotor passing frequency (1P, 3P). Care must be taken in 

order to not make coincide the natural frequencies of the sub-structure (see Table  51) with any of the natural 

frequencies of the tower or the blades  as resonance phenomena might appear.  

In fig. 71 the hydrodynamic load spectrum is shown, the loads follow the shape of JONSWAP spectrum due to the 

Morrison equation, but as diffraction has been included using Mac-Cammy Fuchs methods the loads produced by small 

wave amplitudeare reduced due to the diffraction term. 

 

fig. 71: Spectrum of hydrodynamically induced foundation loads (detail) 

 

The peak of the value of the JONSWAP spectrum appear at the frequency corresponding to the sea stateTp.  

We will now discuss the generalized displacements computed for the sub-structure model. The time domain results for 

the horizontal displacements and rotations calculated with the model are shown in fig. 72 as follows. 
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fig. 72: Generalized displacements. Time domain simulation of the DLC 1.1 

The maximum, minimum and mean vealues of the displacmeent are shown in Table  53. As expected, the range of 

displacements and rotations is very low. The range of corresponding strains in the soil would likely be also small, therfore 

the assumption of a soil behaving as linear elastic is adequate in this conditions. 

Table  53: Mean, max and min displacements of the DLC1.1 time domain simulation 

 Max Mean Min 

H. disp. (mm) 1.86E-01 9.03E-02 1.78E-03 

Rotation (º) 1.18E-02 7.73E-03 3.71E-03 

 

Similarly as done with the external loads the spectra of the displacements has been calculated to evaluate possible 

amplification phenomena. In fig. 73 it is shown the spectrum of horizontal displacements and rotations. 

 

fig. 73: Spectrum of generalized displacements of the sub-structure for the DLC 1.1 
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At first sight, it can be seen that the major motions occur in the low frequency values where the wind load spectrum has 

larger valuesn no significant amplification occurs.  

In this DLC the main forces are caused by wind and these forces are far from the natural frequencies of the sub-

structure. However, althoug the load spectra and displacement spectra may look similar, amplification near the natural 

frequencies of the soil-substructure system (1 & 3.5 Hz) has indeed occurred. In fig. 74 and fig. 75 comparisons 

between generalized forces and corresponding displacements are shown in normalized plots. 

 

fig. 74: Normalized H. force spectrum vs displacement spectrum for DLC 1.1 

 

In fig. 74 it is the comparison between normalized horizontal force (black) and normalized horizontal displacements 

(red). It can be seen how amplification occurrs around 1 Hz and 3.5 Hz, the amplification is around 1 order of 

magnitude, fortunately the horizontal forces acting on that frequency range are small. 

Same is done in fig. 75, where it is plotted the normalized spectrum of rotations (red) vs the normalized spectrum of 

moments (black). In this case amplification only happens around 1 Hz (the first natural frequency).  
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fig. 75: Normalized Moment spectrum vs rotation spectrum for DLC 1.1 

9.3.2. DESIGN LOAD CASE 1.3: POWER PRODUCTION, ETM, RATED WIND SPEED AND NSS 

The conditions described here are less common than the normal wind condition but not rare, under these conditions the 

wind turbine is extracting power from the wind and pitch and control system is enabled. The sea state lies in normal 

conditions with significant waves of 2 m. 

The extreme turbulent model, as described in early chapters does not refer to extreme wind speed, but to extreme 

turbulence. When talking about turbulence in wind turbines it corresponds to the variability of the wind speed. Under this 

conditions values of wind speed will change more drastically. It is expected that the control system will have to adapt to 

faster to this changing wind conditions than in the NTM and more perturbations in the aerodynamic loads may occur. 

The value chosen to generate the wind is a mean speed of 11.4 m/s which corresponds again to the rated wind speed.  

Similarly as in DLC1.1, the loads acting on the soil interface are more influenced by the wind and the turbine operation 

than by the sea loads.. The following figures show the results of the external forces (wind and sea) acting on the soil 

foundation interface. 
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fig. 76: External loads. Time domain simulation of the DLC 1.3 

In fig. 76 the external forces produced by aerodynamic and hydrodynamic forces are shown, although the significant 

wave in this case is near the limits of the considered normal sea state domain it does not have a greater influence than 

wind.  

The total moment is characterized by the wind conditions, while the horizontal force is characterized from both 

environmental actions. The maximum, mean and minimum values of the computed external loads are shown in Table  54. 

 

Table  54: Mean, max and min loads of the DLC1.3 time domain simulation 

 Max Mean Min 

Total H. Force (KN) 1,194 565 -111 

Total M (KN·m) 134,601 79,393 26,056 

 

 

The spectra of the external forces has been calculated to show how grouped are the frequencies of the external loads. 

(see fig. 77)  
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fig. 77: External loads spectrum of the of the DLC 1.3 

Results are similar as the DLC1.1, it is because the control system of the wind turbine and the rated wind speed is very 

efficient and can overcome the extreme turbulences (see 7.6). The total horizontal forces and moments have been 

introduced in the simplified structural model: The calculated displacements are shown in fig. 78. 

 

fig. 78: Generalized displacements. Time domain simulation of the DLC 1.3 

The dispalcements and rotations are similar as those in DLC 1.1. The maximum, minimum and mean vealues of the 

displacmeent are shown in Table  55.  
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Table  55: Mean, max and min displacements of the DLC1.3 time domain simulation 

 Max Mean Min 

H. disp. (mm) 2.11E-01 8.39E-02 -3.76E-02 

Rotation (º) 1.25E-02 7.19E-03 2.25E-03 

 

The sperctra of motions is shown in fig. 79. The same phenomena as in DLC 1.1 occur and have been already 

commented. The results are shown in fig. 79. 

 

fig. 79: Spectrum of generalized displacements of the sub-structure for the DLC 1.3 

In conclusion, There are no great differences between DLC1.1 and DLC 1.3, the ETM provides similar results in the soil-

structure interface as the NTM. The control system is capable to maintain the good operation of the turbine although very 

changing wind conditions occur; ETM model does not suppose an extra demand for the design of sub-structures.  

9.3.3. DESIGN LOAD CASE 1.6A: POWER PRODUCTION, NTM, HIGH WIND SPEED AND SSS 

This design situation is quite rare, and can be considered as an extreme event. Indeed the maximum moment loads may 

often occur in this situation. During this situation the turbine is extracting power but the sea state is severe. IEC 61400-3 

recommends using the 50-year return period wave height to represent the severe sea state in case of not having good 

measurements of the site.  

This situation can happen if the 50 years return period storm is happening near the wind turbine site. In such situation 

wind is still not high to be over the limits of operation but waves are high. For this example mean wind speed of 18 m/s at 

the hub height have been considered to illustrate what was exposed in 7.7.  
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It is expected that the aerodynamic loads will be lower than in the DLC1.1 and 1.3 situations as mean wind speed is not 

11.4 m/s. The situation could be more severe if the wind speed considered were 11.4 m/s. 

In this situation the hydrodynamic horizontal force is much greater than the aerodynamic horizontal force; however the 

total moment is still more influenced by wind loads than by hydrodynamic loads. The aerodynamic loads are smaller than 

in DLC 1.1 and 1.3. This is due to DLC 1.6 lies in region 3 (see 7.6.2) and pitch control is actuating. The external forces 

of the time-domain simulation of DLC1.6 are shown in fig. 80. 

 

fig. 80: External loads. Time domain simulation of the DLC 1.6 

The total horizontal force is mainly conditioned by hydrodynamic loads, while the total moment receives contributions 

from hydrodynamic loads and aerodynamic loads. The maximum, mean and minimum values of the computed external 

loads are shown in Table  56. 

Table  56: Mean, max and min loads of the DLC1.6 time domain simulation 

 Max Mean Min 

Total H. Force (KN) 1,596 351 -960 

Total M (KN·m) 102,425 49,801 10,799 

 

In this design load situation it can be seen how the minimum load is negative, the amplitude of the loading cycles in this 

siuation is more considerable than in the other production cases due to the effect of large waves.  

The spectra of the external forces has been calculated to show how grouped are the frequencies of the external loads. In 

fig. 81 are shown the spectra calculated from the hydrodynamic, aerodynamic and total external loads.  
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fig. 81: External loads spectrum of the of the DLC 1.6 

The external loads computed have been introduced in the simplified structural offshore in order to obtain the motions of 

the sub-structure. The time domain results are shown in fig. 82. 

 

fig. 82: Generalized displacements. Time domain simulation of the DLC 1.6 

The maximum, minimum and mean vealues of the displacmeent are shown in Table  57. The range of displacements and 

motions is much higher then in the other production cases, however they are still very low.  
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Although this case is one of the ones with higher level of loading  the large diameter of the sub-structure and the 

dynamic shear modulus force the displacements to become small. Hence, the range of strains still corresponds to the 

very smal strain range, therfore the assumption of a soil behaving as linear elastic is still adequate in this conditions.  

Table  57: Mean, max and min displacements of the DLC1.6 time domain simulation 

 Max Mean Min 

H. disp. (mm) 2.62E-01 5.22E-02 -1.57E-01 

Rotation (º) 9.61E-03 4.51E-03 4.20E-04 

 

Similarly as done with the external loads a spectral analysis of the displacements has been carried out to evaluate the 

amplification phenomena of the sub-structure with the soil. In fig. 83 it is shown the spectrum of horizontal displacements 

and rotations. 

 

fig. 83: Spectrum of generalized displacements of the sub-structure for the DLC 1.6a 

At first sight, it can be seen that the horizontal displacements have a different trend as in the other cases, the effect of 

hydrodynamic loads is big and therefore the larger horizontal displacements are groped in the frequencies of the 

hydrodynamics loads, however amplification does not occur in those frequencies (1 Hz and 3.5 Hz). 

On the other hand, as the rotations are still more influenced by the aerodynamic loads, it can be seen that the major 

rotations occur in the low frequency values following the trend of the other DLC cases.  
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9.3.4. DESIGN LOAD CASE 6.2A: PARKED WIND TURBINE, EWM50, RATED WIND SPEED AND ESS 

This design situation corresponds to the 50 year period storm, extreme wind conditions and extreme sea state is 

considered altogether. The wind turbine is not under operation and therefore the expected aerodynamic loads are low as 

the turbine acquires a feathered condiguration (minimal resistance to wind). 

In this situation the hydrodynamic loads are greater than the aerodynamic loads, the amplitude of the displacements is 

larger and the moment and horizontal loads are governed by hydrodynamic loading. The horizontal forces and moment 

of the time-domain simulation of DLC1.6 are shown in fig. 84. 

 

fig. 84: External loads. Time domain simulation of the DLC 6.2 

The maximum, mean and minimum values of the computed external loads are shown in Table  58. 

Table  58: Mean, max and min loads of the DLC6.2 time domain simulation 

 Max Mean Min 

Total H. Force (KN) 1,189 51 -1,244 

Total M (KN·m) 34,854 6,381 -18,701 
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In this design load situation it can be seen how the minimum load is negative, the amplitude of the loading cycles in this 

siuation is maximum unlike the other production cases.  

In fig. 85 are shown the spectra calculated from the hydrodynamic, aerodynamic and total external loads.  

 

 
fig. 85: External loads spectrum of the of the DLC 6.2 

Similarly as done with the external loads a spectral analysis of the displacements has been carried out to evaluate the 

amplification phenomena of the sub-structure with the soil. In fig. 86 it is shown the spectrum of horizontal displacements 

and rotations. 

 

fig. 86: Generalized displacements. Time domain simulation of the DLC 6.2 
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The maximum, minimum and mean vealues of the displacmeent are shown in Table  59.  

Table  59: Mean, max and min displacements of the DLC 6.2 time domain simulation 

 Max Mean Min 

H. disp. (mm) 1.99E-01 7.53E-03 -1.93E-01 

Rotation (º) 3.37E-03 5.77E-04 -2.06E-03 

 

Similarly as done with the external loads a spectral analysis of the displacements has been carried out to evaluate the 

amplification phenomena of the sub-structure with the soil. In fig. 87 it is shown the spectrum of horizontal displacements 

and rotations. 

 

fig. 87: Spectrum of generalized displacements of the sub-structure for the DLC 6.2a 

At first sight, it can be seen that the horizontal displacements have a different trend as in the other cases, the effect of 

hydrodynamic loads is big and therefore the larger horizontal displacements are groped in the frequencies of the 

hydrodynamics loads, however amplification does not occur in those frequencies. 

As the displacements in this design case are mainly produced by hydrodynamic loading the horizontal displacements 

and rotations will have similar spectra and their peaks coincide. Again the effect of wind despite being very low is as 

significant as the hydrodynamic effect in the rotations (we remind that the total height of the OWT is 144m). 
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9.3.5. SUMMARY TABLE 

The following table summarizes the maximum, minimum and mean values for external forces and displacements. 

Table  60: Summary table of the four design load cases chosen25 

 Maximum Minimum Mean 
DLC 1.1 1.3 1.6 6.2 1.1 1.3 1.6 6.2 1.1 1.3 1.6 6.2 

Total H 
(KN) 

1,003 1,194 1,596 1,189 188 960 -1,244 -111 608 565 351 51 

H. disp. 
(mm) 

1.9·10-1 2.1·10-1 2.6·10-1 2.0·10-1 9.0·10-2 -3.8·10-2 -1.6·10-1 -1.9·10-1 1.8·10-3 8.4·10-2 5.2·10-2 7.5·10-3 

Total M 
(KN·m) 

126,320 134,601 102,425 34,854 42,744 26,056 10,799 -18,701 85,418 79,393 49,801 6,381 

Rotation 
(º) 

1.2·10-2 1.3·10-2 9.6·10-3 3.4·10-3 7.7·10-3 2.3·10-3 4.2·10-4 -2.1·10-3 3.7·10-3 7.2·10-3 4.5·10-3 5.8·10-4 

 

It can be seen that operational loads do not lie far from extreme loads in OWT, and that there is a great variety in the 

combinations of loading that can occur. Aerodynamic loads provide high moments but the amplitude of the load cycles 

around that average value are small. On the other hand, hydrodynamic loads have a small average value but high 

amplitude in their load cycles.  

The distribution of frequencies of these two kind of environmental actions is also interesting. Wind has large amplitude in 

the low frequencies (indded the low frequencies are so low that could be considered quasistatic) and smaller amplitude 

in the other frequencies. Another feature of aerodynamic load frequencies is that they will generally follow the same 

distribution not being very dependant of the turbulence model, so the main loads can be expected in a give frequency 

range. Not the same occurs with the hydrodynamic loads as the main loads will be around the peak spectral period (Tp) 

which depends on significant wave height, due to that amplification of the sub-structure motions, if occurs, will be due 

hydrodynamic loads. 

According to the results in all the DLCs the displacements calculated were very small. In this situation the use of the 

macroelement models of chapter 4 coupled into a dynamic system woult not change much the results. Another thing 

would be to calculate the natural frequencies of the system with a macroelement instead of a spring-boundary condition, 

but is out of the scope of the thesis. 

                                                                    

 

25 Load have not been factored 
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Another thing to mention is that the loads computed in these situations are smaller than the loads used during pre-

design (although factored). The process of predesign could be repeated iteratively with new maximum loads if the 

thousands of required simulations were carried out. 

We think, that the predesign loads of Kriegers Flak have been calculated as the maximum load caused by the maximum 

deterministic wave, where the amplitude of the load cycle (difference between maximum to minimum) is considered as a 

static load and added to the total load. This methodology is very conservative and the consequence is that larger 

diameters would be adopted.   

At this point, for dynamic simulations we can conclude that for design is more important the dynamic stiffness at small 

strains of the soil underneath the sub-structure and the mass of the sub-strucure than soil non-linearities. Due to this the 

implementation of themacroelement models described in Chapter 4 in the dynamic system is not necessary as yield 

hardly will occur.  

To conclude, we think that an eigenvalue analysis with the model described in Wilson’s book might be performed to 

verify no interaction with the hydrodynamic loads occur. This effect specially can happen with the horizontal 

displacements.  

The displacements and external loads computed here can be used for fatigue and statistical calculations as well. 

9.4. SENSITIVITY ANALYSIS 

The examples computed in this chapter make only reference to the loose sand case and to a sub-structure of diameter 

20 meters. We have seen that amplification of displacements and rotations is a phenomena that occurs around the 

natural frequencies of the system. In our cases studied the loads acting on that range were low and the resulting 

displacements in the sub-structure were low.  

Under other design conditions the natural frequencies of the rigid substructure may lie in the hydrodynamic load range 

or be similar to the natural frequencies of the blades or the tower.Any of these conditions could compromise the stability 

of the structure. In chapter 8 we have seen that the natural frequencies of the sub-strucutre depend mainly in the fill 

density and in the stiffness of soil. 

Due to that the following table has been obtained, with different parameters such as fill density, diameter and dynamic 

shear modulus. In the table are shown the first and second natural frequencies for each diameter, soil shear stiffness 

and fill density. 



139 

 

The poisson ratio considered is 0.3, the stiffness of the boundary conditions has been calculated with the formulas 

proposed by DNV and shown in 8.3. The emedment and width of the stratum have been assumed 2 and 50 meters 

respectively. 

Table  61: First and second natural frequencies for different soil stiffness and fill densities 

 

Fill density (kg/m3) 

2000  2500  3000  

Diameter (m) Diameter (m) Diameter (m) 

17 20  23  17 20 23 17 20 23 

Dynamic 

shear modulus  

of soil 

G0 (Mpa) 

50 
0.62 Hz 0.77 Hz 0.93 Hz 0.56 Hz 0.70 Hz 0.84 Hz 0.52 Hz 0.65 Hz 0.78 Hz 

2.55 Hz 2.77 Hz 3.00 Hz 2.34 Hz 2.54 Hz 2.74 Hz 2.17 Hz 2.36 Hz 2.55 Hz 

100 
0.88 Hz 1.09 Hz 1.31 Hz 0.80 Hz 0.99 Hz 1.19 Hz 0.74 Hz 0.91 Hz 1.10 Hz 

3.61 Hz 3.92 Hz 4.24 Hz 3.31 Hz 3.60 Hz 3.88 Hz 3.07 Hz 3.34 Hz 3.60 Hz 

150 
1.08 Hz 1.34 Hz 1.61 Hz 0.98 Hz 1.21 Hz 4.75 Hz 0.90 Hz 1.12 Hz 1.35 Hz 

4.42 Hz 4.81 Hz 5.19 Hz 4.05 Hz 4.40 Hz 1.46 Hz 3.76 Hz 4.09 Hz 4.41 hz 

 

The results of Table  61 show a great variability depending wich conditions are considered. Soft soils will yield lower 

natural frequencies, becoming more sensititve to hydrodynamic loads. To avoid this, larger effective diameters can be 

designed and lower fill densities used. 

Increased fill density, although positive for bearing capacity reduces the natural frequencies of the system, which may 

be counterproductive. The same can be said about increasing the diameter. The designer has to keep the balance 

between the bearing capacity limits and the possible soil interactions if the soil is soft. 

We believe that the model shown in this chapter is helpful for pre-design. In our hipothesis soil stiffness degradation due 

to load cycles has not been considered. If soil stiffness degradates, this degradation can compromise stability as the 

natural frequencies of the system would decrease and get closer to the range of hydrodynamic loads, this phenoma 

would become accentuated with time.  

It is also important to mention that yield and plastic strains are not likely due the large diameters of the sub-structure. 

However, if guidelines would push the limits and plasticity would be allowed the system would move toward unstability. 

Great degradations of the stiffness (as is common with the Martin and Hously) would decrease enormously the natural 

frequencies and therefore the system natural frequency would decrease as well. The use of macroelements to have an 

stimation of the stiffness when yield occurs can be usefull in this situation.  
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Chapter 10.  SUMMARY AND CONCLUSIONS 

Gravity base sub-structures for OWT: pre-design 

 Design criteria of geotechnical interest for OWT on direct foundations include capacity checks (e.g. bearing 

capacity), displacement limits (e.g. allowable rotation) and system dynamical properties. 

 Our design check on the Thorton Bank case reveals that its shape is mostly explained by the need to maintain 

the first resonant mode of the tower+rotor-nacelle assembly within a prescribed limit. This results in a shape 

with two very different sub-sections: an upper cylindrical section that acts as an extension of the tower and a 

very stiff conical section below. 

 With that configuration the rigid part of the sub-structure appears almost dynamically independent from the 

rest of the structure.  This is illustrated by the practical irrelevance of soil stiffness to the first natural frequency 

of the whole structure.  

 The design of the (rigid) lower part of the substructure is then driven by foundation capacity and constructive 

(minimal embedment) considerations. Optimising embendement and base diameter at the pre-design level 

(i.e. when ambient loads are given) is more easily done if foundation capacity is summarized by an explicit 

failure envelope. 

 Such failure envelopes feature (or can be easily deduced from) the formulation of macroelement response 

models. Two such macroelements have been here presented and applied: Nova-Montrasio and Martin-

Houlsby. They are different in their field of application (sands vs clays) and in several aspects of their 

formulation (hardening, elasto-plastic coupling). 

 Macro-element models have been also used here for displacement checks under a quasi-static approach. 

Gravity base sub-structures for OWT: design 

 Design of OWT structures is complex because of the large number of interactions that need to be considered. 

Sub-structuring is desirable to simplify the task, but the level of resolution attained in each part and their 

assembly procedure is very case-dependent. 

 We have shown that, for gravity base substructures of the “Thornton Bank” type, an effective model might be 

obtained using a rigid 2DOF model for the conical part of the gravity base sub-structure, subject to 

hydrodynamic loads and foundation constraints and receiving, as external loads, the resultant at the 

(extended) tower bottom of a servo-aero-elastic analysis such as that performed by FAST. 
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 The model has been applied to a sample of realistic design cases as prescribed by the IEC normative. The 

base design shows small displacements and rotations, therefore justifying the elastic model employed for the 

foundation response. No large differences in response were visible between cases representing operational 

loads and cases representing extreme situations. 

 Care must be taken with the natural frequencies of the rigid sub-structure to avoid the hydrodynamic load 

range and/or the natural frequencies of blades and tower. A sensitivity analysis shows that such natural 

frequency is very sensitive to both base diameter and soil stiffness.  

Future developments 

 The macoreelemt models presented in this thesis might be introduced in a dynamic response analysis of the 

whole structure. They would substitute the elastic constraint that now represents the foundation on the rigid 

model of the lower section of the substructure. This might allow reduced foundation dimensions because 

direct representation of the non-linear soil response would make the dynamic amplification problem less 

acute. However, the macroelement models would need to be firstly adequately verified in the relevant 

frequency range. 
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ANNEX A: BLADE ELEMENT THEORY (BEM) 

NREL provides a code able to compute the aerodynamic forces using blade element theory (Aerodyn). A full 

documentation of the program and the theory beyond can be found in [ 22 ]. This type of analysis requires the blade 

geometry properties to determine the forces exerted on a wind turbine using several annular stream tube control 

volumes. At the rotor plane the boundaries of these control volumes split the blade into a number of discrete elements, 

each of length dr. At each element it can be computed the lift and drag forces. In blade element theory, the following 

assumptions are customarily made: 

As the annular stream control volumes used in the wake rotation analysis were assumed not to be interacting, it is 

assumed that there is no interaction between the analyses of each blade element. 

The forces exerted on the blade elements by the flow stream are determined solely by the two-dimensional lift and drag 

characteristics of the blade element airfoil shape and orientation relative to the incoming flow. The term two-dimensional 

implies that no 3D flow effects are assumed to occur around each blade element. 

The forces exerted on an object by a fluid as it flows over the object are due to pressure and viscous stresses. Typically 

on the upper surface of an airfoil the pressure is lower that of the incoming flow stream, creating a resultant suction on 

the upper side of the airfoil. By contrast, in the lower part the air pressure is higher than the pressure of the incoming flow 

stream. The components of the pressure distribution parallel to the incoming flow stream tend to slow the velocity of the 

incoming flow relative to the airfoil, as do the viscous stresses. A depiction of the pressure and viscous stress distribution 

around a typical airfoil is given in fig. 88. 

 

fig. 88: Pressure ad viscous stresses exerted on an airfoil 

On every airfoil the resultants of these pressures are usually resolved in two resultant forces and one in-plane moment. 

The component acting of the net force acting normal to the incoming flow stream is known as the lift force, and the 

component of the net force acting parallel to the incoming flow stream is known as the drag force. The effective moment, 
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known as the pitching moment, is usually defined about an axis normal to the airfoils cross-section, located a quarter of 

the distance from the leading edge to the trailing edge of the airfoil. 

As an alternative to the lift and drag forces, normal and tangential forces are used. The normal force is the component of 

the net force acting normal to the chord line and the tangential force is the component of the net force acting parallel to 

the chord line. For a given flow condition, the relationship between the lift and drag forces and the normal and tangential 

forces are purely vectorial, determined by the angle of attack of the incoming flow. The angle of attack α, is defined as 

the angle between the incoming flow and the chord line of the airfoil, as presented in fig. 89. 

 

 

fig. 89: Resultant forces exerted on an airfoil 

The relations between the resultant forces are 

Normal force = Lift force x cos(α)+Drag force x sin(α) 

Tangential force = Lift force x sin(α)+Drag force x cos(α) 

The resultant forces and moment are characterized by dimensionless coefficients for the normal, tangential and pitching 

actions, CN, CT and CM respectively. The coefficients are defined as: 

2
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Where Vrel is the velocity of the incoming flow stream relative to the airfoil and c is the chord length, the distance between 

the leading edge and trailing edge measured along the chord line. In the denominator of each coefficient is the common 

product 21
2 relV , commonly refered as the dynamic pressure. These dimensionless coefficients qualitatively 

describe how flow past an airfoil of a given profile will exert forces on the airfoil. The dimensionless coefficients are 

heavily dependent of the airfoil profile and angle of attack, and to a lesser extent on the size of the airfoil and the relative 

speed of the incoming flow. The dependence of the dimensionless coefficients to the size of airfoil and the relative speed 

are generally quantified using the nondimensional Reynolds number, Re, defined as the ratio of inertia forces to viscous 

forces: 

Re relV c



 

Where μ is the viscosity of the fluid. 

The airfoil data are typically obtained by testing scaled-down airfoil sections in a wind tunnel where flow conditions can 

be carefully controlled and two-dimensional flow can be closely approximated. 

The differential rotor thrust dT, and the differential rotor torque dQ, acting on each blade as described can be seen in 

Fig. 7. In this figure. The blade is specified as propagating to the left as a result of blade rotation. The pitching moment is 

absent because it contributes nothing to the rotor thrust and torque. 
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fig. 90: Blade element theory geometry 

In this figure, θp is the blade collective pitch angle measured relative to the pitch zero twist, θT is the local twist angle, 

and θPT is their sum. The local blade twist angle is a function of the annular radius and does not change with time 

(assuming the blade is structurally rigid and does not feather). The blade collective pitch angle can change with time to 

adjust for different operating conditions, but is constant across the entire length of the blade (the blade is connected at 

the root by a pitching mechanism). The angle θ is the angle of the relative incoming flow stream with respect to the plane 

of rotation and is equal to the sum of θPT and α. 

The velocity of the incoming flow stream relative to the blade element, Vrel, is the vector sum of the axial inflow velocity at 

the rotor plane, V, the inflow velocity caused by the rotation of the blade, Ωr, and the inflow velocity caused by wake 

rotation at the rotor plane, ωr, where r is the radius of the blade element whose cross section is shown in the figure. Vrel 

is found to be: 

2 2
0[ (1 )] [ (1 ')]relV V a r a      

A relationship can be developed relating a, a’ and θ: 

0 (1 )
tan( )

(1 ')

V a

r a
 


   

A relationship between Vrel, a and θ 



149 

 

0 (1 )

sin( )rel

V a
V





 

The relationships between the resultant forces are 

dT = Normal force x cos (θPT)-Tangential force x sin(θPT) 

dQ =r [Normal force x sin (θPT)+Tangential force x cos(θPT)] 

If the normal and tangential force are substituted in the above expressions by the dimensionless coefficients CN and CT 

the expressions for the differential thrust, dT, and differential torque, dQ, are expressed as: 

21
[ cos( ) sin( )]

2 rel N PT T PTdT B V C C cdr   
 

21
[ sin( ) cos( )]

2 rel N PT T PTdQ B V C C crdr   
 

In the previous expressions dT and dQ represent the total differential thrust and differential torque acting on an annular 

ring of radius r and thickness dr.  

The BEM theory is useful for estimating external forces acting on the blades and tower; however the analysis must be 

coupled with the motions of the wind turbine (rotation, pitch and vibration of blades). This kind of analysis is generally 

carried out with an aero-elastic software. In this thesis the program used to obtain the loads on the structure is FAST, an 

aero-elastic open code developed by the NREL.  
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ANNEX B: AIRY WAVE THEORY 

Airy theory is based on linear wave theory. Consider wave propagating along positive x-axis, as shown in fig. 91. The 

origin is located at sea surface with global z-axis pointing upwards. 

The free water surface level is given by 

cos( )h t kx    

Regardless of wáter depth 

 

fig. 91: Wave definitions 

For deep wáter waves: 0.5
d


  

Deep water waves are assumed if the depth, d, is more than half of the wave length. The horizontal particle velocity is 

given by 

cos( )kzu he kx t    

The vertical velocity 

sin( )kzw he kx t    

Horizontal particle acceleration 
2 sin( )kz

xa he kx t    

Vertical particle acceleration 
2 cos( )kz

za he kx t     

The hydrodynamic pressure 

cos( )kzp gz ghe t kx       
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Where the first term is the static part and the second term is the dynamic contribution and: 

g = acceleration of gravity 

h = wave amplitude 

d = water depth 

 = circular wave frequency 

k = wave number which is defined by: 2 gk   

For finite water depths: 0.05 0.5
d


   

The value of k is obtained by 2 tanh( )gk kd   

The horizontal particle velocity is given by 

cosh( ( ))
cos( )

cosh( )

k z dhgku kx t
kd




   

The vertical velocity 

sinh( ( ))
sin( )

cosh( )

k z dhgkw kx t
kd




   

Horizontal particle acceleration 

cosh( ( ))
sin( )

cosh( )x

k z d
a hgk kx t

kd


   

Vertical particle acceleration 

sinh( ( ))
cos( )

cosh( )z

k z d
a hgk kx t

kd


    

The hydrodynamic pressure 

cosh( ( ))
cos( )

cosh( )

k z d
p gz gh kx t

kd
  

     

Where the first term is the static part and the second term is the dynamic contribution and: 

For shallow water depths: 0.05
d


  

2 gd   

The horizontal particle velocity is given by 

cos( )gu h kx td    

The vertical velocity 

1 sin( )
z

w h kx t
d

     
 

 

Horizontal particle acceleration 

sin( )x
ga h kx td    
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Vertical particle acceleration 

2 1 cos( )z

z
a h kx t

d
      

 
 

The hydrodynamic pressure 

cos( )p gz gh kx t       

Where the first term is the static part and the second term is the dynamic contribution and: 

Wave length 

The wave length is given by 

2 tanh 2
2

g d
T 

 
   
 

 

It is necessary for an accurate solution to make several iterations; in shallow waters convergence is slow. 
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ANNEX C: BLADE STRUCTURAL PROPERTIES 

The blade structural properties are described in Table  62. In the first column Radius are the spanwise locations along 

the blade pitch axis relative to the centre. Aero centre is the name of a FAST input parameter. The FAST code assumes 

that the blade-pitch axis passes through each airfoil section at 25% chord. By definition, then, the quantity (AeroCent      

-0.25) is the fractional distance to the aerodynamic center from the blade-pitch axis along the chordline, positive toward 

the trailing edge. 

Table  62: Distributed Blade Structural Properties 

Radius       BlFract          AeroCent     StrcTwst BMassDen                FlpStff            EdgStff                GJStff                EAStff          Alpha       FlpIner      EdgIner   PrecrvRef PreswpRef      FlpcgOf     EdgcgOf      
(m)             (-)                             (-)               (º)        (kg/m)                (N•m2)             (N•m2)               (N•m2)                     (N)               (-)        (kg•m)        (kg•m)             (m)             (m)             (m)             (m)              
1.50            0.00000          0.25000        13.308      678.935     18110.00E+6  18113.60E+6      5564.40E+6      9729.48E+6              0.0        972.86        973.04              0.0              0.0              0.0      0.00017               
1.70            0.00325          0.25000        13.308      678.935     18110.00E+6  18113.60E+6      5564.40E+6      9729.48E+6              0.0        972.86        973.04              0.0              0.0              0.0      0.00017               
2.70            0.01951          0.24951        13.308      773.363     19424.90E+6  19558.60E+6      5431.59E+6    10789.50E+6              0.0      1091.52      1066.38              0.0              0.0              0.0    -0.02309               
3.70            0.03577          0.24510        13.308      740.550     17455.90E+6  19497.80E+6      4993.98E+6    10067.23E+6              0.0        966.09      1047.36              0.0              0.0              0.0      0.00344               
4.70            0.05203          0.23284        13.308      740.042     15287.40E+6  19788.80E+6      4666.59E+6      9867.78E+6              0.0        873.81      1099.75              0.0              0.0              0.0      0.04345              
5.70            0.06829          0.22059        13.308      592.496     10782.40E+6  14858.50E+6      3474.71E+6      7607.86E+6              0.0        648.55        873.02              0.0              0.0              0.0      0.05893               
6.70            0.08455          0.20833        13.308      450.275       7229.72E+6  10220.60E+6      2323.54E+6      5491.26E+6              0.0        456.76        641.49              0.0              0.0              0.0      0.06494               
7.70            0.10081          0.19608        13.308      424.054       6309.54E+6    9144.70E+6      1907.87E+6      4971.30E+6              0.0        400.53        593.73              0.0              0.0              0.0      0.07718               
8.70            0.11707          0.18382        13.308      400.638       5528.36E+6    8063.16E+6      1570.36E+6      4493.95E+6              0.0        351.61        547.18              0.0              0.0              0.0      0.08394               
9.70            0.13335          0.17156        13.308      382.062       4980.06E+6    6884.44E+6      1158.26E+6      4034.80E+6              0.0        316.12        490.84              0.0              0.0              0.0      0.10174               
10.70          0.14959          0.15931        13.308      399.655       4936.84E+6    7009.18E+6      1002.12E+6      4037.29E+6              0.0        303.60        503.86              0.0              0.0              0.0      0.10758               
11.70          0.16585          0.14706        13.308      426.321       4691.66E+6    7167.68E+6        855.90E+6      4169.72E+6              0.0        289.24        544.70              0.0              0.0              0.0      0.15829               
12.70          0.18211          0.13481        13.181      416.820       3949.46E+6    7271.66E+6        672.27E+6      4082.35E+6              0.0        246.57        569.90              0.0              0.0              0.0      0.22235               
13.70          0.19837          0.12500        12.848      406.186       3386.52E+6    7081.70E+6        547.49E+6      4085.97E+6              0.0        215.91        601.28              0.0              0.0              0.0      0.30756               
14.70          0.21465          0.12500        12.192      381.420       2933.74E+6    6244.53E+6        448.84E+6      3668.34E+6              0.0        187.11        546.56              0.0              0.0              0.0      0.30386               
15.70          0.23089          0.12500        11.561      352.822       2568.96E+6    5048.96E+6        335.92E+6      3147.76E+6              0.0        160.84        468.71              0.0              0.0              0.0      0.26519               
16.70          0.24715          0.12500        11.072      349.477       2388.65E+6    4948.49E+6        311.35E+6      3011.58E+6              0.0        148.56        453.76              0.0              0.0              0.0      0.25941               
17.70          0.26341          0.12500        10.792      346.538       2271.99E+6    4808.02E+6        291.94E+6      2882.62E+6              0.0        140.30        436.22              0.0              0.0              0.0      0.25007               
19.70          0.29595          0.12500        10.232      339.333       2050.05E+6    4501.40E+6        261.00E+6      2613.97E+6              0.0        124.61        398.18              0.0              0.0              0.0      0.23155               
21.70          0.32846          0.12500          9.672      330.004       1828.25E+6    4244.07E+6        228.82E+6      2357.48E+6              0.0        109.42        362.08              0.0              0.0              0.0      0.20382               
23.70          0.36098          0.12500          9.110      321.990       1588.71E+6    3995.28E+6        200.75E+6      2146.86E+6              0.0          94.36        335.01              0.0              0.0              0.0      0.19934               
25.70          0.39350          0.12500          8.534      313.820       1361.93E+6    3750.76E+6        174.38E+6      1944.09E+6              0.0          80.24        308.57              0.0              0.0              0.0      0.19323               
27.70          0.42602          0.12500          7.932      294.734       1102.38E+6    3447.14E+6        144.47E+6      1632.70E+6              0.0          62.67        263.87              0.0              0.0              0.0      0.14994               
29.70          0.45855          0.12500          7.321      287.120         875.80E+6    3139.07E+6        119.98E+6      1432.40E+6              0.0          49.42        237.06              0.0              0.0              0.0      0.15421               
31.70          0.49106          0.12500          6.711      263.343         681.30E+6    2734.24E+6          81.19E+6      1168.76E+6              0.0          37.34        196.41              0.0              0.0              0.0      0.13252               
33.70          0.52358          0.12500          6.122      253.207         534.72E+6    2554.87E+6          69.09E+6      1047.43E+6              0.0          29.14        180.34              0.0              0.0              0.0      0.13313               
35.70          0.55610          0.12500          5.546      241.666         408.90E+6    2334.03E+6          57.45E+6        922.95E+6              0.0          22.16        162.43              0.0              0.0              0.0      0.14035               
37.70          0.58862          0.12500          4.971      220.638         314.54E+6    1828.73E+6          45.92E+6        760.82E+6              0.0          17.33        134.83              0.0              0.0              0.0      0.13950               
39.70          0.62115          0.12500          4.401      200.293         238.63E+6    1584.10E+6          35.98E+6        648.03E+6              0.0          13.30        116.30              0.0              0.0              0.0      0.15134               
41.70          0.65366          0.12500          3.834      179.404         175.88E+6    1323.36E+6          27.44E+6        539.70E+6              0.0            9.96          97.98              0.0              0.0              0.0      0.17418               
43.70          0.68618          0.12500          3.332      165.094         126.01E+6    1183.68E+6          20.90E+6        531.15E+6              0.0            7.30          98.93              0.0              0.0              0.0      0.24922               
45.70          0.71870          0.12500          2.890      154.411         107.26E+6    1020.16E+6          18.54E+6        460.01E+6              0.0            6.22          85.78              0.0              0.0              0.0      0.26022               
47.70          0.75122          0.12500          2.503      138.935           90.88E+6      797.81E+6          16.28E+6        375.75E+6              0.0            5.19          69.96              0.0              0.0              0.0      0.22554               
49.70          0.78376          0.12500          2.116      129.555           76.31E+6      709.61E+6          14.53E+6        328.89E+6              0.0            4.36          61.41              0.0              0.0              0.0      0.22795               
51.70          0.81626          0.12500          1.730      107.264           61.05E+6      518.19E+6            9.07E+6        244.04E+6              0.0            3.36          45.44              0.0              0.0              0.0      0.20600               
53.70          0.84878          0.12500          1.342        98.776           49.48E+6      454.87E+6            8.06E+6        211.60E+6              0.0            2.75          39.57              0.0              0.0              0.0      0.21662               
55.70          0.88130          0.12500          0.954        90.248           39.36E+6      395.12E+6            7.08E+6        181.52E+6              0.0            2.21          34.09              0.0              0.0              0.0      0.22784               
56.70          0.89756          0.12500          0.760        83.001           34.67E+6      353.72E+6            6.09E+6        160.25E+6              0.0            1.93          30.12              0.0              0.0              0.0      0.23124               
57.70          0.91382          0.12500          0.574        72.906           30.41E+6      304.73E+6            5.75E+6        109.23E+6              0.0            1.69          20.15              0.0              0.0              0.0      0.14826               
58.70          0.93008          0.12500          0.404        68.772           26.52E+6      281.42E+6            5.33E+6        100.08E+6              0.0            1.49          18.53              0.0              0.0              0.0      0.15346               
59.20          0.93821          0.12500          0.319        66.264           23.84E+6      261.71E+6            4.94E+6          92.24E+6              0.0            1.34          17.11              0.0              0.0              0.0      0.15382               
59.70          0.94636          0.12500          0.253        59.340           19.63E+6      158.81E+6            4.24E+6          63.23E+6              0.0            1.10          11.55              0.0              0.0              0.0      0.09470               
60.20          0.95447          0.12500          0.216        55.914           16.00E+6      137.88E+6            3.66E+6          53.32E+6              0.0            0.89            9.77              0.0              0.0              0.0      0.09018               
60.70          0.96260          0.12500          0.178        52.484           12.83E+6      118.79E+6            3.13E+6          44.53E+6              0.0            0.71            8.19              0.0              0.0              0.0      0.08561               
61.20          0.97073          0.12500          0.140        49.114           10.08E+6      101.63E+6            2.64E+6          36.90E+6              0.0            0.56            6.82              0.0              0.0              0.0      0.08035               
61.70          0.97886          0.12500          0.101        45.818             7.55E+6        85.07E+6            2.17E+6          29.92E+6              0.0            0.42            5.57              0.0              0.0              0.0      0.07096               
62.20          0.98699          0.12500          0.062        41.669             4.60E+6        64.26E+6            1.58E+6          21.31E+6              0.0            0.25            4.01              0.0              0.0              0.0      0.05424               
62.70          0.99512          0.12500          0.023        11.453             0.25E+6          6.61E+6            0.25E+6            4.85E+6              0.0            0.04            0.94              0.0              0.0              0.0      0.05387               
63.00          1.00000          0.12500          0.000        10.319             0.17E+6          5.01E+6            0.19E+6            3.53E+6              0.0            0.02            0.68              0.0              0.0              0.0      0.05181               

The flapwise and edgewise section stiffness and inertia values, “FlpStff,” “EdgStff,” “FlpIner,” and “EdgIner” in Table  62 

are given about the principal structural axes of each cross section as oriented by the structural-twist angle, “StrcTwst.” 

The values of the structural twist were assumed to be identical to the aerodynamic twist. “GJStff” represents the values of 

the blade torsion stiffness. The edgewise CM offset values, “EdgcgOf,” are the distances in meters along the chordline 

from the blade-pitch axis to the CM of the blade section, positive toward the trailing edge.  

The structural data were introduced in FAST through a .DAT file, the input definition of this files can be found in FAST 

user’s manual [ 14 ]. The mode shapes 

---------------------- BLADE MODE SHAPES --------------------------------------- 

   0.0622   BldFl1Sh(2) - Flap mode 1, coeff of x^2 

   1.7254   BldFl1Sh(3) -            , coeff of x^3 
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  -3.2452   BldFl1Sh(4) -            , coeff of x^4 

   4.7131   BldFl1Sh(5) -            , coeff of x^5 

  -2.2555   BldFl1Sh(6) -            , coeff of x^6 

  -0.5809   BldFl2Sh(2) - Flap mode 2, coeff of x^2 

   1.2067   BldFl2Sh(3) -            , coeff of x^3 

 -15.5349   BldFl2Sh(4) -            , coeff of x^4 

  29.7347   BldFl2Sh(5) -            , coeff of x^5 

 -13.8255   BldFl2Sh(6) -            , coeff of x^6 

   0.3627   BldEdgSh(2) - Edge mode 1, coeff of x^2 

   2.5337   BldEdgSh(3) -            , coeff of x^3 

  -3.5772   BldEdgSh(4) -            , coeff of x^4 

   2.3760   BldEdgSh(5) -            , coeff of x^5 

  -0.6952   BldEdgSh(6) -            , coeff of x^6 
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ANNEX D: BLADE AERODYNAMIC PROPERTIES 

Fig shows the blade node locations relative to each blade, labeled as “RNodes”, the location is directed along the blade 

pitch axes.  Aerotwist corresponds to the aerodynamic twist, the zero twist location is at the blade tip. The seventeen 

elements are not equidistant; the length of each of them is defined in “DRNodes” it can be checked that the sum of the 

column DRNodes corresponds to the blade length. Each of these nodes are used to compute the aerodynamic loads, 

due to that each node has an associated airfoil for all the possible angles of attack. The following table shows the 

Aerodynamic properties of every node of the blade. 

Table  63: Distributed Blade Aerodynamic Properties 

Node (-) RNodes (m) AeroTwst (º) DRNodes (m) Chord (m) Airfoil Table (-) 

1 2.8667 13.308 2.7333 3.542 Cylinder1.dat 
2 5.6000 13.308 2.7333 3.854 Cylinder1.dat 
3 8.3333 13.308 2.7333 4.167 Cylinder2.dat 
4 11.7500 13.308 4.1000 4.557 DU40_A17.dat 
5 15.8500 11.480 4.1000 4.652 DU35_A17.dat 
6 19.9500 10.162 4.1000 4.458 DU35_A17.dat 
7 24.0500 9.011 4.1000 4.249 DU30_A17.dat 
8 28.1500 7.795 4.1000 4.007 DU25_A17.dat 
9 32.2500 6.544 4.1000 3.748 DU25_A17.dat 

10 36.3500 5.361 4.1000 3.502 DU21_A17.dat 
11 40.4500 4.188 4.1000 3.256 DU21_A17.dat 
12 44.5500 3.125 4.1000 3.010 NACA64_A17.dat 
13 48.6500 2.319 4.1000 2.764 NACA64_A17.dat 
14 52.7500 1.526 4.1000 2.518 NACA64_A17.dat 
15 56.1667 0.863 2.7333 2.313 NACA64_A17.dat 
16 58.9000 0.370 2.7333 2.086 NACA64_A17.dat 
17 61.6333 0.106 2.7333 1.419 NACA64_A17.dat 

 

The lift, drag and pitch coefficients for every airfoil are shown in the following figures provided by NREL documentation 

and can be downloaded from the NREL site. The following figures are representative of each of the airfoil that conform 

the blades. 

 

fig. 92: Coefficients of the DU40 airfoil 
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fig. 93; Coefficients of the DU35 airfoil 

 

fig. 94: Coefficients of the DU30 airfoil 

 

fig. 95: Coefficients of the DU25 airfoil 
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fig. 96: Coefficients of the DU21 airfoil 

 

fig. 97: Coefficients of the NACA64 airfoil 
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ANNEX E: BASELINE WIND TURBINE CONTROL SYSTEM 

11.1.1. BASELINE CONTROL-MEASUREMENT FILTER  

As is typical in utility-scale multimegawatt wind turbines, both the generator-torque and blade-pitch controllers use the 

generator speed measurement as the sole feedback input. To mitigate high-frequency excitation of the control systems, 

the generator speed measurement is filtered for both the torque and pitch controllers using a recursive, single-pole low-

pass filter with exponential smoothing.  

The discrete-time recursion (difference) equation for this filter is shown as follows:  

2

( ) (1 ) ( ) ( 1)
s cT f

y n u n y n

e 

 

 

   


 

where y is the filtered generator speed (output measurement), u is the unfiltered generator speed (input), α is the low-

pass filter coefficient, n is the discrete-time-step counter, Ts is the discrete time step, and fc is the corner frequency.  

The corner frequency is set to -3dB of the low pass filter, being one-quarter of the blade’s first edgewise natural 

frequency, for a time step of 0.0125 s the frequency response of the resulting filter is shown. 

 

fig. 98: Generator speed low-pass filter frequency response 
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11.1.2. BASELINE-GENERATOR-TORQUE CONTROLLER 

The generator torque is a tabulated function of the filtered generator speed, incorporating five control regions: 1, 1½, 2, 

2½, and 3. Region 1 is a control region before cut-in wind speed, where the generator torque is zero and no power is 

extracted from the wind; instead, the wind is used to accelerate the rotor for start-up. Region 2 is a control region for 

optimizing power capture. Here, the generator torque is proportional to the square of the filtered generator speed to 

maintain a constant (optimal) tip-speed ratio. In Region 3, the generator power is held constant so that the generator 

torque is inversely proportional to the filtered generator speed. Region 1½, a start-up region, is a linear transition 

between Regions 1 and 2. This region is used to place a lower limit on the generator speed to limit the wind turbine’s 

operational speed range. Region 2½ is a linear transition between Regions 2 and 3 with a torque slope corresponding to 

the slope of an induction machine. Region 2½ is typically needed to limit tip speed at rated power. Fig. 31 shows the 

resulting generator-torque versus generator speed response curve. 

 

fig. 99: Torque vs speed response of the variable speed controller 

11.1.3. BASELINE BLADE-PITCH CONTROLLER 

The blade-pitch control goal is to regulate the generator speed, in region 3 the full-span rotor-collective blade-pitch-

angle starts to act based on the filtered generator speed and the rated generator speed. To simulate such model a one 

degree of freedom model, where the DOF is the angular rotation of the shaft has been implemented. The equation of 

motion that governs the control mechanism is 

2
0( ) ( )aero gear gen rotor gear gen Drivetrain

d
T N T I N I I

dt
         

where Taero is the low-speed shaft aerodynamic torque, Tgen is the high-speed shaft generator torque, Ngear is the high-

speed to low-speed gearbox ratio, IDrivetrain is the drivetrain inertia cast to the low-speed shaft, IRotor is the rotor inertia, Igen 
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is the generator inertia relative to the high-speed shaft, 0 is the rated low-speed shaft rotational speed,  is the 

small perturbation of low-speed shaft rotational speed about the rated speed,   is the low-speed shaft rotational 

acceleration, and t is the simulation time.  

Because the generator-torque controller maintains constant generator power in Region 3, the generator torque in Region 

3 is inversely proportional to the generator speed. 

0
gen

gear

PT N   

Where P0 is the rated mechanical power and  the low-speed is the shaft rotational speed. Similarly, assuming 

negligible variation of aerodynamic torque with rotor speed, the aerodynamic torque in region 3 is 

0

0

( , )
Aero

PT     

Where p is the mechanical power and θ the full-span rotor-collective blade-pitch angle. Using a first-order Taylor series 

expansion the previous equations can be determined in function of the rated parameters. 

0 0
2

0 0
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gear gear
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Where θ is a small perturbation of the blade-pitch angles about their operating point. 

0

t

p gear I gear D gearK N K N dt K N      
 

Where Kp, Kp, and Kp are the blade-pitch controller variables, integral, and derivative gains respectively. Setting 

    the equation of motion can be rewritten as   

0
2

0 0 0 0

1 1 1
Drivetrain Gear D Gear P Gear I

M C K

PP P P
I N K N K N K

  

 
  

                                            

   
  0 



It can be seen that the controller will respond as a second-order system with natural frequency, nw and damping ratio 

 , equal to 
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In an active pitch-to-feather wind turbine, the sensitivity of aerodynamic power to the rotor-collective blade-pitch angle, , 

is negative in Region 3. With positive control gains, then, the derivative term acts to increase the effective inertia of the 

drivetrain, the proportional term adds damping, and the integral term adds restoring. Also, because the generator torque 

drops with increasing speed error (to maintain constant power) in Region 3, one can see that the generator-torque 

controller introduces a negative damping in the speed error response
2

0 0/P  . This negative damping must be 

compensated by the proportional term in the blade-pitch controller. If the derivative gain is neglected ignoring the 

negative “damping” from the generator-torque controller, the direct expressions of Kp and KI can be obtained once the 

sensitivity of aerodynamic power to rotor-colective blade-pitch, /P     , is known. 

02 Drivetrain n
P

gear

I w
K

P
N

 






   

 

2
0 nDrivetrain

I

gear

I w
K

P
N








   

 

In the case of the NREL offshore 5-MW baseline wind turbine an estimation of the variation of power in region 3 with pitch 

angle is given in : 

Table  64: Sensitivity of aerodynamic power to blade pitch in region 3 

Wind Speed Rotor Speed Pitch Angle ∂P /∂θ 

11.4 - Rated 12.1 0.00 -28.24E+6
12.0 12.1 3.83 -43.73E+6
13.0 12.1 6.60 -51.66E+6
14.0 12.1 8.70 -58.44E+6
15.0 12.1 10.45 -64.44E+6
16.0 12.1 12.06 -70.46E+6
17.0 12.1 13.54 -76.53E+6
18.0 12.1 14.92 -83.94E+6
19.0 12.1 16.23 -90.67E+6
20.0 12.1 17.47 -94.71E+6
21.0 12.1 18.70 -99.04E+6
22.0 12.1 19.94 -105.90E+6
23.0 12.1 21.18 -114.30E+6
24.0 12.1 22.35 -120.20E+6
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25.0 12.1 23.47 -125.30E+6

In conclusion the gross data of the control system are sumerized here.   

Table  65: Baseline control system properties 

Corner Frequency of Generator-Speed Low-Pass Filter 0.25 Hz 

Peak Power Coefficient 0.482 

Tip-Speed Ratio at Peak Power Coefficient 7.55 

Rotor-Collective Blade-Pitch Angle at Peak Power Coefficient 0.0 º 
Generator-Torque Constant in Region 2 0.0255764 N•m/rpm2 

Rated Mechanical Power 5.296610 MW 

Rated Generator Torque 43,093.55 N•m 

Transitional Generator Speed between Regions 1 and 1½ 670 rpm 

Transitional Generator Speed between Regions 1½ and 2 871 rpm 

Transitional Generator Speed between Regions 2½ and 3 1,161.963 rpm 

Generator Slip Percentage in Region 2½ 10 % 

Minimum Blade Pitch for Ensuring Region 3 Torque 1 º 

Maximum Generator Torque 47,402.91 N•m 

Maximum Generator Torque Rate 15,000 N•m/s 

Proportional Gain at Minimum Blade-Pitch Setting 0.01882681 s 

Integral Gain at Minimum Blade-Pitch Setting 0.008068634 

Blade-Pitch Angle at which the Rotor Power Has Doubled 6.302336 º 

Minimum Blade-Pitch Setting 0 º 

Maximum Blade-Pitch Setting 90 º 

Maximum Absolute Blade Pitch Rate 8 º/s 

Equivalent Blade-Pitch-Actuator Linear-Spring Constant 971,350,000 N•m/rad 

Equivalent Blade-Pitch-Actuator Linear-Damping Constant 206,000 N•m/rad/s 
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ANNEX F: SOURCE CODE FOR BPUCMM 

function varargout = BPUCMM(varargin) 
% BPUCMM M-file for BPUCMM.fig 
%      BPUCMM, by itself, creates a new BPUCMM or raises the existing 
%      singleton*. 
% 
%      H = BPUCMM returns the handle to a new BPUCMM or the handle to 
%      the existing singleton*. 
% 
%      BPUCMM('CALLBACK',hObject,eventData,handles,...) calls the local 
%      function named CALLBACK in BPUCMM.M with the given input arguments. 
% 
%      BPUCMM('Property','Value',...) creates a new BPUCMM or raises the 
%      existing singleton*.  Starting from the left, property value pairs are 
%      applied to the GUI before BPUCMM_OpeningFcn gets called.  An 
%      unrecognized property name or invalid value makes property application 
%      stop.  All inputs are passed to BPUCMM_OpeningFcn via varargin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
  
% Edit the above text to modify the response to help BPUCMM 
  
% Last Modified by GUIDE v2.5 03-Jul-2012 14:40:14 
  
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @BPUCMM_OpeningFcn, ... 
                   'gui_OutputFcn',  @BPUCMM_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 
 
------------------------------------------------------- 
------------------------------------------------------- 
  
% --- Executes just before BPUCMM is made visible. 
function BPUCMM_OpeningFcn(hObject, eventdata, handles, varargin) 
% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
% varargin   command line arguments to BPUCMM (see VARARGIN) 
  
% Choose default command line output for BPUCMM 
handles.output = hObject; 
  
% Update handles structure 
guidata(hObject, handles); 
  
% UIWAIT makes BPUCMM wait for user response (see UIRESUME) 
% uiwait(handles.figure1); 
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% --- Outputs from this function are returned to the command line. 
function varargout = BPUCMM_OutputFcn(hObject, eventdata, handles)  
% varargout  cell array for returning output args (see VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Get default command line output from handles structure 
varargout{1} = handles.output; 
  
  
% --- Executes on button press in pushbutton1. 
function pushbutton1_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
Nova_david_cast 
  
% --- Executes on button press in pushbutton2. 
function pushbutton2_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
Martin_Houlsby_david_cast 
  
  
% --- Executes on button press in pushbutton3. 
function pushbutton3_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
close all 
 
function [ dfdV,dfdH,dfdM,dfdV0,dfdH0,dfdM0 ] = diffyield( V,H,M,a,V0,H0,M0 ) 
%DIFFYIELD Summary of this function goes here 
%   Detailed explanation goes here 
tol2 = 0.00000001*V0; 
if and(abs(H)<tol2,abs(M)<tol2) 
    dfdV = (4*V)/V0^2 + (4*(V/V0 - 1))/V0; 
    dfdH = 0.0; 
    dfdM = 0.0; 
    dfdV0 = - (4*V^2)/V0^3 - (4*V*(V/V0 - 1))/V0^2; 
    dfdH0 = 0.0; 
    dfdM0 = 0.0; 
else 
    dfdV = (4*V)/V0^2 + (4*(V/V0 - 1))/V0; 
    dfdH = ((2*H)/H0^2 - (2*M*a)/(H0*M0))/(2*(H^2/H0^2 + M^2/M0^2 - 
(2*H*M*a)/(H0*M0))^(1/2)); 
    dfdM = ((2*M)/M0^2 - (2*H*a)/(H0*M0))/(2*(H^2/H0^2 + M^2/M0^2 - 
(2*H*M*a)/(H0*M0))^(1/2)); 
    dfdV0 = - (4*V^2)/V0^3 - (4*V*(V/V0 - 1))/V0^2; 
    dfdH0 = -((2*H^2)/H0^3 - (2*H*M*a)/(H0^2*M0))/(2*(H^2/H0^2 + M^2/M0^2 - 
(2*H*M*a)/(H0*M0))^(1/2)); 
    dfdM0 = -((2*M^2)/M0^3 - (2*H*M*a)/(H0*M0^2))/(2*(H^2/H0^2 + M^2/M0^2 - 
(2*H*M*a)/(H0*M0))^(1/2)); 
end 
  
end 
------------------------------------------------------- 
------------------------------------------------------- 
function [ Kel, dKeli ] = Elmatrix( wp,G,R,apex ) 
%ELMATRIX Summary of this function goes here 
%   Detailed explanation goes here 
 %ahora vamos a interpolar los valores de rigidez adimensionales de la tabla 
%del paper de Martin y houslby table1. esto de aqui es la tabla para un 
%poisson de 0.5 
    dim_stiff1 = [ 
        0.0   180   8.197    5.563   5.554    -0.015; 
        0.0   150   8.3    5.768   5.945   -0.074; 
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        0.0   120   8.343  6.064   6.633   -0.486; 
        ]; 
    dim_stiff2 = [ 
        0.25  180   8.810  6.583  7.226  -0.402; 
        0.25  150   8.810  6.573  7.563  -0.450; 
        0.25  120   8.844  6.844  8.177  -0.817; 
        ]; 
    dim_stiff3 = [ 
        0.5   180   9.254  7.163  7.590  -0.569; 
        0.5   150   9.251  7.130  7.954  -0.609; 
        0.5   120   9.283  7.374  8.610  -0.976; 
        ]; 
    dim_stiff4 = [ 
        1.0   180   9.986  7.674  7.701  -0.733; 
        1.0   150   10.070  7.827  8.121  -0.707; 
        1.0   120   9.981  7.895  9.174  -1.075; 
        ]; 
     
    % Interpolacion de los parametros adimensionales de rigidez, segun el 
    % apex, obtenemos una tabla que corresponde a dicho apex 
    K11 = interp1(dim_stiff1(:,2),dim_stiff1(:,3),apex); 
    K12 = interp1(dim_stiff1(:,2),dim_stiff1(:,4),apex); 
    K13 = interp1(dim_stiff1(:,2),dim_stiff1(:,5),apex); 
    K14 = interp1(dim_stiff1(:,2),dim_stiff1(:,6),apex); 
     
    K21 = interp1(dim_stiff2(:,2),dim_stiff2(:,3),apex); 
    K22 = interp1(dim_stiff2(:,2),dim_stiff2(:,4),apex); 
    K23 = interp1(dim_stiff2(:,2),dim_stiff2(:,5),apex); 
    K24 = interp1(dim_stiff2(:,2),dim_stiff2(:,6),apex); 
     
    K31 = interp1(dim_stiff3(:,2),dim_stiff3(:,3),apex); 
    K32 = interp1(dim_stiff3(:,2),dim_stiff3(:,4),apex); 
    K33 = interp1(dim_stiff3(:,2),dim_stiff3(:,5),apex); 
    K34 = interp1(dim_stiff3(:,2),dim_stiff3(:,6),apex); 
     
    K41 = interp1(dim_stiff4(:,2),dim_stiff4(:,3),apex); 
    K42 = interp1(dim_stiff4(:,2),dim_stiff4(:,4),apex); 
    K43 = interp1(dim_stiff4(:,2),dim_stiff4(:,5),apex); 
    K44 = interp1(dim_stiff4(:,2),dim_stiff4(:,6),apex); 
%tabla que contendria los parametros de rigidez adimensional para un apex 
%definido, (0,0.25,0.5,1) es la relación wp/Diametros (wp es el 
%hincamiento) HE HECHO UN TRAPI PARA QUE LAS INTERPOLACIONES NO SE VUELVAN 
%LOCAS FUERA DEL DOMINIO 
    dim_stiff = [ 0 K11 K12 K13 K14; 
                0.25 K21 K22 K23 K24; 
                0.5 K31 K32 K33 K34; 
                1.0 K41 K42 K43 K44; 
                2.0 K41 K42 K43 K44; 
                3.0 K41 K42 K43 K44; 
                4.0 K41 K42 K43 K44;]; 
    D2R = wp/(2*R); 
             
    K1 = interp1(dim_stiff(:,1),dim_stiff(:,2),D2R); 
    K2 = interp1(dim_stiff(:,1),dim_stiff(:,3),D2R); 
    K3 = interp1(dim_stiff(:,1),dim_stiff(:,4),D2R); 
    K4 = interp1(dim_stiff(:,1),dim_stiff(:,5),D2R); 
     
    KK1 = interp1(dim_stiff(:,1),dim_stiff(:,2),D2R+0.1); 
    KK2 = interp1(dim_stiff(:,1),dim_stiff(:,3),D2R+0.1); 
    KK3 = interp1(dim_stiff(:,1),dim_stiff(:,4),D2R+0.1); 
    KK4 = interp1(dim_stiff(:,1),dim_stiff(:,5),D2R+0.1); 
    %Matriz elastica         
    Kel = [ K1*G*R  0.00 0.00; 0.00 K3*G*R K4*G*R^2; 0.00 K4*G*R^2 K2*G*R^3;]; 
    Keli = Kel^-1; 
    %Matriz elastica para calcular la derivada 
    KKel =[ KK1*G*R  0.00 0.00; 0.00 KK3*G*R KK4*G*R^2; 0.00 KK4*G*R^2 KK2*G*R^3;]; 
    KKeli = KKel^-1; 
    dKeli =(KKeli-Keli)/(0.1*2*R); 
  
end 
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------------------------------------------------------- 
------------------------------------------------------- 
function [Kep] = Epmatrix( V,H,M,dseta,a,wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ) 
%EPMATRIX Esta función evalúa la matriz elastoplastica para el caso de 
%tensiones y parametros de historia mencionado 
%   Detailed explanation goes here 
  
[ V0,H0,M0,G ] = state( wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ); 
[ dfdV,dfdH,dfdM,dfdV0,dfdH0,dfdM0 ] = diffyield( V,H,M,a,V0,H0,M0 ); 
[ Kel, dKeli ] = Elmatrix( wp,G,R,apex ); 
  
[ Nc,dNcdwp ] = Eval_Nc_dNcdwp( apex,ro,wp,Roughness,R ); 
Su = Sum + ro*wp; 
  
dV0dwp = pi()*R^2*(dNcdwp*Su+ro*Nc+gamma); 
dH0dwp = pi()*R^2*ho*(dNcdwp*Su+ro*Nc); 
dM0dwp = mo*2*pi()*R^3*(dNcdwp*Su+ro*Nc+gamma); 
dfdwp = dfdV0*dV0dwp+dfdH0*dH0dwp+dfdM0*dM0dwp; 
sig = [V,H,M]'; 
dfdsig = [dfdV,dfdH,dfdM]'; 
dgdsig = [dseta*dfdV,dfdH,dfdM]'; 
  
denominador = -dfdwp*dseta*dfdV+dfdsig'*Kel*(dgdsig+dseta*dfdV*dKeli*sig); 
  
Kep = Kel - (Kel*(dgdsig+dfdV*dseta*dKeli*sig)*dfdsig'*Kel)/denominador; 
  
  
  
end 
 
------------------------------------------------------- 
------------------------------------------------------- 
function [ Nc,dNcdwp ] = Eval_Nc_dNcdwp( apex,ro,wp,Roughness,R ) 
%EVAL_NC_DNCDWP Summary of this function goes here 
%   Detailed explanation goes here 
D2R = wp/(2*R); 
ro2R = ro/(2*R); 
i_apex = [120, 150, 180]; 
i_ro = [0,1,2,3,4,5]; 
i_D2R = [0.0,0.1,0.25,0.5,1.0,2.5]; 
i_alpha = [0.0,0.2,0.4,0.6,0.8,1.0]; 
Nc_matrix = zeros(3,6,6,6); 
Nc_matrix (1,1,:,:)=[4.96   5.25    5.51    5.73    5.92    6.05 
5.23    5.52    5.77    5.99    6.17    6.3 
5.57    5.85    6.1 6.31    6.49    6.62 
6.04    6.31    6.55    6.76    6.93    7.05 
6.74    7.01    7.24    7.44    7.61    7.72 
8.67    8.32    8.55    8.75    8.9 8.99]; 
  
Nc_matrix(1,2,:,:)=[5.69    6.04    6.36    6.65    6.89    7.09 
5.89    6.24    6.55    6.112   7.07    7.26 
6.12    6.45    6.76    7.02    7.26    7.45 
6.39    6.72    7.01    7.27    7.48    7.66 
6.8 7.1 7.37    7.61    7.82    7.97 
7.52    7.82    8.08    8.29    8.49    8.61]; 
  
Nc_matrix(1,3,:,:) = [ 6.38 6.79    7.16    7.5 7.8 8.04 
6.41    6.8 7.16    7.47    7.75    7.97 
6.46    6.83    7.17    7.46    7.72    7.94 
6.56    6.91    7.22    7.49    7.74    7.92 
6.8 7.12    7.4 7.65    7.87    8.03 
7.43    7.72    7.99    8.21    8.41    8.53]; 
  
Nc_matrix(1,4,:,:) = [7.04  7.51    7.93    8.31    8.66    8.93 
6.84    7.27    7.65    8   8.31    8.57 
6.71    7.09    7.45    7.76    8.05    8.27 
6.66    7.02    7.34    7.63    7.88    8.08 
6.81    7.11    7.41    7.67    7.89    8.06 
7.38    7.68    7.95    8.17    8.38    8.51]; 
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Nc_matrix(1,5,:,:) = [7.7   8.22    8.69    9.11    9.49    9.81 
7.2 7.66    8.07    8.44    8.77    9.03 
6.88    7.28    7.65    7.98    8.27    8.53 
6.72    7.08    7.42    7.71    7.97    8.18 
6.8 7.12    7.41    7.68    7.9 8.08 
7.39    7.66    7.93    8.15    8.36    8.49]; 
  
Nc_matrix(1,6,:,:) = [8.35  8.91    9.43    9.89    10.31   10.67 
7.52    7.99    8.43    8.82    9.18    9.45 
7.01    7.43    7.81    8.15    8.45    8.72 
6.77    7.13    7.47    7.77    8.03    8.25 
6.8 7.12    7.42    7.69    7.91    8.09 
7.34    7.64    7.91    8.14    8.34    8.48]; 
  
Nc_matrix(2,1,:,:) = [ 5.32 5.55    5.74    5.89    6.01    6.05 
5.6 5.82    6   6.16    6.26    6.3 
5.94    6.16    6.34    6.49    6.59    6.61 
6.41    6.62    6.8 6.94    7.03    7.05 
7.13    7.32    7.49    7.62    7.71    7.72 
8.46    8.65    8.81    8.93    8.99    8.99]; 
  
Nc_matrix(2,2,:,:) = [ 5.94 6.22    6.46    6.67    6.84    6.97 
6.16    6.43    6.67    6.87    7.04    7.15 
6.41    6.67    6.9 7.09    7.25    7.36 
6.71    6.96    7.18    7.36    7.51    7.6 
7.13    7.36    7.57    7.73    7.86    7.95 
7.91    8.12    8.31    8.44    8.56    8.61]; 
  
Nc_matrix(2,3,:,:) = [6.5   6.82    7.11    7.35    7.57    7.73 
6.59    6.9 7.16    7.4 7.59    7.74 
6.69    6.98    7.23    7.45    7.63    7.76 
6.84    7.1 7.34    7.54    7.7 7.82 
7.11    7.35    7.57    7.74    7.89    7.99 
7.81    8.01    8.21    8.35    8.47    8.53]; 
  
Nc_matrix(2,4,:,:) = [ 7.03 7.4 7.72    7.98    8.24    8.43 
6.94    7.27    7.56    7.81    8.03    8.21 
6.88    7.18    7.45    7.68    7.88    8.03 
6.91    7.18    7.43    7.63    7.81    7.94 
7.1 7.35    7.57    7.75    7.9 8 
7.76    7.97    8.16    8.31    8.43    8.49]; 
  
Nc_matrix(2,5,:,:) = [ 7.55 7.94    8.3 8.58    8.88    9.1 
7.23    7.58    7.89    8.16    8.4 8.59 
7.02    7.34    7.62    7.86    8.07    8.23 
6.95    7.23    7.49    7.7 7.88    8.01 
7.09    7.34    7.56    7.75    7.9 8 
7.72    7.94    8.13    8.29    8.41    8.47]; 
  
Nc_matrix(2,6,:,:) = [ 8.05 8.48    8.86    9.19    9.48    9.74 
7.46    7.83    8.16    8.44    8.69    8.9 
7.13    7.45    7.74    7.99    8.2 8.37 
6.99    7.27    7.53    7.74    7.93    8.07 
7.09    7.34    7.56    7.75    7.91    8.01 
7.7 7.93    8.12    8.27    8.4 8.46]; 
  
Nc_matrix(3,1,:,:) = [ 5.69 5.86    5.97    6.03    6.05    6.05 
5.97    6.13    6.24    6.29    6.3 6.3 
6.31    6.47    6.57    6.61    6.61    6.61 
6.79    6.93    7.02    7.05    7.05    7.05 
7.49    7.63    7.7 7.71    7.71    7.71 
8.82    8.94    8.99    8.99    8.99    8.99]; 
  
Nc_matrix(3,2,:,:) = [6.25  6.47    6.65    6.79    6.9 6.95 
6.48    6.69    6.87    7   7.1 7.14 
6.74    6.94    7.11    7.23    7.32    7.35 
7.05    7.24    7.39    7.51    7.58    7.6 
7.47    7.64    7.79    7.88    7.93    7.94 
8.26    8.32    8.52    8.6 8.61    8.61]; 
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Nc_matrix(3,3,:,:) = [ 6.73 6.98    7.2 7.39    7.53    7.63 
6.85    7.08    7.3 7.46    7.59    7.68 
6.98    7.2 7.39    7.55    7.66    7.72 
7.15    7.36    7.53    7.67    7.76    7.8 
7.45    7.63    7.78    7.9 7.96    7.98 
8.16    8.27    8.43    8.5 8.53    8.53]; 
  
Nc_matrix(3,4,:,:) = [7.16  7.45    7.69    7.91    8.08    8.21 
7.13    7.4 7.62    7.81    7.96    8.07 
7.15    7.37    7.58    7.75    7.88    7.96 
7.21    7.42    7.61    7.75    7.86    7.91 
7.43    7.62    7.78    7.9 7.97    7.99 
8.13    8.23    8.38    8.46    8.49    8.49]; 
  
Nc_matrix(3,5,:,:) = [ 7.56 7.87    8.15    8.38    8.58    8.73 
7.38    7.64    7.89    8.09    8.26    8.39 
7.26    7.5 7.71    7.89    8.03    8.13 
7.25    7.46    7.65    7.8 7.92    7.98 
7.44    7.61    7.77    7.89    7.97    8 
8.09    8.19    8.36    8.44    8.47    8.47]; 
  
Nc_matrix(3,6,:,:) = [7.94  8.27    8.57    8.83    9.05    9.23 
7.56    7.85    8.1 8.32    8.5 8.64 
7.34    7.59    7.81    8   8.15    8.25 
7.27    7.49    7.68    7.84    7.96    8.02 
7.43    7.6 7.77    7.89    7.97    8 
8.07    8.18    8.35    8.43    8.46    8.46]; 
  
    Nc = interpn(i_apex,i_ro,i_D2R,i_alpha,Nc_matrix,apex,ro2R,D2R,Roughness,'linear'); 
    if D2R+0.1 > 2.5 
    Ncplus = 
interpn(i_apex,i_ro,i_D2R,i_alpha,Nc_matrix,apex,ro2R,D2R,Roughness,'linear'); 
    else 
    Ncplus = 
interpn(i_apex,i_ro,i_D2R,i_alpha,Nc_matrix,apex,ro2R,D2R+0.1,Roughness,'linear'); 
    end 
    dNcdwp = (Ncplus-Nc)/(0.1*R*2); 
  
end 
------------------------------------------------------- 
------------------------------------------------------- 
%este el el algoritmo imponiendo desplazamientos 
  
% clear all 
% close all 
% clc 
%  
% INPUTS_DESP 
%  
%  
% disp(' ') 
% disp(' ') 
% disp('START') 
% format short; 
% TI=datestr(now); 
% disp(TI) 
  
% parametro de historia inicial wp corresponde al "embedment" INICIALMENTE 
  
  
%Le añade una columna de 0's a la derecha) y replica la columna 1 en la 8  
Desp(1,8) = 0; 
Desp(:,8) = Desp(:,1); 
Desptotstep = max(size(Desp(:,1))); 
  
nn = 1; 
 attach5rec = [ ]; 
 attach6rec = [ ]; 
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 attach7rec = [ ]; 
nTotStep = max(Desp(:,8)); 
  
for i = 2:4 
    strainpath(:,i) = interp1(Desp(:,8),Desp(:,i),[0:1:nTotStep]'); 
end 
strainpath(:,1) = interp1(Desp(:,8),Desp(:,8),[0:1:nTotStep]'); 
  
%Strainpath almacena las condiciones dV,dH,dM = 0 
  
for j = 2:Desptotstep 
    if Desp(j,5) == 0 
        atach5 = zeros(Desp(j,1)-Desp(j-1,1),1); 
         
    elseif Desp(j,5) == 1 
        atach5 = ones(Desp(j,1)-Desp(j-1,1),1); 
    else 
        disp('El valor debe estar entre 0 o 1') 
        return 
    end 
     
    if Desp(j,6) == 0 
        atach6 = zeros(Desp(j,1)-Desp(j-1,1),1); 
         
    elseif Desp(j,6) == 1 
        atach6 = ones(Desp(j,1)-Desp(j-1,1),1); 
    else 
        disp('El valor debe estar entre 0 o 1') 
        return 
        end 
         
    if Desp(j,7) == 0 
        atach7 = zeros(Desp(j,1)-Desp(j-1,1),1); 
         
    elseif Desp(j,7) == 1 
        atach7 = ones(Desp(j,1)-Desp(j-1,1),1); 
    else 
        disp('El valor debe estar entre 0 o 1') 
        return 
    end 
    attach5rec = [attach5rec;atach5]; 
    attach6rec = [attach6rec;atach6]; 
    attach7rec = [attach7rec;atach7]; 
end 
  
strainpath(:,5) = [0;attach5rec]; 
strainpath(:,6) = [0;attach6rec]; 
strainpath(:,7) = [0;attach7rec]; 
  
  
%Ahora crearemos los estados de carga mediante interpolación obtenemos 
%V,H,M en cada paso 
  
% sp es la matriz que contiene  w,u,theta introducidos el cambio de 
% anlgulos a rad lo hago en la introducciond e los inputs asi que no toques 
% nada 
sp = strainpath(:,2:4); 
  
%AHORA PASAMOS A VARIABLES DE CONTROL Y ALAMACENAMIENTO DE DATOS 
% variables de control que son vectores 
  
%esto es un contador 
nn = 1; 
%esto es como un op boleano, si es = 1 el loop creado por el while queda 
%roto 
failure = 0; 
%Parámetro de hardening, corresponde a la deformación plastica vertical 
wp = [wpi]; 
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%Estos tambien son parametros de hardening pero dependen de wp aunque el 
%que controla es V0 (tiene una relación biunivoca con wp) 
V0 = [V0i]; 
H0 = [H0i]; 
M0 = [M0i]; 
Q = [Qi]; 
q = [qi]'; 
%matrices donde almacenar las variables en cada paso (nombre de la 
%variable+rec)  
qrec=[q']; 
Qrec=[Q']; 
wprec =[wp]; 
historyrec= [V0,H0,M0]; 
nnrec = [1]; 
  
  
  
% figure(1) 
% %superficie3d = Pintasup( V0,H0,M0,1,a ); 
% spath = plot3(Qrec(:,1),Qrec(:,2),Qrec(:,3),'-'); 
figure(1) 
superficie3d =  Pintasup( V0,H0,M0,1,a,Vax,Hax,Max ); 
hold on  
grid on 
  
  
while and(nn<nTotStep+1,failure==0) %loop de para cada dq 
     
     
     
    nn = nn+1; 
    %Incremento de desplazamientos 
    dq = (sp(nn,:)-sp(nn-1,:))'; 
     
    %condicion de dV dH dM = 0 
    DOF_V = strainpath(nn,5); 
    DOF_H = strainpath(nn,6); 
    DOF_M = strainpath(nn,7); 
     
    %Algunos parametros se calculan al inicio del nuevo paso (G, Su, Wp, 
    %D2R, ) 
    [ V0,H0,M0,G ] = state( wp,GSu,Sum,ro,R,gammater,ho,mo,Roughness,apex ); 
     
    %Calculamos la matriz elastica y la inversa de su derivada 
     
    [ Kel, dKeli ] = Elmatrix( wp,G,R,apex ); 
     
    %Actualizamos dq que cumpla que dV,dH,dM = 0  
     
    dqout = trail_mod(dq,Kel,DOF_V,DOF_H,DOF_M); 
     
    %Evaluammos donde estamos de la superficie de rotura al principio y 
    %final del incremento 
    dQtrial = Kel*dqout; 
    f_fin = yield (Q(1)+dQtrial(1),Q(2)+dQtrial(2),Q(3)+dQtrial(3),V0,H0,M0,a); 
    f_in  = yield (Q(1),Q(2),Q(3),V0,H0,M0,a); 
     
  
    %trial stress 
  
    if f_fin<Ytol && f_in<Ytol 
        disp(' ') 
        disp(sprintf('Incremento %d/%d elástico',nn-1,nTotStep)) 
        disp(' ') 
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        Q = Q + dQtrial; 
        q = q + dqout; 
     
  
         
%     elseif f_fin>0 && f_in<=0 && abs(f_in)<=abs(Ytol)  
%         disp('caso raro') 
%             %Esto es una cosa de control que recomiendo Potts para evitar algun 
%             %caso raro 
%             [dfdV,dfdH,dfdM,dfdV0]=diffyield( Q,V0,a,ho,mo,R,tol2 ); 
%             control = [dfdV,dfdH,dfdM]*Kel*dq; 
%  
%         if control > 0 %casos especiales libro de Potts 
%            disp('Caso totalmente elastoplastico')  
%             
%         elseif control <0 
%              disp('caso raro tipo 2') 
%             %pongo un 50porciento para evitar cortar la superficie en origen 
%             amin = 0.5; %!!! 
%             amed = 1; 
%             amed2 = 0; 
%             amax = 1; 
%             fmed = 1; 
%         end 
  
  
       
         
    elseif f_fin>Ytol && f_in<=Ytol 
        disp(' ') 
        disp(sprintf('Incremento %d/%d elastoplastico',nn-1,nTotStep)) 
        disp(' ') 
         
        [Keptrial] = Epmatrix( 
Q(1),Q(2),Q(3),dseta,a,wp,GSu,Sum,ro,R,gammater,ho,mo,Roughness,apex ); 
        [ dq ] = trail_mod( dq,Keptrial,DOF_V,DOF_H,DOF_M ); 
         
       [ dQ,wp,q_p_sub,Q,Ytol ] = substep_disp( 
dq,Q,dig,wp,GSu,Sum,ro,R,gammater,ho,mo,Roughness,apex,a,dseta ); 
        %Lo primero es determinar el punto en el que corta la sup de 
        %fluencia con método secante 
        q = q + dq; 
        [ V0,H0,M0,G ] = state( wp,GSu,Sum,ro,R,gammater,ho,mo,Roughness,apex ); 
        pause(0.3) 
        figure(1) 
        clf 
        superficie3d = Pintasup( V0,H0,M0,1,a,Vax,Hax,Max ); 
        hold on 
        spath = plot3(Qrec(:,1),Qrec(:,2),Qrec(:,3),'-'); 
    else 
         
        disp('algo falla en la casuistica') 
         
    end 
  
    %actualizamos Q y q, wp y V0 H0 M0 
     
    [ V0,H0,M0,G ] = state( wp,GSu,Sum,ro,R,gammater,ho,mo,Roughness,apex ); 
    history = [V0,H0,M0]; 
    [qrec] = [qrec;q']; 
    [Qrec] = [Qrec;Q']; 
    [wprec] = [wprec;wp]; 
    [historyrec] = [historyrec;history]; 
    [nnrec] = [nnrec;nn]; 
     
     
    %figura actualizandose 
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    figure(1) 
     
    %superficie3d = Pintasup( V0,H0,M0,1,a ); 
  
    spath = plot3(Qrec(:,1),Qrec(:,2),Qrec(:,3),'-'); 
    grid on 
    hold on 
  
end 
%Figura 2 Stress path 
[ VMsupi, VMinfi ] = planoVM( M0i,V0i ); 
[ VHsupi, VHinfi ] = planoVH( H0i,V0i ); 
[ MHsupi,MHinfi ] = planoMH( H0i,M0i,a ); 
V_axisi = linspace(0,V0i); 
H_axisi = linspace(-1.054*H0i,1.054*H0i); 
  
[ VMsup, VMinf ] = planoVM( M0,V0 ); 
[ VHsup, VHinf ] = planoVH( H0,V0 ); 
[ MHsup,MHinf ] = planoMH( H0,M0,a ); 
V_axis = linspace(0,V0); 
H_axis = linspace(-1.054*H0,1.054*H0); 
  
figure(2) 
clf 
set(gcf,'Name','Trayectorias de fuerzas'); 
subplot(2,2,1:2) 
  
plot(Qrec(:,2),Qrec(:,3)) 
hold on 
plot(H_axisi,MHsupi,'k--') 
plot(H_axisi,MHinfi,'k--') 
plot(H_axis,MHsup,'k') 
plot(H_axis,MHinf,'k') 
hold off 
title('Plano: H-M') 
xlabel('H (KN)') 
ylabel('M (KN·m)') 
legend('Trayectoria de tensiones','Superficie Inicial','' ,'Superficie Final') 
subplot(2,2,3) 
plot(Qrec(:,1),Qrec(:,2)) 
hold on 
plot(V_axisi,VHsupi,'k--') 
plot(V_axisi,VHinfi,'k--') 
plot(V_axis,VHsup,'k') 
plot(V_axis,VHinf,'k') 
hold off 
title('Plano: V-H') 
xlabel('V (KN)') 
ylabel('H (KN)') 
subplot(2,2,4) 
plot(Qrec(:,1),Qrec(:,3)) 
hold on 
plot(V_axisi,VMsupi,'k--') 
plot(V_axisi,VMinfi,'k--') 
plot(V_axis,VMsup,'k') 
plot(V_axis,VMinf,'k') 
hold off 
title('Plano: V-M') 
xlabel('V (KN)') 
ylabel('M (KN·m)') 
  
  
%Figura 3 Strain path 
figure(3) 
clf 
set(gcf,'Name','Trayectorias de desplazamientos'); 
subplot(2,2,1:2) 
plot(qrec(:,2),(180/pi())*qrec(:,3)) 
title('Plano: Desplazamiento Horizontal - Giro') 
xlabel('u (m)') 
ylabel('Theta (º)') 
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subplot(2,2,3) 
plot(qrec(:,1),qrec(:,2)) 
title('Plano: Vert - Hor') 
xlabel('w (m)') 
ylabel('u (m)') 
subplot(2,2,4) 
plot(qrec(:,1),(180/pi())*qrec(:,3)) 
title('Plano: Vert - Giro') 
xlabel('w (m)') 
ylabel('Theta (º)') 
  
%Figura 4 Curvas fuerza - desplazamiento 
figure(4) 
clf 
set(gcf,'Name','Fuerzas vs Desplazamientos'); 
subplot(3,1,1) 
plot(qrec(:,1),Qrec(:,1)) 
title('Fuerza vertical - Desplazamiento vertical') 
xlabel('w (m)') 
ylabel('V (KN)') 
subplot(3,1,2) 
plot(qrec(:,2),Qrec(:,2)) 
title('Fuerza horizontal - Desplazamiento horizontal') 
xlabel('u (m)') 
ylabel('H (KN)') 
subplot(3,1,3) 
plot((180/pi())*qrec(:,3),Qrec(:,3)) 
title('Momento - Giro') 
xlabel('Theta (º)') 
ylabel('M (KN·m)') 
  
%Figura 5 Curvas fuerza - Incremento 
figure(5) 
clf 
set(gcf,'Name','Fuerzas vs Incrementos'); 
subplot(3,1,1) 
plot(nnrec,Qrec(:,1)) 
hold on 
plot(nnrec,historyrec(:,1),'k') 
hold off 
title('Fuerza vertical - Incremento') 
xlabel('Incremento') 
ylabel('V (KN)') 
legend('V','V0') 
subplot(3,1,2) 
plot(nnrec,Qrec(:,2)) 
hold on 
plot(nnrec,historyrec(:,2),'k') 
hold off 
title('Fuerza horizontal - Incremento') 
xlabel('Incremento') 
ylabel('H (KN)') 
legend('H','H0') 
subplot(3,1,3) 
plot(nnrec,Qrec(:,3)) 
hold on 
plot(nnrec,historyrec(:,3),'k') 
hold off 
title('Momento - Incremento') 
xlabel('Incremento') 
ylabel('M (KN·m)') 
legend('M','M0') 
  
%Figura 6 Curvas Desplazamiento - Incremento 
figure(6) 
clf 
set(gcf,'Name','Desplazamientos vs Incrementos'); 
subplot(3,1,1) 
plot(nnrec,qrec(:,1)) 
hold on 
plot(nnrec,wprec,'k') 
hold off 
title('Desplazamiento Vertical - Incremento') 
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xlabel('Incremento') 
ylabel('w (m)') 
legend('w','wp') 
subplot(3,1,2) 
plot(nnrec,qrec(:,2)) 
  
  
title('Desplazamiento horizontal - Incremento') 
xlabel('Incremento') 
ylabel('u (m)') 
subplot(3,1,3) 
plot(nnrec,(180/pi())*qrec(:,3)) 
  
title('Giro - Incremento') 
xlabel('Incremento') 
ylabel('Theta (º)') 
------------------------------------------------------- 
------------------------------------------------------- 
function varargout = Martin_Houlsby_david_cast(varargin) 
% MARTIN_HOULSBY_DAVID_CAST M-file for Martin_Houlsby_david_cast.fig 
%      MARTIN_HOULSBY_DAVID_CAST, by itself, creates a new MARTIN_HOULSBY_DAVID_CAST or 
raises the existing 
%      singleton*. 
% 
%      H = MARTIN_HOULSBY_DAVID_CAST returns the handle to a new 
MARTIN_HOULSBY_DAVID_CAST or the handle to 
%      the existing singleton*. 
% 
%      MARTIN_HOULSBY_DAVID_CAST('CALLBACK',hObject,eventData,handles,...) calls the 
local 
%      function named CALLBACK in MARTIN_HOULSBY_DAVID_CAST.M with the given input 
arguments. 
% 
%      MARTIN_HOULSBY_DAVID_CAST('Property','Value',...) creates a new 
MARTIN_HOULSBY_DAVID_CAST or raises the 
%      existing singleton*.  Starting from the left, property value pairs are 
%      applied to the GUI before Martin_Houlsby_david_cast_OpeningFcn gets called.  An 
%      unrecognized property name or invalid value makes property application 
%      stop.  All inputs are passed to Martin_Houlsby_david_cast_OpeningFcn via 
varargin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
  
% Edit the above text to modify the response to help Martin_Houlsby_david_cast 
  
% Last Modified by GUIDE v2.5 23-Jul-2012 16:56:37 
  
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @Martin_Houlsby_david_cast_OpeningFcn, ... 
                   'gui_OutputFcn',  @Martin_Houlsby_david_cast_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 
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% --- Executes just before Martin_Houlsby_david_cast is made visible. 
function Martin_Houlsby_david_cast_OpeningFcn(hObject, eventdata, handles, varargin) 
% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
% varargin   command line arguments to Martin_Houlsby_david_cast (see VARARGIN) 
  
% Choose default command line output for Martin_Houlsby_david_cast 
handles.output = hObject; 
  
% Update handles structure 
guidata(hObject, handles); 
  
% UIWAIT makes Martin_Houlsby_david_cast wait for user response (see UIRESUME) 
% uiwait(handles.figure1); 
  
  
% --- Outputs from this function are returned to the command line. 
function varargout = Martin_Houlsby_david_cast_OutputFcn(hObject, eventdata, handles)  
% varargout  cell array for returning output args (see VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Get default command line output from handles structure 
varargout{1} = handles.output; 
  
  
  
function D1_Callback(hObject, eventdata, handles) 
% hObject    handle to D1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of D1 as text 
%        str2double(get(hObject,'String')) returns contents of D1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function D1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to D1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function B1_Callback(hObject, eventdata, handles) 
% hObject    handle to B1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of B1 as text 
%        str2double(get(hObject,'String')) returns contents of B1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function B1_CreateFcn(hObject, eventdata, handles) 
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% hObject    handle to B1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function delta1_Callback(hObject, eventdata, handles) 
% hObject    handle to delta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of delta1 as text 
%        str2double(get(hObject,'String')) returns contents of delta1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function delta1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to delta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function qlat1_Callback(hObject, eventdata, handles) 
% hObject    handle to qlat1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of qlat1 as text 
%        str2double(get(hObject,'String')) returns contents of qlat1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function qlat1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to qlat1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function Dr1_Callback(hObject, eventdata, handles) 
% hObject    handle to Dr1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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% Hints: get(hObject,'String') returns contents of Dr1 as text 
%        str2double(get(hObject,'String')) returns contents of Dr1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function Dr1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to Dr1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function roc1_Callback(hObject, eventdata, handles) 
% hObject    handle to roc1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of roc1 as text 
%        str2double(get(hObject,'String')) returns contents of roc1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function roc1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to roc1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function fiter1_Callback(hObject, eventdata, handles) 
% hObject    handle to fiter1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of fiter1 as text 
%        str2double(get(hObject,'String')) returns contents of fiter1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function fiter1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to fiter1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function gammater1_Callback(hObject, eventdata, handles) 
% hObject    handle to gammater1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of gammater1 as text 
%        str2double(get(hObject,'String')) returns contents of gammater1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function gammater1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to gammater1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function kh1_Callback(hObject, eventdata, handles) 
% hObject    handle to kh1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of kh1 as text 
%        str2double(get(hObject,'String')) returns contents of kh1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function kh1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to kh1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function kv1_Callback(hObject, eventdata, handles) 
% hObject    handle to kv1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of kv1 as text 
%        str2double(get(hObject,'String')) returns contents of kv1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function kv1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to kv1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
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% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function V0i1_Callback(hObject, eventdata, handles) 
% hObject    handle to V0i1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of V0i1 as text 
%        str2double(get(hObject,'String')) returns contents of V0i1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function V0i1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to V0i1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function km1_Callback(hObject, eventdata, handles) 
% hObject    handle to gamma1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of gamma1 as text 
%        str2double(get(hObject,'String')) returns contents of gamma1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function km1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to gamma1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function coi1_Callback(hObject, eventdata, handles) 
% hObject    handle to coi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of coi1 as text 
%        str2double(get(hObject,'String')) returns contents of coi1 as a double 
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% --- Executes during object creation, after setting all properties. 
function coi1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to coi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function cvi1_Callback(hObject, eventdata, handles) 
% hObject    handle to cvi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of cvi1 as text 
%        str2double(get(hObject,'String')) returns contents of cvi1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function cvi1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to cvi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function e21_Callback(hObject, eventdata, handles) 
% hObject    handle to e21 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of e21 as text 
%        str2double(get(hObject,'String')) returns contents of e21 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function e21_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to e21 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function cri1_Callback(hObject, eventdata, handles) 
% hObject    handle to cri1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of cri1 as text 
%        str2double(get(hObject,'String')) returns contents of cri1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function cri1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to cri1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function coes1_Callback(hObject, eventdata, handles) 
% hObject    handle to coes1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of coes1 as text 
%        str2double(get(hObject,'String')) returns contents of coes1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function coes1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to coes1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function beta11_Callback(hObject, eventdata, handles) 
% hObject    handle to beta11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of beta11 as text 
%        str2double(get(hObject,'String')) returns contents of beta11 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function beta11_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to beta11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
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if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function R01_Callback(hObject, eventdata, handles) 
% hObject    handle to R01 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of R01 as text 
%        str2double(get(hObject,'String')) returns contents of R01 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function R01_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to R01 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function beta21_Callback(hObject, eventdata, handles) 
% hObject    handle to beta21 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of beta21 as text 
%        str2double(get(hObject,'String')) returns contents of beta21 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function beta21_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to beta21 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function chi1_Callback(hObject, eventdata, handles) 
% hObject    handle to chi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of chi1 as text 
%        str2double(get(hObject,'String')) returns contents of chi1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 



183 

 

function chi1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to chi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function dseta1_Callback(hObject, eventdata, handles) 
% hObject    handle to dseta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of dseta1 as text 
%        str2double(get(hObject,'String')) returns contents of dseta1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function dseta1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to dseta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function gamma1_Callback(hObject, eventdata, handles) 
% hObject    handle to gamma1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of gamma1 as text 
%        str2double(get(hObject,'String')) returns contents of gamma1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function gamma1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to gamma1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function alfa1_Callback(hObject, eventdata, handles) 
% hObject    handle to alfa1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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% Hints: get(hObject,'String') returns contents of alfa1 as text 
%        str2double(get(hObject,'String')) returns contents of alfa1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function alfa1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to alfa1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function pausafot1_Callback(hObject, eventdata, handles) 
% hObject    handle to pausafot1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of pausafot1 as text 
%        str2double(get(hObject,'String')) returns contents of pausafot1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function pausafot1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to pausafot1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function tol1_Callback(hObject, eventdata, handles) 
% hObject    handle to tol1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of tol1 as text 
%        str2double(get(hObject,'String')) returns contents of tol1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function tol1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to tol1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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% --- Executes on button press in pushbutton1. 
function pushbutton1_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
%Aquí tomo las variables de las Editbox de GUIDE 
  
R = 0.5*str2num(get(handles.B1,'String')); 
D = str2num(get(handles.L1,'String')); 
wpi = D; 
  
a = str2num(get(handles.a1,'String')); 
apex = str2num(get(handles.D1,'String')); 
Roughness = str2num(get(handles.apex1,'String')); 
gammater = str2num(get(handles.gamma1,'String')); 
Sum = str2num(get(handles.cu1,'String')); 
ro =str2num(get(handles.g1,'String')); 
GSu = str2num(get(handles.Gsu,'String')); 
ho = str2num(get(handles.ho1,'String')); 
mo = str2num(get(handles.mo1,'String')); 
  
dseta = str2num(get(handles.dseta1,'String')); 
dig = str2num(get(handles.dig1,'String')); 
Qimport = str2num(get(handles.edit52,'String')); 
qimport = str2num(get(handles.edit55,'String')); 
[ V0i,H0i,M0i,G ] = state( wpi,GSu,Sum,ro,R,gammater,ho,mo,Roughness,apex ); 
  
Ytol = (dig/V0i); 
visualizador = get(handles.checkbox1,'value'); 
  
if visualizador == 1 
Vax = 2*V0i; 
Hax = 2*H0i; 
Max = 2*M0i; 
else  
[ax] = str2num(get(handles.edit56,'string')); 
Vax = ax(1); 
Hax = ax(2); 
Max = ax(3); 
end 
%Disposición de los limites de los ejes a plotear 
  
Dati_carico2 = (get(handles.dati_carico1,'Data')); 
%transformo grados a radianes 
  
  
%mido las celdas que tengo 
nceldas = max(size(get(handles.dati_carico1,'Data'))); 
%ahora llamo al programa NOMO_CAL que tiene todo el proceso de cálculo 
Desp = cell2mat(Dati_carico2); 
Desp(:,4) = Desp(:,4)*pi()/180; 
tama = size(Desp); 
  
  
  
if tama(2)~= 7 
    msgbox('Introduce camino de desplazamientos válido') 
return 
end 
if apex < 120 
    msgbox('Warning: Ángulo de cono menor a 120º') 
     
end 
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Qimport(3) = Qimport(3)*pi/180;  
Qi = [Qimport]';  
qi = [qimport]; 
    if abs(qi(1)-wpi) > 0 
       msgbox('Soterramiento es diferente a desplazamiento vertical inicial') 
       return 
    end 
     
disp(' ') 
disp(' ') 
disp('START') 
format short; 
TI=datestr(now); 
disp(TI) 
  
%Aqui poner el core y código fuente 
M_desp2 
  
  
pause(3) 
  
delete('MART_HOULSBY.xls') 
d = {'V','H','M','w','u','theta','V0','H0','M0','wp'}; 
dd= {'KN','KN','KM·m','m','m','rad','KN','KN','KM·m','m'}; 
  
xlswrite('MART_HOULSBY.xls',d,'Output', 'A1') 
xlswrite('MART_HOULSBY.xls',dd,'Output', 'A2') 
xlswrite('MART_HOULSBY.xls',Qrec,'Output', 'A3') 
xlswrite('MART_HOULSBY.xls',qrec,'Output', 'D3') 
xlswrite('MART_HOULSBY.xls',historyrec,'Output', 'G3') 
xlswrite('MART_HOULSBY.xls',wprec,'Output', 'J3') 
xlswrite('MART_HOULSBY.xls',{'***********************************************'},'Input', 
'A1') 
xlswrite('MART_HOULSBY.xls',{'***Modelo de macroelementos Martin y Houlsby***'},'Input', 
'A2') 
xlswrite('MART_HOULSBY.xls',{'***********************************************'},'Input', 
'A3') 
xlswrite('MART_HOULSBY.xls',{'DATOS DE LA CIMENTACIÓN'},'Input', 'A5') 
xlswrite('MART_HOULSBY.xls',{sprintf('Diámetro // Ancho cimentación: B = %g m',2*R)  
},'Input', 'A6') 
xlswrite('MART_HOULSBY.xls',{sprintf('Ángulo de cono: (º) = %g m',apex)  },'Input', 
'A7') 
xlswrite('MART_HOULSBY.xls',{sprintf('Soterramiento: D = %g m',D)  },'Input', 'A8') 
xlswrite('MART_HOULSBY.xls',{sprintf('Rugosidad:  = %g ',Roughness)  },'Input', 'A9') 
  
xlswrite('MART_HOULSBY.xls',{'DATOS DEL TERRENO'},'Input', 'A11') 
xlswrite('MART_HOULSBY.xls',{sprintf('Densidad efectiva:  = %g kN/m3',gammater)  
},'Input', 'A12') 
xlswrite('MART_HOULSBY.xls',{sprintf('Su en la superficie:  = %g KN/m2',Sum)  },'Input', 
'A13') 
xlswrite('MART_HOULSBY.xls',{sprintf('Incremento de Su con la profundidad:  = %g 
KN/m3',ro)  },'Input', 'A14') 
xlswrite('MART_HOULSBY.xls',{sprintf('Ratio G/Su:  = %g [KN/m3]',GSu)  },'Input', 'A15') 
  
 xlswrite('MART_HOULSBY.xls',{'PARAMETROS SUPERFICIE DE PLASTIFICACIÓN'},'Input', 'A17') 
xlswrite('MART_HOULSBY.xls',{sprintf('a  = %g ',a)  },'Input', 'A18') 
xlswrite('MART_HOULSBY.xls',{sprintf('ho  = %g ',ho)  },'Input', 'A19') 
xlswrite('MART_HOULSBY.xls',{sprintf('mo:  = %g ',mo)  },'Input', 'A20') 
  
xlswrite('MART_HOULSBY.xls',{'CONTROL NUMÉRICO Y LEY DE FLUJO'},'Input', 'A22') 
xlswrite('MART_HOULSBY.xls',{sprintf('Dseta:  = %g ',dseta)  },'Input', 'A23') 
xlswrite('MART_HOULSBY.xls',{sprintf('Precisión: Orden de magnitud: = %g ',dig)  
},'Input', 'A24') 
xlswrite('MART_HOULSBY.xls',{'CONDICIONES INICIALES'},'Input', 'A26') 
xlswrite('MART_HOULSBY.xls',{sprintf('Carga inicial [KN,KN,KN·m]:  = %g,%g,%g 
',Qimport(1),Qimport(2),Qimport(3))  },'Input','A27') 
xlswrite('MART_HOULSBY.xls',{sprintf('Deplazamiento inicial:  = %g, %g, %g 
[m,m,º]',qimport(1),qimport(2),qimport(3))  },'Input', 'A28') 
% xlswrite('MART_HOULSBY.xls',{sprintf('Alpha:  = %g ',alfa)  },'Input', 'A29') 
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% xlswrite('MART_HOULSBY.xls',{'CONTROL NUMÉRICO'},'Input', 'A31') 
% xlswrite('MART_HOULSBY.xls',{sprintf('Tolerancia:  = %g ',tol)  },'Input', 'A32') 
% xlswrite('MART_HOULSBY.xls',{sprintf('Step delay:  = %g sec',pausafot)  },'Input', 
'A33') 
disp(' '); 
disp('FINISH') 
TF=datestr(now); 
disp(TF) 
disp(' ') 
disp(' ') 
disp(' ') 
% --- Executes when entered data in editable cell(s) in dati_carico1. 
function dati_carico1_CellEditCallback(hObject, eventdata, handles) 
% hObject    handle to dati_carico1 (see GCBO) 
% eventdata  structure with the following fields (see UITABLE) 
%   Indices: row and column indices of the cell(s) edited 
%   PreviousData: previous data for the cell(s) edited 
%   EditData: string(s) entered by the user 
%   NewData: EditData or its converted form set on the Data property. Empty if Data was 
not changed 
%   Error: error string when failed to convert EditData to appropriate value for Data 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% --- Executes during object creation, after setting all properties. 
function dati_carico1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to dati_carico1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
  
% --- Executes on selection change in popupmenu1. 
function popupmenu1_Callback(hObject, eventdata, handles) 
% hObject    handle to popupmenu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu1 contents as cell 
array 
%        contents{get(hObject,'Value')} returns selected item from popupmenu1 
  
  
% --- Executes during object creation, after setting all properties. 
function popupmenu1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: popupmenu controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on selection change in popupmenu2. 
function popupmenu2_Callback(hObject, eventdata, handles) 
% hObject    handle to popupmenu2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu2 contents as cell 
array 
%        contents{get(hObject,'Value')} returns selected item from popupmenu2 
  
  
% --- Executes during object creation, after setting all properties. 
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function popupmenu2_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: popupmenu controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
% --- Executes on button press in pushbutton3. 
function pushbutton3_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% -------------------------------------------------------------------- 
function import_1_Callback(hObject, eventdata, handles) 
% hObject    handle to import_1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% -------------------------------------------------------------------- 
function abir_excel_Callback(hObject, eventdata, handles) 
% hObject    handle to abir_excel (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
uiimport 
  
  
  
% --- Executes when selected cell(s) is changed in dati_carico1. 
function dati_carico1_CellSelectionCallback(hObject, eventdata, handles) 
% hObject    handle to dati_carico1 (see GCBO) 
% eventdata  structure with the following fields (see UITABLE) 
%   Indices: row and column indices of the cell(s) currently selecteds 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% --- Executes during object creation, after setting all properties. 
function popupmenu4_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: popupmenu controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
function path1_Callback(hObject, eventdata, handles) 
% hObject    handle to path1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of path1 as text 
%        str2double(get(hObject,'String')) returns contents of path1 as a double 
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% --- Executes during object creation, after setting all properties. 
function path1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to path1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
  
  
  
function L1_Callback(hObject, eventdata, handles) 
% hObject    handle to L1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of L1 as text 
%        str2double(get(hObject,'String')) returns contents of L1 as a double 
cambio = get(handles.L1,'string'); 
set(handles.edit55,'string',sprintf('%s,0,0', cambio)) 
  
% --- Executes during object creation, after setting all properties. 
function L1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to L1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
  
  
function numlin_Callback(hObject, eventdata, handles) 
% hObject    handle to numlin (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of numlin as text 
%        str2double(get(hObject,'String')) returns contents of numlin as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function numlin_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to numlin (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
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if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes during object creation, after setting all properties. 
function dila1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to dila1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on selection change in popupmenu5. 
function popupmenu5_Callback(hObject, eventdata, handles) 
% hObject    handle to popupmenu5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu5 contents as cell 
array 
%        contents{get(hObject,'Value')} returns selected item from popupmenu5 
%esto COMENTADO QUE SIRVA COMO TUTORIAL  
  
pop = get (handles.popupmenu5,'Value') 
% alee = get (handles.B1,'Style') 
% switch pop 
%     case 2 
%         disp('hola mundo') 
%     otherwise 
%         disp('lala') 
% end 
  
% --- Executes during object creation, after setting all properties. 
function popupmenu5_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: popupmenu controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% -------------------------------------------------------------------- 
function Untitled_1_Callback(hObject, eventdata, handles) 
% hObject    handle to Untitled_1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% -------------------------------------------------------------------- 
function Untitled_2_Callback(hObject, eventdata, handles) 
% hObject    handle to Untitled_2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
winopen('PhD CM Martin 1994.pdf') 
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% -------------------------------------------------------------------- 
function Untitled_3_Callback(hObject, eventdata, handles) 
% hObject    handle to Untitled_3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
winopen('1999 OTC Martin Houlsby.pdf') 
  
% -------------------------------------------------------------------- 
function Untitled_4_Callback(hObject, eventdata, handles) 
% hObject    handle to Untitled_4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
winopen('GE51 Martin Houlsby macroelement clay.pdf') 
  
% -------------------------------------------------------------------- 
  
  
  
% --- Executes on button press in pushbutton11. 
function pushbutton11_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
%archivo = get(handles.path1,'string'); 
[bbb,aaa] = uigetfile({'*.xlsx'; '*.xls'}); 
archivo = sprintf('%s\\%s',aaa,bbb); 
importme = xlsread(archivo); 
  
%le añado unos ceros a importme 
tabla = num2cell(importme); 
set(handles.dati_carico1, 'Data', tabla); 
  
% archivo = get(handles.path1,'string'); 
% importme = xlsread(archivo); 
% raux = [1:1:max(size(importme))]'+1000; 
% r = [0;500;raux]; 
% s_daticarico = 2 + max(size(importme)); 
% %le añado unos ceros a importme 
% importme = [[0,0,0];[importme(1,1),0,0];importme]; 
% dati_caricoimp = [r, importme]; 
% tabla = mat2cell(dati_caricoimp,ones(1,s_daticarico),[1 1 1 1]); 
% set(handles.dati_carico1, 'Data', tabla); 
  
  
% --- Executes during object deletion, before destroying properties. 
function dati_carico1_DeleteFcn(hObject, eventdata, handles) 
% hObject    handle to dati_carico1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
  
function edit34_Callback(hObject, eventdata, handles) 
% hObject    handle to edit34 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit34 as text 
%        str2double(get(hObject,'String')) returns contents of edit34 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit34_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit34 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
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% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit35_Callback(hObject, eventdata, handles) 
% hObject    handle to edit35 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit35 as text 
%        str2double(get(hObject,'String')) returns contents of edit35 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit35_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit35 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function H0i1_Callback(hObject, eventdata, handles) 
% hObject    handle to H0i1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of H0i1 as text 
%        str2double(get(hObject,'String')) returns contents of H0i1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function H0i1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to H0i1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function M0i1_Callback(hObject, eventdata, handles) 
% hObject    handle to M0i1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of M0i1 as text 
%        str2double(get(hObject,'String')) returns contents of M0i1 as a double 
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% --- Executes during object creation, after setting all properties. 
function M0i1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to M0i1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function h01_Callback(hObject, eventdata, handles) 
% hObject    handle to h01 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of h01 as text 
%        str2double(get(hObject,'String')) returns contents of h01 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function h01_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to h01 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function m01_Callback(hObject, eventdata, handles) 
% hObject    handle to m01 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of m01 as text 
%        str2double(get(hObject,'String')) returns contents of m01 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function m01_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to m01 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function e11_Callback(hObject, eventdata, handles) 
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% hObject    handle to e11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of e11 as text 
%        str2double(get(hObject,'String')) returns contents of e11 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function e11_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to e11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function cu1_Callback(hObject, eventdata, handles) 
% hObject    handle to cu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of cu1 as text 
%        str2double(get(hObject,'String')) returns contents of cu1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function cu1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to cu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function g1_Callback(hObject, eventdata, handles) 
% hObject    handle to g1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of g1 as text 
%        str2double(get(hObject,'String')) returns contents of g1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function g1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to g1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
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    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function apex1_Callback(hObject, eventdata, handles) 
% hObject    handle to apex1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of apex1 as text 
%        str2double(get(hObject,'String')) returns contents of apex1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function apex1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to apex1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit49_Callback(hObject, eventdata, handles) 
% hObject    handle to dseta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of dseta1 as text 
%        str2double(get(hObject,'String')) returns contents of dseta1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit49_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to dseta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function dig1_Callback(hObject, eventdata, handles) 
% hObject    handle to dig1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of dig1 as text 
%        str2double(get(hObject,'String')) returns contents of dig1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function dig1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to dig1 (see GCBO) 
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% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function a1_Callback(hObject, eventdata, handles) 
% hObject    handle to a1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of a1 as text 
%        str2double(get(hObject,'String')) returns contents of a1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function a1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to a1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function ho1_Callback(hObject, eventdata, handles) 
% hObject    handle to ho1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of ho1 as text 
%        str2double(get(hObject,'String')) returns contents of ho1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function ho1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to ho1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function mo1_Callback(hObject, eventdata, handles) 
% hObject    handle to mo1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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% Hints: get(hObject,'String') returns contents of mo1 as text 
%        str2double(get(hObject,'String')) returns contents of mo1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function mo1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to mo1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function Gsu_Callback(hObject, eventdata, handles) 
% hObject    handle to Gsu (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of Gsu as text 
%        str2double(get(hObject,'String')) returns contents of Gsu as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function Gsu_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to Gsu (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit52_Callback(hObject, eventdata, handles) 
% hObject    handle to edit52 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit52 as text 
%        str2double(get(hObject,'String')) returns contents of edit52 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit52_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit52 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function edit55_Callback(hObject, eventdata, handles) 
% hObject    handle to edit55 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit55 as text 
%        str2double(get(hObject,'String')) returns contents of edit55 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit55_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit55 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in checkbox1. 
function checkbox1_Callback(hObject, eventdata, handles) 
% hObject    handle to checkbox1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hint: get(hObject,'Value') returns toggle state of checkbox1 
  
  
  
function edit56_Callback(hObject, eventdata, handles) 
% hObject    handle to edit56 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit56 as text 
%        str2double(get(hObject,'String')) returns contents of edit56 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit56_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit56 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton8. 
function pushbutton8_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
nlin = str2num(get(handles.numlin,'string')); 
ra = zeros(nlin,7); 
tabla2 = mat2cell(ra,ones(1,nlin),[1 1 1 1 1 1 1]); 
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set(handles.dati_carico1, 'Data', tabla2); 
  
  
% --- Executes on button press in pushbutton13. 
function pushbutton13_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton13 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
close 1 
close 2 
close 3 
close 4 
close 5 
close 6 
------------------------------------------------------- 
------------------------------------------------------- 
function newvalue=matrix2num(matrix,newbase,safety) 
% matrix2num([1,0,0]) yields 100, assumes base 10. 
% matrix2num([1,0,0],2) yields 4, using base 2. 
%   bases 2-10 only, otherwise outputs NaN. 
% matrix2num([1,0,0],2,'on') 
% Activates rounding safety. 
%   Because of the floating point rounding error 
%   numbers w/more than 16 digits will output as 
%   NaN with this feature on. Default is off. 
% 
% Each number is a place so matrix2num([20,1,30]) means 
%   30 ones, 1 ten & 20 hundreds yielding 2040. 
% There is also purposely no requirement that all 
% values be inside th base range, so 
% matrix2num([4,0],2) yields 8 since the 2nd place in 
% base 2 is that digit times 2. 
  
[rows,columns,planes]=size(matrix); 
% Transposes all the layers 
for currentplane=1:planes; 
    transposematrix=matrix(:,:,currentplane); 
    matrix2(:,:,currentplane)=transposematrix'; 
end; 
  
newvalue=matrix2(end); %sets the ones place of the number from last digit 
if nargin==1; newbase=10; end; % Sets base if not entered 
  
% Calculates number 
for currentvalue=1:length(matrix2(:))-1; %Calculates as a number 
    newvalue = ((matrix2(end-currentvalue)) * newbase^currentvalue) + newvalue; 
end; 
  
if nargin==3 & isnan(newvalue)==0; 
    %here is the basic num2matrix code 
    array=0; newvalue2=int2str(newvalue); numberlength=length(newvalue2); 
    for character=1:numberlength; 
        array(character)=str2num(newvalue2(character)); 
    end; 
    if length(array)>16; newvalue=NaN; end; 
end; 
  
  
if newbase>10; newvalue=NaN; en 
------------------------------------------------------- 
------------------------------------------------------- 
function [ molt_p_g,dk_gens,dsig_gens,dq_gens ] = 
molt_p_gens(V,H,M,wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex,a,dseta  ) 
%MOLT_P_GENS Summary of this function goes here 
%   Detailed explanation goes here 
  
  
[ V0,H0,M0,G ] = state( wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ); 
[ dfdV,dfdH,dfdM,dfdV0,dfdH0,dfdM0 ] = diffyield( V,H,M,a,V0,H0,M0 ); 
[ Kel, dKeli ] = Elmatrix( wp,G,R,apex ); 
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[ Nc,dNcdwp ] = Eval_Nc_dNcdwp( apex,ro,wp,Roughness,R ); 
Su = Sum + ro*wp; 
  
dV0dwp = pi()*R^2*(dNcdwp*Su+ro*Nc+gamma); 
dH0dwp = pi()*R^2*ho*(dNcdwp*Su+ro*Nc); 
dM0dwp = mo*2*pi()*R^3*(dNcdwp*Su+ro*Nc+gamma); 
dfdwp = dfdV0*dV0dwp+dfdH0*dH0dwp+dfdM0*dM0dwp; 
sig = [V,H,M]'; 
dfdsig = [dfdV,dfdH,dfdM]'; 
dgdsig = [dseta*dfdV,dfdH,dfdM]'; 
  
f_gens = yield( V,H,M,V0,H0,M0,a ); 
  
den = dfdsig'*Kel*(dgdsig + dseta*dfdV*dKeli*sig) - 
dfdwp*(dseta*dfdV+dseta*dfdV*[1,0,0]*dKeli*sig); 
molt_p_g = f_gens/den; 
  
dk_gens = molt_p_g*(dfdV*dseta+dseta*dfdV*[1,0,0]*dKeli*sig); 
dq_gens = molt_p_g*(dgdsig+dfdV*dseta*dKeli*sig); 
dsig_gens = -molt_p_g*Kel*dgdsig; 
  
end 
------------------------------------------------------- 
------------------------------------------------------- 
function [molt_plas] = molt_plas( dq, 
V,H,M,dseta,a,wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ) 
%MOLT_PLAS Summary of this function goes here 
%   Detailed explanation goes here 
[ V0,H0,M0,G ] = state( wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ); 
[ dfdV,dfdH,dfdM,dfdV0,dfdH0,dfdM0 ] = diffyield( V,H,M,a,V0,H0,M0 ); 
[ Kel, dKeli ] = Elmatrix( wp,G,R,apex ); 
  
[ Nc,dNcdwp ] = Eval_Nc_dNcdwp( apex,ro,wp,Roughness,R ); 
  
Su = Sum+ro*wp; 
dV0dwp = pi()*R^2*(dNcdwp*Su+ro*Nc+gamma); 
dH0dwp = pi()*R^2*ho*(dNcdwp*Su+ro*Nc); 
dM0dwp = mo*2*pi()*R^3*(dNcdwp*Su+ro*Nc+gamma); 
dfdwp = dfdV0*dV0dwp+dfdH0*dH0dwp+dfdM0*dM0dwp; 
sig = [V,H,M]'; 
dfdsig = [dfdV,dfdH,dfdM]'; 
dgdsig = [dseta*dfdV,dfdH,dfdM]'; 
  
denominador = -dfdwp*dseta*dfdV+dfdsig'*Kel*(dgdsig+dseta*dfdV*dKeli*sig); 
  
molt_plas = (dfdsig'*Kel*dq)/denominador; 
  
  
end 
 
------------------------------------------------------- 
------------------------------------------------------- 
 
% inizializzazione roc 
roc = max(roc,0.00001); 
  
% inizializzazione potenziale plastico 
potg = [0 0 0]; 
  
  
% Numerazione progressiva step (le añade una columna de 0's a la izq) es 
% inutil, al final replica la primera columna. 
Dati_carico(1,5) = 0; 
for i=2:size(Dati_carico,1) 
    Dati_carico(i,5) = Dati_carico(i-1,5)+Dati_carico(i,1); 
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end 
Dati_carico(:,5) = Dati_carico(:,1); 
  
% Creazione stress path dimensionale (aqui OJO PORQUE SOLO SIRVE PARA 4 
% STRESS PATHS, crea  los tropocientos incremntos que le digas en el input) 
  
  
nTotStep = max(Dati_carico(:,5)) 
for i = 2:4 
    stresspath(:,i) = interp1(Dati_carico(:,5),Dati_carico(:,i),[0:1:nTotStep]'); 
end 
stresspath(:,1) = interp1(Dati_carico(:,5),Dati_carico(:,5),[0:1:nTotStep]'); 
  
% stress path adimensionalizzato pues eso que adimensionaliza las cargas 
% que les hemos dicho en el input (es una matriz) 
sp = stresspath(:,2:4)*diag([1,1/mu,1/(psi*B)])/VM; 
  
% inizializzazione vettori generalizzati Q es el vector de fuerzas 
% normalizado y crea q vector de desplazamientos normalizados 
Q = sp(1,:)'; 
cri = cri*pi/180; 
q = ([cvi coi cri]*diag([1,mu,psi*B]))'*VM; 
  
  
% Matrice di rigidezza elastica dimensionale 
Keld = diag([kv,kh,km]); 
  
% Adimensionalizzazione Matrice di rigidezza elastica la va actualizando 
% (que forma mas cutre de programar) 
Kel = diag([1,1/mu,1/(psi*B)])*Keld; 
Kel = Kel*diag([1,1/mu,1/(psi*B)]); 
Kel = Kel/VM^2; 
  
  
% vettori in cui registro i risultati valiables de almacenamiento Q es 
% carga q desplazamientos (todo adimensional) 
Qrec = Q'; 
qrec = q'; 
  
% variabili di controllo (aqui hay marroooo...) de momento le dice al 
% matlab que son vectores 
nn = 1; 
failure = 0; 
rochist = [roc]; %initial value of hardening parameter 
roghist = []; 
rogincr = []; 
dqphist = []; 
molthist = []; 
moltplast = 0; 
roccorr = []; 
% check sullo stress path 
chksp = 0; 
  
  
% ******************************** 
% INIZIO CICLO SUI PASSI DI CARICO 
% ******************************** 
while and(nn<nTotStep+1,failure==0) %nTotStep es el numero de pasos maximo nn = 1 
inicialmente 
    nn=nn+1; 
    % calcolo dell'incremento di carico el incremento de carga normalizada 
    % (actualizo en nº de paso 
    dQ = (sp(nn,:)-sp(nn-1,:))'; 
    % valutazione del nuovo roc si se diera el caso que es [0,0,0] 
    if sp(nn,:)==zeros(1,3) 
        % creo una specie di nocciolo elastico me creo una interpolación 
        % rara 
        rocnew = roc; 
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    else 
        %obtien el parametro de hardening substituyendo en la superficie de 
        %fluencia 
        rocnew = sp(nn,1)/(1-((sqrt(sp(nn,2)^2+sp(nn,3)^2))/sp(nn,1))^(1/beta)); 
            end 
    % memorizzazione del roc corrente variable de almacenamiento para cada 
    %nn 
    roccorr = [roccorr; rocnew]; 
    if rocnew < 0 
        disp('INVALID STRESS PATH!!'); 
        disp('Please check mu and/or psi'); 
        chksp = 1; 
        return 
    end 
    if rocnew < 1 
        % applico il passo di carico e vedo 
        % se sono in campo elastico o no 
        if rocnew <= roc 
            disp(sprintf('Increment %d/%d elastic',nn-1,nTotStep)); 
            % caso elastico inversa de la matriz de rigidez 
            dq = Kel^-1*dQ; 
            dqp = [0;0;0]; 
            moltplast = 0; 
        else 
            % caso elastoplastico 
            disp(sprintf('Increment %d/%d elastoplastic',nn-1,nTotStep)); 
            % determinazione del punto di intersezione con 
            % la funzione di carico (bisección) 
            epsmin = 0; 
            epsmax = 1; 
            epsmed = (epsmin+epsmax)/2; 
            while abs(epsmax-epsmin)>tol 
                Qmed = Q+epsmed*dQ; 
                rocmed = Qmed(1)/(1-((sqrt(Qmed(2)^2+Qmed(3)^2))/Qmed(1))^(1/beta)); 
                if rocmed<roc 
                    epsmin=epsmed; 
                else 
                    epsmax=epsmed; 
                end 
                epsmed = (epsmin+epsmax)/2; 
            end 
            % punto di intersezione 
            Qe = Q+epsmed*dQ; 
            % previsione elastica dello spostamento (aqui esta aplicando el 
            % paso completo con dQ completo 
            dqe = Kel^-1*dQ; 
            % quotaparte dell'incremento di carico che 
            % avviene in campo elastoplastico aqui cuanta carga es con 
            % comportamiento elastoplastico 
            dQp = (1-epsmed)*dQ; 
            % calcolo spostamento plastico desplazamiento plastico en caso 
            % de que solo se carge verticalemnte (no entiendo porque hace 
            % esto) Qe(1) = V normalizada es el estado tensional (supongo que es una 
            % condicion inicial para temas de estabilidad numérica 
            % NB se sono sull'asse V uso 
            % la legge di incrudimento 
            if abs(Qe(1)-roc)<tol 
                dqp = [VM^2/R0/(1-Qe(1))    0     0; 
                                       0    0     0; 
                                       0    0     0]*dQp; 
                rog = Qe(1)/(1-((sqrt((lambda*Qe(2))^2+(chi*Qe(3))^2))/Qe(1))^(1/beta)); 
                potg=[]; 
                potg = NOMO_lf(rog,beta)*VM*diag([1,mu/lambda,psi*B/chi]); 
            else 
                %gradiente della funzione di carico valutato in Qe aqui 
                %evalua el gradiente de la funcion yield surface (dF/dQ) 
                gradf = [-2*Qe(1)*((1-Qe(1)/roc)^2)^(beta-1/2)*(1-(beta+1)*Qe(1)/roc); 
                    2*Qe(2); 
                    2*Qe(3)]; 
                %determinazione di rog valutato in Qe aqui vuelve a evaluar 
                %el parametro de historia (ojo estamos en la intersección 
                %del incrmento de carga con la plastic potential surface surface AL 
LORO! PLASTIC POTENTIAL) 
                rog = Qe(1)/(1-((sqrt((lambda*Qe(2))^2+(chi*Qe(3))^2))/Qe(1))^(1/beta)); 
                roghist = [roghist;rog]; 



203 

 

                %borrramos y creamos potg como vector en cada iteración 
                potg=[]; 
                % la función NOMO_lf la escribo a continuación para que se 
                % vea: 
                    %function[v] = lf(roc,beta) 
                    % nstep = 100; 
                    % csi=[0:roc/nstep:roc]'; 
                    % for i=1:nstep+1 
                    %     h(i) = csi(i)*(1-csi(i)/roc)^beta; 
                    %     m(i) = csi(i)*(1-csi(i)/roc)^beta; 
                    % end 
                    % v = [csi h' m']; 
                    % return 
                    %la funcion en cierta medida da una listado de 3 x 100 
                    %para cada roc 
                potg = NOMO_lf(rog,beta)*VM*diag([1,mu/lambda,psi*B/chi]); 
                %gradiente del potenziale plastico valutato in Qe dg/dQ 
                gradg = [-2*Qe(1)*((1-Qe(1)/rog)^2)^(beta-1/2)*(1-(beta+1)*Qe(1)/rog); 
                          2*lambda^2*Qe(2); 
                          2*chi^2*Qe(3)]; 
                % derivata di f rispetto a roc valutata in Qe  
                dfroc = -2*Qe(1)*((1-Qe(1)/roc)^2)^(beta-1/2)*beta*(Qe(1)/roc)^2; 
                % derivata di roc rispetto a q valutata in Qe 
                %             drocq = [-(1-roc)/log(1-roc)*(R0/VM^2)^2*abs(qp(1)); 
                %                      -(1-roc)/log(1-
roc)*(R0*alfa/(mu*VM^2))^2*abs(qp(2)); 
                %                      -(1-roc)/log(1-
roc)*(R0*gamma/(psi*VM^2))^2*abs(qp(3))]; 
                drocq = [(1-roc)*R0/VM^2; 
                         (1-roc)*R0/VM^2*alfa/mu; 
                         (1-roc)*R0/VM^2*gamma/psi]; 
  
                % calcolo del moltiplicatore plastico 
                moltplast = -gradf'*dQp/(dfroc*drocq'*abs(gradg)); 
                dqp = moltplast*gradg; 
            end 
            % spostamento totale nel passo 
            dq = dqe+dqp; 
            %aggiornamento di roc 
            roc = rocnew; 
        end 
        % aggiornamento 
        Q = Q+dQ; 
        q = q+dq; 
        % aggiornamento spostamenti plastici 
%        qplast = qplast + dqp; 
        Qrec = [Qrec; Q']; 
        qrec = [qrec; q']; 
        dqphist = [dqphist; dqp']; 
        molthist = [molthist; moltplast]; 
        rochist = [rochist;roc]; 
%        rogincr = [rogincr;rog]; 
  
        % Calcolo variabili di output 
        carichi(nn,2:4)   = Q'*VM*diag([1,mu,psi*B]); 
        cedimenti(nn,2:4) = q'/VM*diag([1,1/mu,1/(psi*B)]); 
         
        for i=1:max(size(carichi(:,2))) 
            carichi(i,1) = i-1; 
        end 
         
        for i=1:max(size(cedimenti(:,2))) 
            cedimenti(i,1) = i-1; 
        end 
         
  
        if pausafot > 0 
            % Calcolo superficie di plasticizzazione iniziale, 
            % finale e di rottura 
            supi = NOMO_lf(min(rochist),beta)*VM*diag([1,mu,psi*B]); 
            supf = NOMO_lf(max(rochist),beta)*VM*diag([1,mu,psi*B]); 
            supr = NOMO_lf(1,beta)*VM*diag([1,mu,psi*B]);             



204 

 

             
            % Figura 1: stress path 
            figure(1) 
            pause(pausafot); 
            clf 
            set(gcf,'Name','Stress path'); 
            subplot(2,2,1) 
            hold on 
            grid on 
            plot([min(supr(:,1)) max(supr(:,1))],[0 0]); 
            plot([0 0],[-max(supr(:,2)) max(supr(:,2))]); 
            plot(carichi(:,2),carichi(:,3),'k'); 
            plot(supi(:,1),supi(:,2),'b'); 
            plot(supf(:,1),supf(:,2),'b'); 
            plot(supr(:,1),supr(:,2),'r'); 
            plot(supi(:,1),-supi(:,2),'b'); 
            plot(supf(:,1),-supf(:,2),'b'); 
            plot(supr(:,1),-supr(:,2),'r'); 
            plot(potg(:,1),potg(:,2),'g'); 
            plot(potg(:,1),-potg(:,2),'g'); 
            xlabel('V [kN/m]'); 
            ylabel('H [kN/m]'); 
            xx=axis; 
            xx(1)=0; 
            xx(2)= max(supr(:,1)); 
            xx(3)=-max(supr(:,2)); 
            xx(4)= max(supr(:,2)); 
            axis(xx); 
            clear xx; 
  
             
            subplot(2,2,2) 
            hold on 
            grid on 
            plot([0 0],[-max(supr(:,2)) max(supr(:,2))],'k'); 
            plot([-max(supr(:,3)) max(supr(:,3))],[0 0],'k'); 
            plot(carichi(:,4),carichi(:,3),'k'); 
            % plot(supi(:,3),supi(:,2),'b'); 
            % plot(supr(:,3),supr(:,2),'r'); 
            xlabel('M [kNm/m]'); 
            ylabel('H [kN/m]'); 
             
            t=subplot(2,2,3); 
            set(t,'YDir','rev') 
            hold on 
            grid on 
            plot([min(supr(:,1)) max(supr(:,1))],[0 0],'k'); 
            plot([0 0],[-max(supr(:,3)) max(supr(:,3))],'k'); 
            plot(carichi(:,2),carichi(:,4),'k'); 
            plot(supi(:,1),supi(:,3),'b'); 
            plot(supf(:,1),supf(:,3),'b'); 
            plot(supr(:,1),supr(:,3),'r'); 
             
            plot(supi(:,1),-supi(:,3),'b'); 
            plot(supf(:,1),-supf(:,3),'b'); 
            plot(supr(:,1),-supr(:,3),'r'); 
             
            plot(potg(:,1),potg(:,3),'g'); 
            plot(potg(:,1),-potg(:,3),'g'); 
             
            xlabel('V [kN/m]'); 
            ylabel('M [kNm/m]'); 
            xx=axis; 
            xx(1)=0; 
            xx(2)= max(supr(:,1)); 
            xx(3)=-max(supr(:,3)); 
            xx(4)= max(supr(:,3)); 
            axis(xx); 
            clear xx; 
        end             
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        else 
        disp(' '); 
        disp(sprintf('Failure reached at increment %d of %d',nn-1,nTotStep)); 
        failure = 1; 
    end 
%    rocmax = max(rochist); 
end 
  
% calcolo del rog sull'ultimo passo 
% e del potenziale plastico 
rog = Q(1)/(1-((sqrt((lambda*Q(2))^2+(chi*Q(3))^2))/Q(1))^(1/beta)); 
roghist = [roghist;rog]; 
potg=[]; 
potg = NOMO_lf(rog,beta)*VM*diag([1,mu/lambda,psi*B/chi]); 
------------------------------------------------------- 
------------------------------------------------------- 
% Calcolo variabili di output 
carichi(:,2:4)   = Qrec*VM*diag([1,mu,psi*B]); 
cedimenti(:,2:4) = qrec/VM*diag([1,1/mu,1/(psi*B)]); 
  
for i=1:max(size(carichi(:,2))) 
    carichi(i,1) = i-1; 
end 
  
for i=1:max(size(cedimenti(:,2))) 
    cedimenti(i,1) = i-1; 
end 
  
% Calcolo superficie di plasticizzazione iniziale, 
% finale e di rottura 
supi = NOMO_lf(min(rochist),beta)*VM*diag([1,mu,psi*B]); 
supf = NOMO_lf(max(rochist),beta)*VM*diag([1,mu,psi*B]); 
supr = NOMO_lf(1,beta)*VM*diag([1,mu,psi*B]); 
  
  
% Figura 1: stress path 
figure(1) 
set(gcf,'Color',[1 1 1]) 
set(gcf,'Position',[1 29 1024 672]) 
clf 
set(gcf,'Name','Stress path'); 
subplot(2,2,1) 
hold on 
grid on 
plot([min(supr(:,1)) max(supr(:,1))],[0 0],'k'); 
plot([0 0],[-max(supr(:,2)) max(supr(:,2))],'k'); 
plot(carichi(:,2),carichi(:,3),'k'); 
plot(supi(:,1),supi(:,2),'--b'); 
plot(supf(:,1),supf(:,2),'b'); 
plot(supr(:,1),supr(:,2),'r'); 
plot(supi(:,1),-supi(:,2),'--b'); 
plot(supf(:,1),-supf(:,2),'b'); 
plot(supr(:,1),-supr(:,2),'r'); 
if rocnew>=max(rochist) 
    plot(potg(:,1),potg(:,2),'g'); 
    plot(potg(:,1),-potg(:,2),'g'); 
end 
xlabel('V [kN/m]'); 
ylabel('H [kN/m]'); 
xx=axis; 
xx(1)=0; 
xx(2)= max(supr(:,1)); 
xx(3)=-max(supr(:,2)); 
xx(4)= max(supr(:,2)); 
axis(xx); 
clear xx; 
  
subplot(2,2,2); 
hold on 
grid on 
plot([0 0],[-max(supr(:,2)) max(supr(:,2))],'k'); 
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plot([-max(supr(:,3)) max(supr(:,3))],[0 0],'k'); 
plot(carichi(:,4),carichi(:,3),'k'); 
% plot(supi(:,3),supi(:,2),'b'); 
% plot(supr(:,3),supr(:,2),'r'); 
xlabel('M [kNm/m]'); 
ylabel('H [kN/m]'); 
  
t=subplot(2,2,3); 
set(t,'YDir','rev') 
hold on 
grid on 
plot([min(supr(:,1)) max(supr(:,1))],[0 0],'k'); 
plot([0 0],[-max(supr(:,3)) max(supr(:,3))],'k'); 
plot(carichi(:,2),carichi(:,4),'k'); 
plot(supi(:,1),supi(:,3),'--b'); 
plot(supf(:,1),supf(:,3),'b'); 
plot(supr(:,1),supr(:,3),'r'); 
plot(supi(:,1),-supi(:,3),'--b'); 
plot(supf(:,1),-supf(:,3),'b'); 
plot(supr(:,1),-supr(:,3),'r'); 
if rocnew>=max(rochist) 
    plot(potg(:,1),potg(:,3),'g'); 
    plot(potg(:,1),-potg(:,3),'g'); 
end 
xx=axis; 
xx(1)=0; 
xx(2)= max(supr(:,1)); 
xx(3)=-max(supr(:,3)); 
xx(4)= max(supr(:,3)); 
axis(xx); 
clear xx; 
  
xlabel('V [kN/m]'); 
ylabel('M [kNm/m]'); 
  
  
% Figura 2: load and displacement history 
pause(0.5); 
figure(2) 
clf 
set(gcf,'Color',[1 1 1]) 
set(gcf,'Position',[1 29 1024 672]) 
set(gcf,'Name','Load and displacement history'); 
subplot(3,2,1) 
hold on 
grid on 
plot([min(carichi(:,1)) max(carichi(:,1))],[0 0],'k'); 
plot([0 0],[1.1*min(carichi(:,2)) 1.1*max(carichi(:,2))],'k'); 
plot(carichi(:,1),carichi(:,2),'k'); 
%plot(data(:,2),'*-R'); 
xlabel('step [-]'); 
ylabel('V [kN/m]'); 
subplot(3,2,3) 
hold on 
grid on 
plot([min(carichi(:,1)) max(carichi(:,1))],[0 0],'k'); 
plot([0 0],[1.1*min(carichi(:,3)) 1.1*max(carichi(:,3))],'k'); 
plot(carichi(:,1),carichi(:,3),'k'); 
xlabel('step [-]'); 
ylabel('H [kN/m]'); 
subplot(3,2,5) 
hold on 
grid on 
plot([min(carichi(:,1)) max(carichi(:,1))],[0 0],'k'); 
plot([0 0],[1.1*min(carichi(:,4)) 1.1*max(carichi(:,4))],'k'); 
plot(carichi(:,1),carichi(:,4),'k'); 
xlabel('step [-]'); 
ylabel('M [kNm/m]'); 
  
subplot(3,2,2) 
hold on 
grid on 
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plot([min(carichi(:,1)) max(carichi(:,1))],[0 0],'k'); 
plot([0 0],[1.1*min(cedimenti(:,2)) 1.1*max(cedimenti(:,2))],'k'); 
plot(cedimenti(:,1),cedimenti(:,2),'k'); 
%plot(mean(data(:,3:6),2)/1000,'*-R'); 
xlabel('step [-]'); 
ylabel('v [m]'); 
subplot(3,2,4) 
hold on 
grid on 
plot([min(carichi(:,1)) max(carichi(:,1))],[0 0],'k'); 
plot([0 0],[1.1*min(cedimenti(:,3)) 1.1*max(cedimenti(:,3))],'k'); 
plot(cedimenti(:,1),cedimenti(:,3),'k'); 
xlabel('step [-]'); 
ylabel('u [m]'); 
subplot(3,2,6) 
hold on 
grid on 
plot([min(carichi(:,1)) max(carichi(:,1))],[0 0],'k'); 
plot([0 0],180/pi*[1.1*min(cedimenti(:,4)) 1.1*max(cedimenti(:,4))],'k'); 
plot(cedimenti(:,1),180*cedimenti(:,4)/pi,'k'); 
xlabel('step [-]'); 
ylabel('teta [°]'); 
  
  
% Figura 3: strain path 
pause(0.5); 
figure(3) 
clf 
set(gcf,'Color',[1 1 1]) 
set(gcf,'Position',[1 29 1024 672]) 
set(gcf,'Name','Strain path'); 
subplot(2,2,1) 
hold on 
grid on 
plot([min(cedimenti(:,2)) max(cedimenti(:,2))],[0 0],'k'); 
plot([0 0],[1.1*min(cedimenti(:,3)) 1.1*max(cedimenti(:,3))],'k'); 
plot(cedimenti(:,2),cedimenti(:,3),'k'); 
xlabel('v [m]'); 
ylabel('u [m]'); 
  
subplot(2,2,2) 
hold on 
grid on 
plot(180/pi*[min(cedimenti(:,4)) max(cedimenti(:,4))],[0 0],'k'); 
plot([0 0],[1.1*min(cedimenti(:,3)) 1.1*max(cedimenti(:,3))],'k'); 
plot(180*cedimenti(:,4)/pi,cedimenti(:,3),'k'); 
xlabel('teta [°]'); 
ylabel('u [m]'); 
  
subplot(2,2,3) 
hold on 
grid on 
plot([min(cedimenti(:,2)) max(cedimenti(:,2))],[0 0],'k'); 
plot([0 0],180/pi*[1.1*min(cedimenti(:,3)) 1.1*max(cedimenti(:,3))],'k'); 
plot(cedimenti(:,2),180*cedimenti(:,4)/pi,'k'); 
xlabel('v [m]'); 
ylabel('teta [°]'); 
  
% Figura 4: load - displacement curve 
pause(0.5); 
figure(4) 
clf 
set(gcf,'Color',[1 1 1]) 
set(gcf,'Position',[1 29 1024 672]) 
set(gcf,'Name','Load - Displacement curves'); 
subplot(3,1,1) 
hold on 
grid on 
plot([0 0],[1.1*min(carichi(:,2)) 1.1*max(carichi(:,2))],'k') 
plot([min(min(cedimenti(:,2:3))) max(max(cedimenti(:,2:3)))],[0 0],'k'); 
plot(cedimenti(:,2),carichi(:,2),'k'); 
%plot(mean(data(:,3:6),2),data(:,2),'*-R'); 
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xlabel('v [m]'); 
ylabel('V [kN/m]'); 
  
subplot(3,1,2) 
hold on 
grid on 
plot([0 0],[1.1*min(carichi(:,3)) 1.1*max(carichi(:,3))],'k') 
plot([min(min(cedimenti(:,2:3))) max(max(cedimenti(:,2:3)))],[0 0],'k'); 
plot(cedimenti(:,3),carichi(:,3),'k'); 
xlabel('u [m]'); 
ylabel('H [kN/m]'); 
  
subplot(3,1,3) 
hold on 
grid on 
plot([min(cedimenti(:,4)) max(cedimenti(:,4))],[0 0],'k'); 
plot([0 0],[min(carichi(:,4)) max(carichi(:,4))],'k'); 
plot(180*cedimenti(:,4)/pi,carichi(:,4),'k'); 
xlabel('teta [°]'); 
ylabel('M [kNm/m]'); 
  
  
  
NOMORIS = []; 
  
NOMORIS = zeros(1,6); 
  
figure(4) 
for i=1:3 
    subplot(3,1,i); 
    plot(1e0*NOMORIS(:,i+3),NOMORIS(:,i),'r*-'); 
end 
------------------------------------------------------- 
------------------------------------------------------- 
function[v] = lf(roc,beta) 
nstep = 100; 
csi=[0:roc/nstep:roc]'; 
for i=1:nstep+1 
    h(i) = csi(i)*(1-csi(i)/roc)^beta; 
    m(i) = csi(i)*(1-csi(i)/roc)^beta; 
end 
v = [csi h' m']; 
return 
------------------------------------------------------- 
------------------------------------------------------- 
function varargout = Nova_david_cast(varargin) 
% NOVA_DAVID_CAST M-file for Nova_david_cast.fig 
%      NOVA_DAVID_CAST, by itself, creates a new NOVA_DAVID_CAST or raises the existing 
%      singleton*. 
% 
%      H = NOVA_DAVID_CAST returns the handle to a new NOVA_DAVID_CAST or the handle to 
%      the existing singleton*. 
% 
%      NOVA_DAVID_CAST('CALLBACK',hObject,eventData,handles,...) calls the local 
%      function named CALLBACK in NOVA_DAVID_CAST.M with the given input arguments. 
% 
%      NOVA_DAVID_CAST('Property','Value',...) creates a new NOVA_DAVID_CAST or raises 
the 
%      existing singleton*.  Starting from the left, property value pairs are 
%      applied to the GUI before Nova_david_cast_OpeningFcn gets called.  An 
%      unrecognized property name or invalid value makes property application 
%      stop.  All inputs are passed to Nova_david_cast_OpeningFcn via varargin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
  
% Edit the above text to modify the response to help Nova_david_cast 
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% Last Modified by GUIDE v2.5 03-Jul-2012 13:45:46 
  
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @Nova_david_cast_OpeningFcn, ... 
                   'gui_OutputFcn',  @Nova_david_cast_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 
  
  
% --- Executes just before Nova_david_cast is made visible. 
function Nova_david_cast_OpeningFcn(hObject, eventdata, handles, varargin) 
% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
% varargin   command line arguments to Nova_david_cast (see VARARGIN) 
  
% Choose default command line output for Nova_david_cast 
handles.output = hObject; 
  
% Update handles structure 
guidata(hObject, handles); 
  
% UIWAIT makes Nova_david_cast wait for user response (see UIRESUME) 
% uiwait(handles.figure1); 
  
  
% --- Outputs from this function are returned to the command line. 
function varargout = Nova_david_cast_OutputFcn(hObject, eventdata, handles)  
% varargout  cell array for returning output args (see VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Get default command line output from handles structure 
varargout{1} = handles.output; 
  
  
  
function D1_Callback(hObject, eventdata, handles) 
% hObject    handle to D1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of D1 as text 
%        str2double(get(hObject,'String')) returns contents of D1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function D1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to D1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
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% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function B1_Callback(hObject, eventdata, handles) 
% hObject    handle to B1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of B1 as text 
%        str2double(get(hObject,'String')) returns contents of B1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function B1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to B1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function delta1_Callback(hObject, eventdata, handles) 
% hObject    handle to delta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of delta1 as text 
%        str2double(get(hObject,'String')) returns contents of delta1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function delta1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to delta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function qlat1_Callback(hObject, eventdata, handles) 
% hObject    handle to qlat1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of qlat1 as text 
%        str2double(get(hObject,'String')) returns contents of qlat1 as a double 
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% --- Executes during object creation, after setting all properties. 
function qlat1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to qlat1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function Dr1_Callback(hObject, eventdata, handles) 
% hObject    handle to Dr1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of Dr1 as text 
%        str2double(get(hObject,'String')) returns contents of Dr1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function Dr1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to Dr1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function roc1_Callback(hObject, eventdata, handles) 
% hObject    handle to roc1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of roc1 as text 
%        str2double(get(hObject,'String')) returns contents of roc1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function roc1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to roc1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function fiter1_Callback(hObject, eventdata, handles) 
% hObject    handle to fiter1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of fiter1 as text 
%        str2double(get(hObject,'String')) returns contents of fiter1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function fiter1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to fiter1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function gammater1_Callback(hObject, eventdata, handles) 
% hObject    handle to gammater1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of gammater1 as text 
%        str2double(get(hObject,'String')) returns contents of gammater1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function gammater1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to gammater1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function kh1_Callback(hObject, eventdata, handles) 
% hObject    handle to kh1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of kh1 as text 
%        str2double(get(hObject,'String')) returns contents of kh1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function kh1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to kh1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
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if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function kv1_Callback(hObject, eventdata, handles) 
% hObject    handle to kv1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of kv1 as text 
%        str2double(get(hObject,'String')) returns contents of kv1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function kv1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to kv1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function VM1_Callback(hObject, eventdata, handles) 
% hObject    handle to VM1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of VM1 as text 
%        str2double(get(hObject,'String')) returns contents of VM1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function VM1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to VM1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function km1_Callback(hObject, eventdata, handles) 
% hObject    handle to km1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of km1 as text 
%        str2double(get(hObject,'String')) returns contents of km1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
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function km1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to km1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function coi1_Callback(hObject, eventdata, handles) 
% hObject    handle to coi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of coi1 as text 
%        str2double(get(hObject,'String')) returns contents of coi1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function coi1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to coi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function cvi1_Callback(hObject, eventdata, handles) 
% hObject    handle to cvi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of cvi1 as text 
%        str2double(get(hObject,'String')) returns contents of cvi1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function cvi1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to cvi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function beta1_Callback(hObject, eventdata, handles) 
% hObject    handle to beta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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% Hints: get(hObject,'String') returns contents of beta1 as text 
%        str2double(get(hObject,'String')) returns contents of beta1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function beta1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to beta1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function cri1_Callback(hObject, eventdata, handles) 
% hObject    handle to cri1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of cri1 as text 
%        str2double(get(hObject,'String')) returns contents of cri1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function cri1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to cri1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function coes1_Callback(hObject, eventdata, handles) 
% hObject    handle to coes1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of coes1 as text 
%        str2double(get(hObject,'String')) returns contents of coes1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function coes1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to coes1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function mu1_Callback(hObject, eventdata, handles) 
% hObject    handle to mu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of mu1 as text 
%        str2double(get(hObject,'String')) returns contents of mu1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function mu1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to mu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function R01_Callback(hObject, eventdata, handles) 
% hObject    handle to R01 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of R01 as text 
%        str2double(get(hObject,'String')) returns contents of R01 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function R01_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to R01 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function psi1_Callback(hObject, eventdata, handles) 
% hObject    handle to psi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of psi1 as text 
%        str2double(get(hObject,'String')) returns contents of psi1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function psi1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to psi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
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% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function chi1_Callback(hObject, eventdata, handles) 
% hObject    handle to chi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of chi1 as text 
%        str2double(get(hObject,'String')) returns contents of chi1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function chi1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to chi1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function lambda1_Callback(hObject, eventdata, handles) 
% hObject    handle to lambda1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of lambda1 as text 
%        str2double(get(hObject,'String')) returns contents of lambda1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function lambda1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to lambda1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function gamma1_Callback(hObject, eventdata, handles) 
% hObject    handle to gamma1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of gamma1 as text 
%        str2double(get(hObject,'String')) returns contents of gamma1 as a double 
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% --- Executes during object creation, after setting all properties. 
function gamma1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to gamma1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function alfa1_Callback(hObject, eventdata, handles) 
% hObject    handle to alfa1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of alfa1 as text 
%        str2double(get(hObject,'String')) returns contents of alfa1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function alfa1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to alfa1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function pausafot1_Callback(hObject, eventdata, handles) 
% hObject    handle to pausafot1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of pausafot1 as text 
%        str2double(get(hObject,'String')) returns contents of pausafot1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function pausafot1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to pausafot1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function tol1_Callback(hObject, eventdata, handles) 
% hObject    handle to tol1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of tol1 as text 
%        str2double(get(hObject,'String')) returns contents of tol1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function tol1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to tol1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton1. 
function pushbutton1_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
%Aquí tomo las variables de las Editbox de GUIDE 
L = str2num(get(handles.L1,'String')); 
B = str2num(get(handles.B1,'String')); 
D = str2num(get(handles.D1,'String')); 
qlat = 0; 
delta = str2num(get(handles.delta1,'String')); 
roc = str2num(get(handles.roc1,'String')); 
Dr = str2num(get(handles.Dr1,'String')); 
Dr = Dr/100; 
gammater = str2num(get(handles.gammater1,'String')); 
fiter = str2num(get(handles.fiter1,'String')); 
dila = str2num(get(handles.dila1,'String')); 
coes = 0; 
kv = str2num(get(handles.kv1,'String')); 
kh = str2num(get(handles.kh1,'String')); 
km = str2num(get(handles.km1,'String')); 
VM = str2num(get(handles.VM1,'String')); 
cvi = str2num(get(handles.cvi1,'String')); 
coi = str2num(get(handles.coi1,'String')); 
cri = str2num(get(handles.cri1,'String')); 
beta = str2num(get(handles.beta1,'String')); 
mu = str2num(get(handles.mu1,'String')); 
psi = str2num(get(handles.psi1,'String')); 
R0 = str2num(get(handles.R01,'String')); 
lambda = str2num(get(handles.lambda1,'String')); 
chi = str2num(get(handles.chi1,'String')); 
alfa = str2num(get(handles.alfa1,'String')); 
gamma = str2num(get(handles.gamma1,'String')); 
tol = str2num(get(handles.tol1,'String')); 
pausafot = str2num(get(handles.pausafot1,'String')); 
Dati_carico2 = (get(handles.dati_carico1,'Data')); 
%mido las celdas que tengo 
nceldas = max(size(get(handles.dati_carico1,'Data'))); 
%ahora llamo al programa NOMO_CAL que tiene todo el proceso de cálculo 
Dati_carico = cell2mat(Dati_carico2); 
tama = size(Dati_carico); 
if VM ==0 
    msgbox('Carga vertical maxima no puede ser 0') 
return 
end 
if mu ==0 



220 

 

    msgbox('Mu no puede ser 0') 
return 
end 
if psi ==0 
    msgbox('Psi no puede ser 0') 
return 
end 
if tama(2)~= 4 
    msgbox('Introduce camino de cargas válido') 
return 
end 
disp(' ') 
disp(' ') 
disp('START') 
format short; 
TI=datestr(now); 
disp(TI) 
NOMO_CAL 
NOMO_FIG 
  
  
pause(3) 
  
  
delete('NOVA_MONT.xls') 
d = {'V','H','M','u','w','theta'}; 
dd= {'KN','KN','KM·m','m','m','º'}; 
  
xlswrite('NOVA_MONT.xls',d,'Output', 'A1') 
xlswrite('NOVA_MONT.xls',dd,'Output', 'A2') 
xlswrite('NOVA_MONT.xls',carichi(:,2:4),'Output', 'A3') 
xlswrite('NOVA_MONT.xls',cedimenti(:,2:4),'Output', 'D3') 
xlswrite('NOVA_MONT.xls',{'***********************************************'},'Input', 
'A1') 
xlswrite('NOVA_MONT.xls',{'***Modelo de macroelementos Martin y Houlsby***'},'Input', 
'A2') 
xlswrite('NOVA_MONT.xls',{'***********************************************'},'Input', 
'A3') 
xlswrite('NOVA_MONT.xls',{'DATOS DE LA CIMENTACIÓN'},'Input', 'A5') 
xlswrite('NOVA_MONT.xls',{sprintf('Diámetro // Ancho cimentación: B = %g m',B)  
},'Input', 'A6') 
xlswrite('NOVA_MONT.xls',{sprintf('Longitud cimentación: L = %g m',L)  },'Input', 'A7') 
xlswrite('NOVA_MONT.xls',{sprintf('Soterramiento: D = %g m',D)  },'Input', 'A8') 
xlswrite('NOVA_MONT.xls',{'DATOS DEL TERRENO'},'Input', 'A9') 
xlswrite('NOVA_MONT.xls',{sprintf('Ángulo de fricción suelo-estructura:  = %g 
[º]',delta)  },'Input', 'A10') 
xlswrite('NOVA_MONT.xls',{sprintf('Parametro de historia inicial:  = %g ',roc)  
},'Input', 'A11') 
xlswrite('NOVA_MONT.xls',{sprintf('Densidad efectiva:  = %g kN/m3',gammater)  },'Input', 
'A12') 
xlswrite('NOVA_MONT.xls',{sprintf('Ángulo de fricción:  = %g [º]',fiter)  },'Input', 
'A13') 
xlswrite('NOVA_MONT.xls',{sprintf('Ángulo de dilatancia:  = %g [º]',dila)  },'Input', 
'A14') 
xlswrite('NOVA_MONT.xls',{'RIGIDEZ ELASTICA'},'Input', 'A15') 
xlswrite('NOVA_MONT.xls',{sprintf('Rigidez vertical:  = %g [KN/m]',kv)  },'Input', 
'A16') 
xlswrite('NOVA_MONT.xls',{sprintf('Rigidez vertical:  = %g [KN/m]',kh)  },'Input', 
'A17') 
xlswrite('NOVA_MONT.xls',{sprintf('Rigidez vertical:  = %g [KN·m]',km)  },'Input', 
'A18') 
xlswrite('NOVA_MONT.xls',{'SUPERFICIE DE ROTURA'},'Input', 'A19') 
xlswrite('NOVA_MONT.xls',{sprintf('Carga límite vertical:  = %g [KN]',VM)  },'Input', 
'A20') 
xlswrite('NOVA_MONT.xls',{sprintf('Beta:  = %g ',beta)  },'Input', 'A21') 
xlswrite('NOVA_MONT.xls',{sprintf('Mu:  = %g ',mu)  },'Input', 'A22') 
xlswrite('NOVA_MONT.xls',{sprintf('Psi:  = %g ',psi)  },'Input', 'A23') 
xlswrite('NOVA_MONT.xls',{'SUPERFICIE DE POTENCIAL PLASTICO'},'Input', 'A24') 
xlswrite('NOVA_MONT.xls',{sprintf('Lambda:  = %g ',lambda)  },'Input', 'A25') 
xlswrite('NOVA_MONT.xls',{sprintf('Chi:  = %g ',chi)  },'Input', 'A26') 
xlswrite('NOVA_MONT.xls',{'LEY DE ENDURECIMIENTO'},'Input', 'A27') 
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xlswrite('NOVA_MONT.xls',{sprintf('Rigidez inicial:  = %g [KN/m]',chi)  },'Input', 
'A28') 
xlswrite('NOVA_MONT.xls',{sprintf('Alpha:  = %g ',alfa)  },'Input', 'A29') 
xlswrite('NOVA_MONT.xls',{sprintf('Gamma:  = %g ',gamma)  },'Input', 'A30') 
xlswrite('NOVA_MONT.xls',{'CONTROL NUMÉRICO'},'Input', 'A31') 
xlswrite('NOVA_MONT.xls',{sprintf('Tolerancia:  = %g ',tol)  },'Input', 'A32') 
xlswrite('NOVA_MONT.xls',{sprintf('Step delay:  = %g sec',pausafot)  },'Input', 'A33') 
disp(' '); 
disp('FINISH') 
TF=datestr(now); 
disp(TF) 
disp(' ') 
disp(' ') 
disp(' ') 
% --- Executes when entered data in editable cell(s) in dati_carico1. 
function dati_carico1_CellEditCallback(hObject, eventdata, handles) 
% hObject    handle to dati_carico1 (see GCBO) 
% eventdata  structure with the following fields (see UITABLE) 
%   Indices: row and column indices of the cell(s) edited 
%   PreviousData: previous data for the cell(s) edited 
%   EditData: string(s) entered by the user 
%   NewData: EditData or its converted form set on the Data property. Empty if Data was 
not changed 
%   Error: error string when failed to convert EditData to appropriate value for Data 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% --- Executes during object creation, after setting all properties. 
function dati_carico1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to dati_carico1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
  
% --- Executes on selection change in popupmenu1. 
function popupmenu1_Callback(hObject, eventdata, handles) 
% hObject    handle to popupmenu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu1 contents as cell 
array 
%        contents{get(hObject,'Value')} returns selected item from popupmenu1 
  
  
% --- Executes during object creation, after setting all properties. 
function popupmenu1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: popupmenu controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on selection change in popupmenu2. 
function popupmenu2_Callback(hObject, eventdata, handles) 
% hObject    handle to popupmenu2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu2 contents as cell 
array 
%        contents{get(hObject,'Value')} returns selected item from popupmenu2 
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% --- Executes during object creation, after setting all properties. 
function popupmenu2_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: popupmenu controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
    %HAY QUE ARREGLAR LA FUNCION QUE IMPORTA SON LAS 21.00!! 
% --- Executes on button press in pushbutton2. 
function pushbutton2_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
archivo = get(handles.path1,'string'); 
importme = xlsread(archivo); 
raux = [1:1:max(size(importme))]'+1000; 
r = [0;500;raux]; 
s_daticarico = 2 + max(size(importme)); 
%le añado unos ceros a importme 
importme = [[0,0,0];[importme(1,1),0,0];importme]; 
dati_caricoimp = [r, importme]; 
tabla = mat2cell(dati_caricoimp,ones(1,s_daticarico),[1 1 1 1]); 
set(handles.dati_carico1, 'Data', tabla); 
  
% --- Executes on button press in pushbutton3. 
function pushbutton3_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% -------------------------------------------------------------------- 
function import_1_Callback(hObject, eventdata, handles) 
% hObject    handle to import_1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% -------------------------------------------------------------------- 
function abir_excel_Callback(hObject, eventdata, handles) 
% hObject    handle to abir_excel (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
uiimport 
  
  
  
% --- Executes when selected cell(s) is changed in dati_carico1. 
function dati_carico1_CellSelectionCallback(hObject, eventdata, handles) 
% hObject    handle to dati_carico1 (see GCBO) 
% eventdata  structure with the following fields (see UITABLE) 
%   Indices: row and column indices of the cell(s) currently selecteds 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% --- Executes on selection change in popupmenu4. 
function popupmenu4_Callback(hObject, eventdata, handles) 
% hObject    handle to popupmenu4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 



223 

 

  
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu4 contents as cell 
array 
%        contents{get(hObject,'Value')} returns selected item from popupmenu4 
popu4 = get (handles.popupmenu4,'Value'); 
if popu4==5 | popu4==2 
    Temp1 = get (handles.B1,'String'); 
    set (handles.L1,'Style','edit') 
    set (handles.L1,'String',Temp1) 
    set (handles.text39,'String','Longitud (m)') 
else 
    set (handles.L1,'Style','text') 
    set (handles.L1,'String',' ') 
    set (handles.text39,'String',' ') 
end 
% --- Executes during object creation, after setting all properties. 
function popupmenu4_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: popupmenu controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton4. 
function pushbutton4_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
popu = get(handles.popupmenu4,'value'); 
fiter2 = str2num(get(handles.fiter1,'string')); 
L2 = str2num(get(handles.L1,'string')); 
B2 = str2num(get(handles.B1,'string')); 
gammater2 = str2num(get(handles.gammater1,'string')); 
coes2 = 0; 
D2 = str2num(get(handles.D1,'string')); 
qlat2 = 0; 
dila2 = str2num(get(handles.dila1,'string')); 
if L2 < B2 
    msgbox('El ancho no puede exceder la longitud') 
    return 
end 
    % Interpolazione coefficienti di capacità portante interpola lo de 
    % vesic 
   %sacado del paper Loukidis, Salgado (2009) 
%     F = 1-tand(fiter2)*((tand(0.8*(fiter2-dila2)))^2.5); 
%     Nq = ((1 + sind(fiter2))/(1 - sind(fiter2)))*exp(F*pi*tand(fiter2)); 
%     Ng = (Nq-1)*tand(1.34*fiter2); 
%     %sacado de la DNV 
%     Nc = (Nq-1)*cotd(fiter2); 
%el popup manda 
if popu == 1 
% Coefficienti di capacità portante (Vesic) 
    %   fi     Nc     Nq     Ng 
    L2 = B2; 
    cap_port = [ 
        0   5.14   1.00   0.00; 
        22  16.88   7.82   7.13; 
        24  19.32   9.60   9.44; 
        26  22.25  11.85  12.54; 
        28  25.80  14.72  16.72; 
        30  30.14  18.40  22.40; 
        32  35.49  23.18  30.22; 
        34  42.16  29.44  41.06; 
        36  50.59  37.75  56.31; 
        38  61.35  48.93  78.03; 
        40  75.31  64.20 109.40; 
        42  93.71  85.38 155.60; 
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    ]; 
    if fiter2 > max(cap_port(:,1)) 
        disp('Warning: fi > fi max') 
        fiter2 = max(cap_port(:,1)); 
    end 
    % Interpolazione coefficienti di capacità portante 
    Nc = interp1(cap_port(:,1),cap_port(:,2),fiter2); 
    Nq = interp1(cap_port(:,1),cap_port(:,3),fiter2); 
    Ng = interp1(cap_port(:,1),cap_port(:,4),fiter2); 
     
    % Coefficienti di forma 
    sc = 1+(B2/L2)*(Nq/Nc); 
    sq = 1+(B2/L2)*tan(pi*fiter2/180); 
    sg = 1-0.4*(B2/L2); 
    dg = 1; 
    dq = 1; 
  
end 
if popu ==2 
    % Coefficienti di capacità portante (Vesic) 
    %   fi     Nc     Nq     Ng 
    cap_port = [ 
        0   5.14   1.00   0.00; 
        22  16.88   7.82   7.13; 
        24  19.32   9.60   9.44; 
        26  22.25  11.85  12.54; 
        28  25.80  14.72  16.72; 
        30  30.14  18.40  22.40; 
        32  35.49  23.18  30.22; 
        34  42.16  29.44  41.06; 
        36  50.59  37.75  56.31; 
        38  61.35  48.93  78.03; 
        40  75.31  64.20 109.40; 
        42  93.71  85.38 155.60; 
    ]; 
    if fiter2 > max(cap_port(:,1)) 
        disp('Warning: fi > fi max') 
        fiter2 = max(cap_port(:,1)); 
    end 
    % Interpolazione coefficienti di capacità portante 
    Nc = interp1(cap_port(:,1),cap_port(:,2),fiter2); 
    Nq = interp1(cap_port(:,1),cap_port(:,3),fiter2); 
    Ng = interp1(cap_port(:,1),cap_port(:,4),fiter2); 
     
    % Coefficienti di forma 
    sc = 1+(B2/L2)*(Nq/Nc); 
    sq = 1+(B2/L2)*tan(pi*fiter2/180); 
    sg = 1-0.4*(B2/L2); 
    dg = 1; 
    dq = 1; 
end 
if popu == 3 
    % Coefficienti di capacità portante (Vesic) 
    %   fi     Nc     Nq     Ng 
    cap_port = [ 
        0   5.14   1.00   0.00; 
        22  16.88   7.82   7.13; 
        24  19.32   9.60   9.44; 
        26  22.25  11.85  12.54; 
        28  25.80  14.72  16.72; 
        30  30.14  18.40  22.40; 
        32  35.49  23.18  30.22; 
        34  42.16  29.44  41.06; 
        36  50.59  37.75  56.31; 
        38  61.35  48.93  78.03; 
        40  75.31  64.20 109.40; 
        42  93.71  85.38 155.60; 
    ]; 
    if fiter2 > max(cap_port(:,1)) 
        disp('Warning: fi > fi max') 
        fiter2 = max(cap_port(:,1)); 
    end 
    % Interpolazione coefficienti di capacità portante 
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    Nc = interp1(cap_port(:,1),cap_port(:,2),fiter2); 
    Nq = interp1(cap_port(:,1),cap_port(:,3),fiter2); 
    Ng = interp1(cap_port(:,1),cap_port(:,4),fiter2); 
     
    % Coefficienti di forma 
    L2 = 1; 
    sc = 1; 
    sq = 1; 
    sg = 1; 
    dg = 1; 
    dq = 1; 
end 
if popu == 4 %circular advanced 
    F = 1-tand(fiter2)*((tand(0.8*(fiter2-dila2)))^2.5); 
    Nq = ((1 + sind(fiter2))/(1 - sind(fiter2)))*exp(F*pi*tand(fiter2)); 
    Ng = (Nq-1)*tand(1.34*fiter2); 
    %sacado de la DNV 
    Nc = (Nq-1)*cotd(fiter2); 
    %DNV dice que sc = sq 
    sc = 1+2.9*(tand(fiter2))^2; 
    %sacado del paper de Loukidis, Salgado (2009) 
    sq = 1+2.9*(tand(fiter2))^2; 
    sg = 1-0.73+(0.26*((1+sind(fiter2))/(1-sind(fiter2)))); 
    if D2 ==0 
        dq = 1; 
    else %Lyamin Salgado y prezzi (2007) 
    dq = 1 + (0.0036*fiter2+0.393)*((D2/B2)^(-0.27)); 
    end 
    dg = 1; 
end 
if popu == 5 %paper Lyamin, Slagado. Sloan prezzi 2009 TOTALMENTE DIFERENTE 
    %sigamos siendo consistentes con DNV sc = sq donde pongo 0 es que no 
    %esta definido 
    F = 1-tand(fiter2)*((tand(0.8*(fiter2-dila2)))^2.5); 
    Nq = ((1 + sind(fiter2))/(1 - sind(fiter2)))*exp(F*pi*tand(fiter2)); 
    Ng = (Nq-1)*tand(1.34*fiter2); 
    
    %sacado de la DNV 
    Nc = (Nq-1)*cotd(fiter2); 
    sc = 0; 
    sq = 0; 
    dq = 0; 
    dg = 1 + (8.404-0.151*fiter2)*(D2/B2); 
    ratio = 1 + (0.31+0.95*B2/L2)*(2.63+0.023*fiter2)*((D2/B2)^(1.15-0.54*(B2/L2))); 
    sg = (1+(0.0336*fiter2-1)*(B2/L2))*ratio; 
end 
  
if popu == 6 %strip case 
    F = 1-tand(fiter2)*((tand(0.8*(fiter2-dila2)))^2.5); 
    Nq = ((1 + sind(fiter2))/(1 - sind(fiter2)))*exp(F*pi*tand(fiter2)); 
    Ng = (Nq-1)*tand(1.34*fiter2); 
    %sacado de la DNV 
    Nc = (Nq-1)*cotd(fiter2); 
    L2 = 1; 
        sc = 1; 
        sq = 1; 
        sg = 1; 
    if D2 ==0 
        dq = 1; 
    else 
        dq = 1 + (0.0036*fiter2+0.393)*((D2/B2)^(-0.27)); 
    end 
        dg = 1; 
end 
     
qlim = 0.5*B2*sg*dg*gammater2*Ng + sc*coes2*Nc + dq*sq*(gammater2*D2+qlat2)*Nq; 
qlim2 = num2str(round(qlim)); 
set(handles.qlim1,'string',(qlim2)) 
if popu == 4 | popu==1 
VM2 = qlim*pi*B2*B2/4; 
end 
if popu == 5 | popu==2 
VM2 = qlim*B2*L2; 
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end 
if popu == 6 | popu ==3 
VM2 = qlim*B2*L2; 
end 
VM3 = num2str(VM2); 
set(handles.VM1,'string',VM3); 
% --- Executes on button press in pushbutton5. 
function pushbutton5_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
Dr2 = str2num(get (handles.Dr1,'string')); 
Dr2 = Dr2/100; 
VM2 = str2num(get (handles.VM1,'string')); 
if VM2 == 0 
       msgbox('Limit Vertical Load cannot be 0') 
end 
B2 = str2num(get (handles.B1,'string')); 
R02 = (30*Dr2*VM2/B2); 
R03 = num2str(R02); 
set(handles.R01,'string',R03); 
  
function path1_Callback(hObject, eventdata, handles) 
% hObject    handle to path1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of path1 as text 
%        str2double(get(hObject,'String')) returns contents of path1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function path1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to path1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton6. 
function pushbutton6_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
D2 = str2num(get (handles.D1,'string')); 
delta2 = str2num(get (handles.delta1,'string')); 
B2 = str2num(get (handles.B1,'string')); 
mu2 = ( tan(pi*delta2/180) + 0.72*D2/B2); 
mu3 = num2str(mu2); 
set(handles.mu1,'string',mu3); 
% --- Executes on button press in pushbutton7. 
function pushbutton7_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
D2 = str2num(get (handles.D1,'string')); 
B2 = str2num(get (handles.B1,'string')); 
psi2  = 0.35 + 0.3*D2/B2; 
psi3 = num2str(psi2); 
set(handles.psi1,'string',psi3) 
  
  
  
function L1_Callback(hObject, eventdata, handles) 
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% hObject    handle to L1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of L1 as text 
%        str2double(get(hObject,'String')) returns contents of L1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function L1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to L1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton8. 
function pushbutton8_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
nlin = str2num(get(handles.numlin,'string')); 
ra = zeros(nlin,4); 
tabla2 = mat2cell(ra,ones(1,nlin),[1 1 1 1]); 
set(handles.dati_carico1, 'Data', tabla2); 
  
  
function numlin_Callback(hObject, eventdata, handles) 
% hObject    handle to numlin (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of numlin as text 
%        str2double(get(hObject,'String')) returns contents of numlin as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function numlin_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to numlin (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton9. 
  
  
  
% --- Executes on button press in pushbutton10. 
function pushbutton10_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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[b,a] = uigetfile('*.xlsx'); 
set(handles.path1,'string',sprintf('%s\\%s',a,b)); 
  
  
  
function dila1_Callback(hObject, eventdata, handles) 
% hObject    handle to dila1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of dila1 as text 
%        str2double(get(hObject,'String')) returns contents of dila1 as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function dila1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to dila1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on selection change in popupmenu5. 
function popupmenu5_Callback(hObject, eventdata, handles) 
% hObject    handle to popupmenu5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu5 contents as cell 
array 
%        contents{get(hObject,'Value')} returns selected item from popupmenu5 
%esto COMENTADO QUE SIRVA COMO TUTORIAL  
  
pop = get (handles.popupmenu5,'Value') 
% alee = get (handles.B1,'Style') 
% switch pop 
%     case 2 
%         disp('hola mundo') 
%     otherwise 
%         disp('lala') 
% end 
  
% --- Executes during object creation, after setting all properties. 
function popupmenu5_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns called 
  
% Hint: popupmenu controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% -------------------------------------------------------------------- 
function Untitled_1_Callback(hObject, eventdata, handles) 
% hObject    handle to Untitled_1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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% -------------------------------------------------------------------- 
function Untitled_2_Callback(hObject, eventdata, handles) 
% hObject    handle to Untitled_2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
winopen('Lyamin Salgado.pdf') 
  
% -------------------------------------------------------------------- 
function Untitled_3_Callback(hObject, eventdata, handles) 
% hObject    handle to Untitled_3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
winopen('Loukidis Salgado.pdf') 
  
% -------------------------------------------------------------------- 
function Untitled_4_Callback(hObject, eventdata, handles) 
% hObject    handle to Untitled_4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
winopen('Nova_Montrasio_91.pdf') 
  
% -------------------------------------------------------------------- 
function Untitled_5_Callback(hObject, eventdata, handles) 
% hObject    handle to Untitled_5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
winopen('Nova_Montrasio_97.pdf') 
  
  
% --- Executes on button press in pushbutton11. 
function pushbutton11_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
[bbb,aaa] = uigetfile({'*.xlsx'; '*.xls'}); 
archivo = sprintf('%s\\%s',aaa,bbb); 
importme = xlsread(archivo); 
  
%le añado unos ceros a importme 
tabla = num2cell(importme); 
set(handles.dati_carico1, 'Data', tabla); 
  
% archivo = get(handles.path1,'string'); 
% importme = xlsread(archivo); 
% raux = [1:1:max(size(importme))]'+1000; 
% r = [0;500;raux]; 
% s_daticarico = 2 + max(size(importme)); 
% %le añado unos ceros a importme 
% importme = [[0,0,0];[importme(1,1),0,0];importme]; 
% dati_caricoimp = [r, importme]; 
% tabla = mat2cell(dati_caricoimp,ones(1,s_daticarico),[1 1 1 1]); 
% set(handles.dati_carico1, 'Data', tabla); 
  
  
% --- Executes during object deletion, before destroying properties. 
function dati_carico1_DeleteFcn(hObject, eventdata, handles) 
% hObject    handle to dati_carico1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% --- Executes on button press in pushbutton12. 
function pushbutton12_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton12 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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close 1 
close 2 
close 3 
close 4 
------------------------------------------------------- 
------------------------------------------------------- 
function array=num2matrix(number,columns) 
% num2matrix('1234') yields [1,2,3,4] 
% num2matrix('1234',2) yields [1,2 ; 3,4] 
%   Enter number of columns if you wish to limit. 
%   The characters will wrap to the next row. 
% The number is inputed as a string so you can 
%   convert digits like 0010. 
array=0; 
numberlength=length(number); 
if nargin==1; 
    for character=1:numberlength; 
        array(character)=str2num(number(character)); 
    end; 
elseif nargin==2; 
    rows=ceil(numberlength/columns); 
    for currentrow=1:rows 
        if currentrow>1; number(1:columns)=[]; end; 
        if length(number)>=columns; currentcolumn=columns; else 
currentcolumn=length(number); end; 
        for character=1:currentcolumn; 
            array(currentrow,character)=str2num(number(character)); 
        end; 
    end; 
end; 
 
------------------------------------------------------- 
------------------------------------------------------- 
function [ figu ] = Pintasup( V0,H0,M0,figurenumber,a,Vax,Hax,Max ) 
%PINTASUP Summary of this function goes here 
%   Pinta una yield surface haciendo zoom según las cargas en la figura que 
%   le pidas con "i" 
  
 [V,H]=meshgrid(linspace(0.0,1.0*V0),linspace(-1.1*H0,1.1*H0)); 
 A = (1/(M0.^2)); 
 B = (-2.*a.*H/(H0.*M0)); 
 C = (((H/H0).^2)-(4.*(V/V0).*(1-V/V0)).^2);  
 MSup = (-B + (B.^2 -4.*A.*C).^0.5)./(2.*A); 
 MInf = (-B - (B.^2 -4.*A.*C).^0.5)./(2.*A); 
  
  for jj = 1:max(size(MSup)) 
      for j = 1:min(size(MSup)) 
              if isreal(MSup(jj,j))==1 
                      MSup(jj,j)=MSup(jj,j); 
              else 
                     MSup(jj,j)= 0.0;          
              end          
      end      
 end 
  
  
 for jj = 1:max(size(MInf))  
     for j = 1:min(size(MInf))      
         if isreal(MInf(jj,j))==1          
             MInf(jj,j)=MInf(jj,j);              
         else              
             MInf(jj,j)= 0.0;              
         end          
     end      
 end 
  
figu = figure(figurenumber); 
 surfl(V,H,MSup) 
 shading interp 
 colormap copper 
 alpha(.4)     
 hold on 
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 grid on 
 surfl(V,H,MInf) 
 shading interp 
 colormap copper 
 alpha(.4) 
 xlabel('V [KN]') 
 ylabel('H [KN]') 
 zlabel('M [KN·m]') 
 axis([0,Vax,-1.1*Hax,1.1*Hax,-1.1*Max,1.1*Max])  
end 
------------------------------------------------------- 
------------------------------------------------------- 
function [ MSup,MInf ] = planoMH( H0,M0,a ) 
%PLANOMH Summary of this function goes here 
%   Detailed explanation goes here 
H = linspace(-1.054*H0,1.054*H0); 
  
A = M0^-2; 
cte = -2*a*(M0*H0)^-1; 
B = cte*H; 
C = ((H.*H)*H0^-2) - 1; 
  
MSup = (-B + (B.*B-4.*A.*C).^0.5)/(2*A); 
MInf = (-B - (B.*B-4.*A.*C).^0.5)/(2*A); 
  
end 
------------------------------------------------------- 
------------------------------------------------------- 
function [ Hsup, Hinf ] = planoVH( H0,V0 ) 
%PLANOMH Summary of this function goes here 
%   Detailed explanation goes here 
  
V = linspace(0,V0); 
Hsup = (H0*4/(V0^2))*(V0*V-V.^2); 
Hinf = -(H0*4/(V0^2))*(V0*V-V.^2); 
  
end 
------------------------------------------------------- 
------------------------------------------------------- 
function [ Msup, Minf ] = planoVM( M0,V0 ) 
%PLANOMH Summary of this function goes here 
%   Detailed explanation goes here 
  
V = linspace(0,V0); 
Msup = (M0*4/(V0^2))*(V0*V-V.^2); 
Minf = -(M0*4/(V0^2))*(V0*V-V.^2); 
  
end 
------------------------------------------------------- 
------------------------------------------------------- 
function [ V0,H0,M0,G ] = state( wp,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ) 
%STATE Summary of this function goes here 
%   Detailed explanation goes here 
D2R = wp/(2*R); 
Su = Sum+ro*wp; 
G = GSu*Su; 
ro2R = ro/(2*R); 
[ Nc,dNcdwp ] = Eval_Nc_dNcdwp( apex,ro2R,D2R,Roughness,R ); 
V0 = (Nc*Su+gamma*wp)*pi()*R^2; 
H0 = ho*(V0-gamma*wp*pi()*R^2); 
M0 = mo*2*R*V0; 
  
end 
------------------------------------------------------- 
------------------------------------------------------- 
function [ dQ,wp_sub,q_p_sub,Q_sub,Ytol ] = substep_disp2( 
dq,Q,dig,wpi,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex,a,dseta ) 
  
        %primero determinaremos las tolerancias que queremos 
         [ V0,H0,M0,G ] = state( wpi,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ); 
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        Ytol = (dig/V0); 
        %SStol = (dig)/V0; 
        SStol = 0.0001; 
         
  
        [ Kel, dKeli ] = Elmatrix( wpi,G,R,apex ); 
        dQtrial = Kel*dq; 
        %Lo primero es determinar el punto en el que corta la sup de 
        %fluencia con método secante 
        amin = 0; 
        amed = 1; 
        amax = 1; 
        fmed = 1; 
        while abs(fmed)>Ytol 
            Qmed = Q+amed*dQtrial; 
            Qmin = Q+amin*dQtrial;             
            fmed = yield (Qmed(1),Qmed(2),Qmed(3),V0,H0,M0,a); 
            fmin = yield (Qmin(1),Qmin(2),Qmin(3),V0,H0,M0,a); 
            amax = amed - (fmed/(fmed-fmin))*(amed-amin); 
            amin = amed; 
            %actualizamos epsmed 
            amed = amax;             
        end 
        disp(sprintf('Valor de alfa = %f',amin))         
         
        %Initialize parameters        
                Q_sub = Q+amin*dQtrial; 
                dQe = amin*dQtrial; 
                dqe = amin*dq; 
                dq_s = (1-amin)*dq; 
                T = 0; 
                dT = 1; 
                q_p_sub = [wpi;0;0]; 
                wp_sub = wpi; 
                 
                 
                while T < 1.0  
                    %reactualizamos R_error dT 
                    R_error = 1; 
                    maxiter = 0; 
                    dT = 1-T; 
                    wp_ss = wp_sub; 
                    f_check = 1; 
                    %while or(R_error > SStol, paraloop == 0)  %loop de estimación del 
error y substep algorithm se empieza asumiendo que con dT = 1 basta 
                    while or(R_error > SStol,abs(f_check)>Ytol) 
                         
                        dq_ss = dT*dq_s; 
                         
                        [ V0,H0,M0,G ] = state( 
wp_ss,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ); 
                        [Kep] = Epmatrix( 
Q_sub(1),Q_sub(2),Q_sub(3),dseta,a,wp_ss,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ); 
                        dQ_1 = [Kep]*dq_ss; 
                        [molt_p] = molt_plas( dq_ss, 
Q_sub(1),Q_sub(2),Q_sub(3),dseta,a,wp_ss,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ); 
                        [ dfdV,dfdH,dfdM,dfdV0,dfdH0,dfdM0 ] = diffyield( 
Q_sub(1),Q_sub(2),Q_sub(3),a,V0,H0,M0 );                    
                        dq_1_p = molt_p*([dfdV*dseta,dfdH,dfdM]'); 
                        %parametros de historia                                     
                        dwp_1 = dq_1_p(1);  
                        wp_2 = wp_ss + dwp_1; 
                        %reevaluemos lo que dependa de wp 
  
                        [ V0,H0,M0,G ] = state( 
wp_2,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ); 
                        [Kep] = Epmatrix( 
Q_sub(1)+dQ_1(1),Q_sub(2)+dQ_1(2),Q_sub(3)+dQ_1(3),dseta,a,wp_2,GSu,Sum,ro,R,gamma,ho,mo
,Roughness,apex );                    
                        dQ_2 = [Kep]*dq_ss; 
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                        [molt_p] = molt_plas( dq_ss, 
Q_sub(1)+dQ_1(1),Q_sub(2)+dQ_1(2),Q_sub(3)+dQ_1(3),dseta,a,wp_2,GSu,Sum,ro,R,gamma,ho,mo
,Roughness,apex ); 
                        [ dfdV,dfdH,dfdM,dfdV0,dfdH0,dfdM0 ] = diffyield( 
Q_sub(1)+dQ_1(1),Q_sub(2)+dQ_1(2),Q_sub(3)+dQ_1(3),a,V0,H0,M0 );                    
                        dq_2_p = molt_p*([dfdV*dseta,dfdH,dfdM]');       
                        %parametros de historia 
                        dwp_2 = dq_2_p(1); 
  
                        %AHORA CALCULAMOS EL EULER ESTIMATE haciendo la media entre el 
                        %paso 1 y el paso 2 
  
                        dQ_sub = 0.5*(dQ_1+dQ_2); 
                        dq_p_sub = 0.5*(dq_1_p+dq_2_p); 
                        dwp_sub = 0.5*(dwp_1+dwp_2); 
                        %calculamos el error absoluto t el relativo, que será el que 
                        %controle el loop 
                        error = 0.5*abs((dQ_2-dQ_1)'*(dQ_2-dQ_1)); 
                        Aux_den = abs((Q_sub + dQ_sub)'*(Q_sub + dQ_sub)); 
  
                        R_error = (error/Aux_den)^0.5; 
                        disp(sprintf('El error relativo es %d, la tolerancia es 
%d',R_error,SStol)) 
            %beta nos da una idea de como ha de ser de pequeño el paso para tener 
            %errores dentro de la tolerancia 
                        beta = 0.8*(SStol/R_error)^0.5; 
  
                        if beta < 0.1 %es recomendable que beta este entre 0.1 y 2.5 
  
                            disp('warning: beta <0.1') 
                             
                        end 
  
                        if beta > 1.0 
  
                           beta = 1; 
                        end 
               
              %Almacenamos la anterior dT  
                        dT_rec = dT; 
              %Ahora actualizamos tensiones con las del euler estimate 
                        dT = dT*beta; 
  
              %AHORA TOCA VERIFICAR QUE ESTARIAMOS "SOBRE" LA YIELD SURFACE 
  
              %Actualicemos tensiones y parametros de historia 
                        Q_check_sub = Q_sub + dQ_sub; 
                        q_p_check_sub = q_p_sub + dq_p_sub; 
                        wp_check_sub = wp_sub + dwp_sub; 
                        [ V0,H0,M0,G ] = state( 
wp_check_sub,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex ); 
  
                         
                        f_check_sub = yield( 
Q_check_sub(1),Q_check_sub(2),Q_check_sub(3),V0,H0,M0,a ); 
                        disp(sprintf('Evaluación de punto  = %d, la tolerancia es = 
%d',f_check_sub,Ytol)) 
                         
                        if abs(f_check_sub)>Ytol                         
                          
                            disp('Corrección según Gens y Potts (1985)') 
                            [ molt_p_g,dk_gens,dsig_gens,dq_gens ] = 
molt_p_gens(Q_check_sub(1),Q_check_sub(2),Q_check_sub(3),wp_check_sub,GSu,Sum,ro,R,gamma
,ho,mo,Roughness,apex,a,dseta  ); 
                            dQ_sub = dQ_sub+dsig_gens; 
                            dwp_sub = dwp_sub + dk_gens; 
                            dq_p_sub = dq_p_sub + dq_gens; 
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                        else 
                           disp('estado de tensiones sobre la yield surface') 
                           f_check = f_check_sub; 
                        end 
                             
                        Q_check = Q_sub + dQ_sub; 
                        q_p_check = q_p_sub + dq_p_sub; 
                        wp_check = wp_sub + dwp_sub; 
                        [ V0,H0,M0,G ] = state( 
wp_check,GSu,Sum,ro,R,gamma,ho,mo,Roughness,apex );                         
                         
                        f_check = yield( Q_check(1),Q_check(2),Q_check(3),V0,H0,M0,a );                    

                         
                        disp(sprintf('Verificación punto sobre yield surface = %d, la 
tolerancia es = %d',f_check,Ytol)  )                      
                         
                         if abs(f_check)>Ytol                         
                         disp('Reducción de paso') 
                             dT = dT*0.6; 
    
                             
                        else 
                           disp('Se cumplen todos los requisitos') 
                            
                        end                        
                         
                         
                         
                         
                        if T + dT >=1 
                            dT = 1-T; 
                        end 
             %eSTO ES UN CONTADOR QUE INDICARA EL NUMERO MAXIMO DE ITERACIONES            
                        maxiter = maxiter+1; 
                        if maxiter > 500 
                           disp('Máximo numero de iteraciones alcanzado') 
                            return  
                        end 
  
                    end            
%aQUI SE ACABA EL LOOP QUE DETERMINA LA LONGITUD DEL SUBPASO 
                       T = T+dT_rec;                  
                       %Actualizamos las tensiones parametros de historia etc 
                       Q_sub = Q_sub + dQ_sub; 
                       q_p_sub = q_p_sub + dq_p_sub; 
                       wp_sub = wp_sub + dwp_sub; 
                        
                           if T > 1 
  
                           disp('algo huele a podrido en dinamarca') 
                           return 
                           end 
                            
  
                end 
                dQ = Q_sub-Q; 
                 
            
end 
------------------------------------------------------- 
------------------------------------------------------- 
function [ dqout ] = trail_mod( dq,K,SV,SH,SM ) 
%TRAIL_MOD Summary of this function goes here 
%   Detailed explanation goes here 
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%Si SV,SH,SM = 1 es que esta activada la condicion dV = 0, dH = 0 o dM = 0 
  
%Esto es para crear la variable, luego me la peto 
  
dqout = [0;0;0];  
  
if SV == 1 && SH == 0 && SM == 0 
    dqout(1) = -(K(1,2)*dq(2)+K(1,3)*dq(3))/K(1,1); 
    dqout(2) = dq(2); 
    dqout(3) = dq(3); 
elseif SV == 0 && SH == 1 && SM == 0 
    dqout(1) = dq(1); 
    dqout(2) = -(K(2,1)*dq(1)+K(2,3)*dq(3))/K(2,2); 
    dqout(3) = dq(3); 
elseif SV == 0 && SH == 0 && SM == 1 
    dqout(1) = dq(1); 
    dqout(2) = dq(2); 
    dqout(3) = -(K(3,1)*dq(1)+K(3,2)*dq(2))/K(3,3);         
elseif SV == 1 && SH == 1 && SM == 0 
    dqout(3) = dq(3); 
    dqout(2) = -(K(1,3)*K(2,1)-K(2,3)*K(1,1))/(K(2,1)*K(1,2)-K(2,2)*K(1,1))*dq(3); 
    dqout(1) = -(K(1,2)*dqout(2)+K(1,3)*dq(3))/K(1,1);     
elseif SV == 1 && SH == 0 && SM == 1 
    dqout(2) = dq(2); 
    dqout(3) = -(K(1,1)*K(3,2)-K(3,1)*K(1,2))/(K(3,3)*K(1,1)-K(1,3)*K(3,1))*dq(2); 
    dqout(1) = -(K(1,3)*dqout(3)+K(1,2)*dq(2))/K(1,1);     
elseif SV == 0 && SH == 1 && SM == 1 
    dqout(2) = -(K(3,3)*K(2,1)-K(2,3)*K(3,1))/(K(2,2)*K(3,3)-K(2,3)*K(3,2))*dq(1); 
    dqout(3) = -(K(3,1)*dq(1)+K(3,2)*dqout(2))/K(3,3); 
    dqout(1) = dq(1); 
elseif SV == 0 && SH == 0 && SM == 0 
    dqout = dq;     
elseif SV == 1 && SH == 1 && SM == 1     
    disp('Libere algún grado de libertad') 
    return   
end 
  
if dqout == zeros(3,1) 
   disp('incrementon nulo')  
end 
  
end 
 
------------------------------------------------------- 
------------------------------------------------------- 
function [ f ] = yield( V,H,M,V0,H0,M0,a ) 
%YIELD Summary of this function goes here 
%   Detailed explanation goes here 
  
f = (((M/M0)^2+(H/H0)^2-2*a*(M/M0)*(H/H0))^0.5) - 4*(V/V0)*(1-V/V0); 
  
end 
 
------------------------------------------------------- 
------------------------------------------------------- 
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ANNEX G: IEC DESIGN LOAD CASES 

 

Design load cases for offshore wind turbines according to IEC 61400-3 ed 1.0. For more information refer to: [ 8 ] and [ 7 

]. 
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Design 

situation DLC 
 

W ind condition W aves 
W ind and 

wave 
directionality 

Sea 
currents 

Water 
level 

Other 
conditions 

Type of 
analysis 

Partial 
safety 
factor 

1) Power 
production 

1.1 NTM 
 

Vin < Vhub < Vout 

RNA 

NSS 
 

Hs = E[Hs| Vhub] 
COD, UNI NCM MSL For extrapolation 

of extreme loads 
on the RNA 

U N 
 

(1,25) 

1.2 NTM 
 

Vin < Vhub < Vout 

NSS Joint prob. 
distribution of 
Hs,Tp,Vhub

COD, MUL No 
currents 

NW LR or 
≥ MSL 

 F * 

1.3 ETM 
 

Vin < Vhub < Vout

NSS 
 

Hs = E[Hs| Vhub] 
COD, UNI NCM MSL  U N 

1.4 ECD 
 

Vhub = Vr – 2 m/s, Vr, 

Vr + 2 m/s 

NSS (or NW H) 
 

Hs = E[Hs| Vhub] 
MIS, wind 
direction 
change 

NCM MSL  U N 

1.5 EW S 
 

Vin < Vhub < Vout

NSS (or NW H) 
 

Hs = E[Hs| Vhub] 
COD, UNI NCM MSL  U N 

1.6a NTM 
 

Vin < Vhub < Vout

SSS 
 

Hs= Hs,SSS

COD, UNI NCM NW LR  U N 

1.6b NTM 
 

Vin < Vhub < Vout

SW H 
 

H = HSW H 
COD, UNI NCM NW LR  U N 
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Design 

situation DLC 
 

W ind condition W aves 
W ind and 

wave 
directionality 

Sea 
currents 

Water 
level 

Other 
conditions 

Type of 
analysis 

Partial 
safety 
factor 

2) Power pro- 
duction plus 
occurrence 
of fault 

2.1 NTM 
 

Vin < Vhub < Vout 

NSS 
 

Hs = E[Hs| Vhub] 
COD, UNI NCM MSL Control system 

fault or loss of 
electrical 
network 

U N 

2.2 NTM 
 

Vin < Vhub < Vout 

NSS 
 

Hs = E[Hs| Vhub] 
COD, UNI NCM MSL Protection 

system or 
preceding 
internal electrical 
fault 

U A 

2.3 EOG 
 

Vhub = Vr ± 2 m/s 
and Vout 

NSS (or NW H) 
 

Hs = E[Hs| Vhub] 
COD, UNI NCM MSL External or 

internal electrical 
fault including 
loss of electrical 
network 

U A 

2.4 NTM 
 

Vin < Vhub < Vout 

NSS 
 

Hs = E[Hs| Vhub] 
COD, UNI No 

currents 
NW LR or 
≥ MSL 

Control, 
protection, or 
electrical system 
faults including 
loss of electrical 
network 

F * 

3) Start up 3.1 NW P 
 

Vin < Vhub < Vout

NSS (or NW H) 
 

Hs = E[Hs| Vhub] 
COD, UNI No 

currents 
NW LR or 
≥ MSL 

 F * 

3.2 EOG 
 

Vhub = Vin, Vr ± 2 m/s 
and Vout 

NSS (or NW H) 
 

Hs = E[Hs| Vhub] 
COD, UNI NCM MSL  U N 

3.3 EDC1 

Vhub = Vin, Vr ± 2 m/s 
and Vout 

NSS (or NW H) 
 

Hs = E[Hs| Vhub] 
MIS, wind 
direction 
change 

NCM MSL  U N 

 



239 

 

 
 

Design 
situation DLC 

 
W ind condition W aves 

W ind and 
wave 

directionality 
Sea 

currents 
Water 
level 

Other 
conditions 

Type of 
analysis 

Partial 
safety 
factor 

4) Normal shut 
down 

4.1 NW P 
 
Vin < Vhub < Vout

NSS (or NW H) 
 

Hs = E[Hs| Vhub] 
COD, UNI No 

currents 
NW LR or 
≥ MSL 

 F * 

4.2 EOG 
 
Vhub = Vr ± 2m/s and Vout

NSS (or NW H) 
 

Hs = E[Hs| Vhub] 
COD, UNI NCM MSL  U N 

5) Emergency 
shut down 

5.1 NTM 
 
Vhub = Vr ± 2m/s and Vout 

NSS 
 

Hs = E[Hs| Vhub] 
COD, UNI NCM MSL  U N 

6) Parked 
(standing still 
or idling) 

6.1a EWM Turbulent wind model
 
Vhub = k1 Vref 

ESS 
 

Hs = k2 Hs50

MIS, MUL ECM EW LR  U N 

6.1b EW M Steady wind model 
 
V(zhub) = Ve50 

RW H 
 

H = Hred50

MIS, MUL ECM EW LR  U N 

6.1c RW M Steady wind model 
 
V(zhub) = Vred50

EW H 
 

H = H50 
MIS, MUL ECM EW LR  U N 

6.2a EWM Turbulent wind model
 
Vhub = k1 Vref 

ESS 
 

Hs = k2 Hs50

MIS, MUL ECM EW LR Loss of electrical 
network 

U A 

6.2b EW M Steady wind model 
 
V(zhub) = Ve50 

RW H 
 

H = Hred50

MIS, MUL ECM EW LR Loss of electrical 
network 

U A 

6.3a EWM Turbulent wind model 
 
Vhub = k1 V1 

ESS 
 

Hs = k2 Hs1 
MIS, MUL ECM NW LR Extreme yaw 

misalignment 
U N 

6.3b EW M Steady wind model 
 
V(zhub) = Ve1 

RW H 
 

H = Hred1

MIS, MUL ECM NW LR Extreme yaw 
misalignment 

U N 

6.4 NTM 
 
Vhub < 0,7 Vref 

NSS  Joint prob. 
distribution of 
Hs,Tp,Vhub 

COD, MUL No 
currents 

NW LR or 
≥ MSL 

 F * 
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Design 

situation DLC 
 

W ind condition W aves 
W ind and 

wave 
directionality 

Sea 
currents 

Water 
level 

Other 
conditions 

Type of 
analysis 

Partial 
safety 
factor 

7) Parked and 
fault 
conditions 

7.1a EW M Turbulent wind 
model 

 

Vhub = k1 V1 

ESS 
 

Hs = k2 Hs1 
MIS, MUL ECM NW LR  U A 

7.1b EW M Steady wind model 
 

V(zhub) = Ve1 
RW H 

 
H = Hred1

MIS, MUL ECM NW LR  U A 

7.1c RW M Steady wind model 
 

V(zhub) = Vred1

EW H 
 

H = H1 
MIS, MUL ECM NW LR  U A 

7.2 NTM 
 

Vhub < 0,7 V1 
NSS  Joint prob. 
distribution of 
Hs,Tp,Vhub 

COD, MUL No 
currents 

NW LR or 
≥ MSL 

 F * 

8) Transport, 
assembly, 
maintenance 
and repair 

8.1 To be stated by the manufacturer U T 

8.2a EW M Turbulent wind 
model 

 

Vhub = k1 V1 

ESS 
 

Hs = k2 Hs1 
COD, UNI ECM NW LR  U A 

8.2b EW M Steady wind model 
 

Vhub = Ve1 

RW H 
 

H = Hred1

COD, UNI ECM NW LR  U A 

8.2c RW M Steady wind model 
 

V(zhub) = Vred1

EW H 
 

H = H1 
COD, UNI ECM NW LR  U A 

8.3 NTM 
 

Vhub < 0,7 Vref 
NSS  Joint prob. 
distribution of 
Hs,Tp,Vhub 

COD, MUL No 
currents 

NW LR or 
≥ MSL 

No grid during 
installation 
period 

F * 
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ANNEX H: SOURCE CODE FOR THE OFFSHORE SIMPLIFIED STRUCTURAL MODEL 

clc 
clear all 
close all 
  
load variables_hydro 
  
global M_tot 
global H_tot 
global t_int 
  
%Inputs 
%Soil modulus (MPa) 
G_s = 10; 
%Soil stiffness horizontal N/m 
K_H = 2.16e9; 
%Soil stiffness rocking N·m 
K_M = 3.63e12; 
%Soil damping horizontal N/m 
D_H = 2.16e8; 
%Soil damping rocking N·m 
D_M = 3.63e10; 
%Structural mass, virtual Kg 
m = 6.15e8; 
%Structural mass, actual Kg 
m_0 = 3.56e10; 
%Structural mass, buoyant Kg 
m_b = 2.59e10; 
%Structural inertia, virtual Kg·m2 
J_G = 8.80e13; 
%Structural inertia ratio 
S_ratio = 1.66; 
J_0 = S_ratio*J_G; 
%Center of actual mass m 
h_g = 30.7; 
%Center of buoyant mass s 
h_b = 31.7; 
%Height where the force is applied 
h_0 = 0; 
%Carisson radius m 
R = 45; 
%NOTACION: INITIAL COND NO SE REFIERE A CONDICIONES INICIALES SINO A LAS 
%VARAIBLES QUE SE INTEGRAN [U THETA DU/DT DTHETA/DT] 
  
options = odeset('RelTol',1e-7,'AbsTol',[1e-7 1e-7 1e-9]); 
  
[T,Y] = ode45(@(t,initial_cond) Eqdiff_OFF2( 
t,fcarga_OFF2(t),mcarga_OFF2(t),K_H,K_M,D_H,D_M,m,m_0,m_b,J_G,J_0,h_g,h_b,h_0,R,initial_
cond ),[0 3600],[0 0 0 0]); 
  
plot(T,Y(:,1),'-o',T,Y(:,3)) 
%legend('u','theta') 

 

function [ dy ] = Eqdiff_OFF2( 
t,fcarga_OFF,mcarga_OFF,K_H,K_M,D_H,D_M,m,m_0,m_b,J_G,J_0,h_g,h_b,h_0,R,initial_cond ) 
%EQDIFF Summary of this function goes here 
%   Detailed explanation goes here 
  
  
M_matrix = zeros(2,2); 
M_matrix(1,1) = m; 
M_matrix(2,2) = J_G; 
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D_matrix = zeros(2,2); 
D_matrix(1,1)=J_0/J_G*D_H; 
D_matrix(1,2) = -m*h_g/J_G*D_M; 
D_matrix(2,1) = -h_g*D_H; 
D_matrix(2,2) = D_M; 
  
K_matrix = zeros(2,2); 
K_matrix(1,1) = J_0/J_G*K_H; 
K_matrix(1,2) = -m*h_g/J_G*(K_M-m_0*9.81*h_g+m_b*9.81*h_b); 
K_matrix(2,1) = -h_g*K_H; 
K_matrix(2,2) = K_M-m_0*9.81*h_g+m_b*9.81*h_b; 
  
dy = zeros(4,1); 
  
dy(1) = initial_cond(2); 
dy(2) = ((1-m*h_g/J_G*(h_0-h_g))*fcarga_OFF-m*h_g/J_G*mcarga_OFF)/M_matrix(1,1)-
D_matrix(1,1)/M_matrix(1,1)*initial_cond(2)-D_matrix(1,2)/M_matrix(1,1)*initial_cond(4)-
K_matrix(1,1)/M_matrix(1,1)*initial_cond(1)-K_matrix(1,2)/M_matrix(1,1)*initial_cond(3);  
dy(3) = initial_cond(4); 
dy(4) = (mcarga_OFF+(h_0-h_g)*fcarga_OFF)/M_matrix(2,2)-
D_matrix(2,2)/M_matrix(2,2)*initial_cond(4)-D_matrix(2,1)/M_matrix(2,2)*initial_cond(2)-
K_matrix(2,2)/M_matrix(2,2)*initial_cond(3)-K_matrix(2,1)/M_matrix(2,2)*initial_cond(1);  
  
  
end 
 

 

function [ F ] = fcarga_OFF( t_int,H_tot,t ) 
%FCARGA Summary of this function goes here 
%   Detailed explanation goes here 
  
F = interp1(t_int,H_tot,t); 
  
end 
 

 

function [M] = mcarga_OFF( t_int,M_tot,t ) 
%FCARGA Summary of this function goes here 
%   Detailed explanation goes here 
   
M = interp1(t_int,M_tot,t); 
   
end 
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ANNEX I: SOURCE CODE FOR EIGENVALUE ANALYSIS AND PREDESIGN 

clear all 
close all 
clc 
  
%Concrete density (2500Kg/m3) 
ro_C = 2500; 
%Fill density (2300 Kg/m3) 
ro_F = 2800; 
%Water density (1025 Kg/m3) 
ro_W = 1025; 
%Lenght (m) 
L_S = 44; 
%Added mass coefficient 
C_a = 1; 
%Altura sumergida (m) 
W_H = 32; 
%Young modulus concrete E (N/m2) 
E = 25000000000;  
%Substructure shape length-external radius-inner radius 
  
% GEOMETRY_SUB = [0      1     2.0     23.7     47.3     49; 
%                 11.75  11.75 10.75   3        3      4.8; 
%                 0      0     10.15   2.55      2.55    2.55;];  
            GEOMETRY_SUB = [0      1    2.0    23.7     47.3     49; 
                            9    9      9      3        3        4.8; 
                            0      0    8.4    2.5     2.5     2.5;];  
              
% plot(GEOMETRY(2,:),GEOMETRY(1,:)) 
% hold on 
% plot(GEOMETRY(3,:),GEOMETRY(1,:)) 
% hold off 
  
  
[ Vol_C,Vol_F,Vol_T,Vol_W] = Perfil( GEOMETRY_SUB,W_H); 
Weight_C = ro_C*Vol_C*9.81; 
Weight_F = ro_F*Vol_F*9.81; 
Weight_T = Weight_C + Weight_F; 
Weight_EFF = Weight_T - ro_W*Vol_W*9.81; 
  
%Macroelement stiffness matrix 
%De acuerdo con DNV circular footing embedded in stratum over bedrock 
%Shear modulus (N/m2) //Arcilla 10-100 MPa  
G_DNV = 107.3e6; 
  
%poisson coeeficient 
P_DNV = 0.33; 
%radius (m) 
R_DNV = max(GEOMETRY_SUB(2,:)); 
%embedment (m) 
d_DNV = 2; 
%Width of the stratumm (m) 
H_DNV = 50; 
%Condiciones de rotura 
%H Y m en KN 
H = 10800 
M = 293000 
gammaeff = 8 
friction = 35 
cohesion = 0 
 
[ Vout,H,M,Sc] = Classicbearing(4,0,Weight_EFF/1000,H,M,cohesion,friction, 
R_DNV,d_DNV,gammaeff) 
  
if Vout - Weight_EFF/1000 <0 
   disp('la cimentación rompe')  
end 
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%VERTICAL STIFFNESS 
K_V_DNV = (4*G_DNV*R_DNV/(1-P_DNV))*(1+1.28*R_DNV/H_DNV)*(1+d_DNV/(2*R_DNV))*(1+(0.85-
0.28*d_DNV/R_DNV)*((d_DNV/H_DNV)/(1-d_DNV/H_DNV))); 
%HORIZONTAL STIFFNESS 
K_H_DNV = (8*G_DNV*R_DNV/(2-
P_DNV))*(1+0.5*R_DNV/H_DNV)*(1+2/3*d_DNV/R_DNV)*(1+5/4*d_DNV/H_DNV); 
%ROCKING STIFFNESS 
K_M_DNV = (8*G_DNV*R_DNV^3/(3-
3*P_DNV))*(1+R_DNV/(H_DNV*6))*(1+2*d_DNV/R_DNV)*(1+0.7*d_DNV/H_DNV); 
  
%vamos a crear la tabla con la informacion de la cimentación 
%Posicion 
X_SUB = linspace(0,max(GEOMETRY_SUB(1,:)),20)'; 
%Diametro exterior 
D_E = interp1(GEOMETRY_SUB(1,:),GEOMETRY_SUB(2,:),X_SUB); 
%Diametro interior 
D_I= interp1(GEOMETRY_SUB(1,:),GEOMETRY_SUB(3,:),X_SUB); 
%Densidad lineal sin masa añadida 
%ro = pi()*ro_F*(interp1(GEOMETRY_SUB(1,:),GEOMETRY_SUB(3,:),X_SUB)).^2 + 
pi()*ro_C*(interp1(GEOMETRY_SUB(1,:),GEOMETRY_SUB(2,:),X_SUB)).^2-
pi()*ro_C*(interp1(GEOMETRY_SUB(1,:),GEOMETRY_SUB(3,:),X_SUB)).^2; 
ro = pi()*ro_F*D_E.^2+pi*ro_C*(D_E.^2-D_I.^2); 
%Masa añadida para la parte sumergida 
Added_mas = zeros(1,max(size(ro))); 
for ll = 1:max(size(ro)) 
     
    if X_SUB(ll)>W_H 
    C_a = 0; 
    end 
    Added_mass(ll) = 
pi()*ro_W*C_a*(interp1(GEOMETRY_SUB(1,:),GEOMETRY_SUB(2,:),X_SUB(ll))).^2; 
    C_a = 1; 
end 
%Densidad virtual ro 
  
  
ro_SUB_V = ro + Added_mass'; 
E_I_SUB = E*pi()*0.25*((interp1(GEOMETRY_SUB(1,:),GEOMETRY_SUB(2,:),X_SUB)).^4-
(interp1(GEOMETRY_SUB(1,:),GEOMETRY_SUB(3,:),X_SUB)).^4); 
Tabla_SUB = [X_SUB,ro_SUB_V,E_I_SUB]; 
  
%==================================================== 
%==================================================== 
%=====================DATOS TORRE==================== 
  
%ESTA ES LA TABLA QUE SE SUMINISTRA EN EL EJEMPLO 
  
% 
                %HtFract  TMassDen  TwFAStif   TwSSStif   TwGJStif   TwEAStif   TwFAIner  
TwSSIner  TwFAcgOf  TwSScgOf 
                % (-)      (kg/m)    (Nm^2)     (Nm^2)     (Nm^2)     (N)        (kg m)    
(kg m)    (m)       (m) 
GEOMETRY_TWR = [0.0      5590.87   614.343E9  614.343E9  472.751E9  138.127E9  24866.3   
24866.3   0.0       0.0; 
                0.1      5232.43   534.821E9  534.821E9  411.558E9  129.272E9  21647.5   
21647.5   0.0       0.0; 
                0.2      4885.76   463.267E9  463.267E9  356.495E9  120.707E9  18751.3   
18751.3   0.0       0.0; 
                0.3      4550.87   399.131E9  399.131E9  307.141E9  112.433E9  16155.3   
16155.3   0.0       0.0; 
                0.4      4227.75   341.883E9  341.883E9  263.087E9  104.450E9  13838.1   
13838.1   0.0       0.0; 
                0.5      3916.41   291.011E9  291.011E9  223.940E9   96.758E9  11779.0   
11779.0   0.0       0.0; 
                0.6      3616.83   246.027E9  246.027E9  189.323E9   89.357E9   9958.2    
9958.2   0.0       0.0; 
                0.7      3329.03   206.457E9  206.457E9  158.874E9   82.247E9   8356.6    
8356.6   0.0       0.0; 
                0.8      3053.01   171.851E9  171.851E9  132.244E9   75.427E9   6955.9    
6955.9   0.0       0.0; 
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                0.9      2788.75   141.776E9  141.776E9  109.100E9   68.899E9   5738.6    
5738.6   0.0       0.0; 
                1.0      2536.27   115.820E9  115.820E9   89.126E9   62.661E9   4688.0    
4688.0   0.0       0.0]; 
%Point mass in the edge of the tower (Kg) 
MASS_HUB = 350000; 
  
%Altura de la torre 
Twr_H = 87.6; 
GEOMETRY_TWR(:,1) = Twr_H*GEOMETRY_TWR(:,1); 
  
%Coordenadas torre 
X_TWR = linspace(0,Twr_H,11)'; 
ro_TWR = interp1(GEOMETRY_TWR(:,1),GEOMETRY_TWR(:,2),X_TWR); 
E_I_TWR = interp1(GEOMETRY_TWR(:,1),GEOMETRY_TWR(:,3),X_TWR); 
  
%Obtenemos la distribución de propiedades en coordenadas globales 
Tabla_TWR = [X_TWR,ro_TWR,E_I_TWR]; 
Tabla_TWR_global = [X_TWR+max(Tabla_SUB(:,1)),ro_TWR,E_I_TWR]+0.1; 
Tabla = [Tabla_SUB;Tabla_TWR_global]; 
  
%CREACIÓN DE LOS ELEMENTOS FINITOS TIPO VIGA 
  
num_elements = (max(size(Tabla))-1); 
data_elements = zeros(num_elements,4); 
for lll = 1:num_elements 
    %number of the element 
    data_elements(lll,1)=lll; 
    %length of the element 
    data_elements(lll,2)=(Tabla(lll+1,1)-Tabla(lll,1)); 
    %distributed density of the element 
    data_elements(lll,3) = 
interp1(Tabla(:,1),Tabla(:,2),0.5*(Tabla(lll+1,1)+Tabla(lll,1))); 
    data_elements(lll,4) = 
interp1(Tabla(:,1),Tabla(:,3),0.5*(Tabla(lll+1,1)+Tabla(lll,1))); 
  
end 
  
    
%AQUI EMPIEZA EL PROGRAMA 
%Define el número de modo propios a plotear 
    num_plot = 7;     
     
    guyan = 0; 
     
    num_elements = max(data_elements(:,1)); 
     
%   define length vector for plotting, coordenadas de cada nodo 
    lvec = Tabla(:,1); 
    lbeam = max(Tabla(:,1)); 
  
%   define the node numbers 
  
    n = 1:num_elements+1; 
  
%   number the nodes for the elements 
  
    node1 = 1:num_elements; 
     
    node2 = 2:num_elements+1; 
     
%   size the stiffness and mass matrices to have 2 times the number of nodes 
%   to allow for translation and rotation dof's for each node, including built- 
%   in end 
  
    max_node1 = max(node1); 
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    max_node2 = max(node2); 
  
    max_node_used = max([max_node1 max_node2]); 
  
    mnu = max_node_used; 
  
    k = zeros(2*mnu); 
  
    m = zeros(2*mnu); 
  
%   now build up the global stiffness and consistent mass matrices, element by element   
  
    for  i = 1:num_elements 
        %Aqui introducir EI y mpl 
        EI = data_elements(i,4); 
        mpl = data_elements(i,3); 
        l = data_elements(i,2); 
         
        dof1 = 2*node1(i)-1; 
        dof2 = 2*node1(i); 
        dof3 = 2*node2(i)-1; 
        dof4 = 2*node2(i); 
  
        k(dof1,dof1) = k(dof1,dof1)+(12*EI/l^3); 
        k(dof2,dof1) = k(dof2,dof1)+(6*EI/l^2); 
        k(dof3,dof1) = k(dof3,dof1)+(-12*EI/l^3); 
        k(dof4,dof1) = k(dof4,dof1)+(6*EI/l^2); 
  
        k(dof1,dof2) = k(dof1,dof2)+(6*EI/l^2); 
        k(dof2,dof2) = k(dof2,dof2)+(4*EI/l); 
        k(dof3,dof2) = k(dof3,dof2)+(-6*EI/l^2); 
        k(dof4,dof2) = k(dof4,dof2)+(2*EI/l); 
     
        k(dof1,dof3) = k(dof1,dof3)+(-12*EI/l^3); 
        k(dof2,dof3) = k(dof2,dof3)+(-6*EI/l^2); 
        k(dof3,dof3) = k(dof3,dof3)+(12*EI/l^3); 
        k(dof4,dof3) = k(dof4,dof3)+(-6*EI/l^2); 
     
        k(dof1,dof4) = k(dof1,dof4)+(6*EI/l^2); 
        k(dof2,dof4) = k(dof2,dof4)+(2*EI/l); 
        k(dof3,dof4) = k(dof3,dof4)+(-6*EI/l^2); 
        k(dof4,dof4) = k(dof4,dof4)+(4*EI/l); 
     
        m(dof1,dof1) = m(dof1,dof1)+(mpl/420)*(156*l); 
        m(dof2,dof1) = m(dof2,dof1)+(mpl/420)*(22*l^2); 
        m(dof3,dof1) = m(dof3,dof1)+(mpl/420)*(54*l); 
        m(dof4,dof1) = m(dof4,dof1)+(mpl/420)*(-13*l^2); 
     
        m(dof1,dof2) = m(dof1,dof2)+(mpl/420)*(22*l^2); 
        m(dof2,dof2) = m(dof2,dof2)+(mpl/420)*(4*l^3); 
        m(dof3,dof2) = m(dof3,dof2)+(mpl/420)*(13*l^2); 
        m(dof4,dof2) = m(dof4,dof2)+(mpl/420)*(-3*l^3); 
     
        m(dof1,dof3) = m(dof1,dof3)+(mpl/420)*(54*l); 
        m(dof2,dof3) = m(dof2,dof3)+(mpl/420)*(13*l^2); 
        m(dof3,dof3) = m(dof3,dof3)+(mpl/420)*(156*l); 
        m(dof4,dof3) = m(dof4,dof3)+(mpl/420)*(-22*l^2); 
     
        m(dof1,dof4) = m(dof1,dof4)+(mpl/420)*(-13*l^2); 
        m(dof2,dof4) = m(dof2,dof4)+(mpl/420)*(-3*l^3); 
        m(dof3,dof4) = m(dof3,dof4)+(mpl/420)*(-22*l^2); 
        m(dof4,dof4) = m(dof4,dof4)+(mpl/420)*(4*l^3); 
         
    end 
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%   now that stiffness and mass matrices are defined for all dof's, including 
%   constrained dof's, need to delete rows and columns of the matrices that 
%   correspond to constrained dof's, in the left-to-right case, the first two 
%   rows and columns 
% %ESTAS SON LAS CONDICIONES DE EMPOTRAMIENTO 
%   k(1:2,:) = [];  % translation/rotation of node 1 
%   k(:,1:2) = []; 
%  
%   m(1:2,:) = []; 
%   m(:,1:2) = []; 
%ESTAS SON LAS CONDICIONES DE MASA PUNTUAL EN EL ESTREMO 
  
  
    m(max(size(m))-1,max(size(m))-1) = m(max(size(m))-1,max(size(m))-1) + MASS_HUB; 
    %m(max(size(m)),max(size(m))) = m(max(size(m)),max(size(m))) + 
MASS_HUB*data_elements(num_elements)^2; 
%ESTAS SON LAS CONDICIONES DE MUELLE EN EL NODO 1 
    k(1,1) = k(1,1)+K_H_DNV; 
    k(2,2) = k(2,2)+K_M_DNV; 
     
    if  guyan == 1 
  
%   Guyan Reduction - reduce out the rotation dof's, leaving displacement dof's 
%   re-order the matrices 
  
%   re-order the columns of k 
  
    kr = zeros(2*(mnu-1)); 
  
    krr = zeros(2*(mnu-1)); 
  
%   rearrange columns, rotation and then displacement dof's 
  
    mkrcolcnt = 0; 
  
    for  mkcolcnt = 2:2:2*(mnu-1) 
  
        mkrcolcnt = mkrcolcnt + 1; 
  
        kr(:,mkrcolcnt) = k(:,mkcolcnt); 
  
        mr(:,mkrcolcnt) = m(:,mkcolcnt); 
  
    end 
  
    mkrcolcnt = num_elements; 
  
    for  mkcolcnt = 1:2:2*(mnu-1) 
  
        mkrcolcnt = mkrcolcnt + 1; 
  
        kr(:,mkrcolcnt) = k(:,mkcolcnt); 
  
        mr(:,mkrcolcnt) = m(:,mkcolcnt); 
  
    end 
  
%   rearrange rows, rotation and then displacement dof's 
  
    mkrrowcnt = 0; 
  
    for  mkrowcnt = 2:2:2*(mnu-1) 
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        mkrrowcnt = mkrrowcnt + 1; 
  
        krr(mkrrowcnt,:) = kr(mkrowcnt,:); 
  
        mrr(mkrrowcnt,:) = mr(mkrowcnt,:); 
  
    end 
  
    mkrrowcnt = num_elements; 
  
    for  mkrowcnt = 1:2:2*(mnu-1) 
  
        mkrrowcnt = mkrrowcnt + 1; 
  
        krr(mkrrowcnt,:) = kr(mkrowcnt,:); 
  
        mrr(mkrrowcnt,:) = mr(mkrowcnt,:); 
  
    end 
  
%   define sub-matrices and transformation matrix T 
  
    kaa = krr(1:num_elements,1:num_elements); 
  
    kab = krr(1:num_elements,num_elements+1:2*num_elements); 
  
    T = [-inv(kaa)*kab 
            eye(num_elements,num_elements)]; 
  
%   calculate reduced mass and stiffness matrices 
  
    kbb = T'*krr*T; 
     
    mbb = T'*mrr*T; 
  
    else 
  
    kbb = k; 
  
    mbb = m; 
  
    end 
  
    %HASTA AQUI GUYAN REDUCTION kbb = k y mbb = m 
     
%   define the number of dof for state-space version, 2 times dof left after 
%   removing constrained dof's 
  
    [dof,dof] = size(kbb); 
  
%   define the sizes of mass and stiffness matrices for state-space 
  
    ssdof = 2*dof; 
  
    aud = zeros(ssdof);     % creates a ssdof x ssdof null matrix 
  
%   divide the negative of the stiffness matrix by the mass matrix 
  
    ksm = inv(mbb)*(-kbb); 
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%   now expand to state space size 
%   fill out unit values in mass and stiffness matrices 
  
    for  row = 1:2:ssdof 
  
        aud(row,row+1) = 1; 
  
    end 
  
%   fill out mass and stiffness terms from m and k 
  
    for  row = 2:2:ssdof 
  
        for  col = 2:2:ssdof 
  
            aud(row,col-1) = ksm(row/2,col/2); 
  
        end 
  
    end 
  
%   calculate the eigenvalues/eigenvectors of the undamped matrix for plotting 
%   and for calculating the damping matrix c 
  
    [evec1,evalu] = eig(aud); 
     
% [VB,DB] = eig(B) 
% B*VB - VB*DB 
% [VN,DN] = eig(B,'nobalance') 
% B*VN - VN*DN 
  
  
    evalud = diag(evalu); 
  
    evaludhz = evalud/(2*pi); 
  
    num_modes = length(evalud)/2; 
  
%   now reorder the eigenvalues and eigenvectors from low to high freq   
  
    [evalorder,indexhz] = sort(abs((evalud))); 
  
    for  cnt = 1:length(evalud) 
  
        eval(cnt,1) = evalud(indexhz(cnt)); 
  
        evalhzr(cnt,1) = round(evaludhz(indexhz(cnt))); 
  
        evec(:,cnt) = evec1(:,indexhz(cnt)); 
  
    end 
  
%   now check for any imaginary eigenvectors and convert to real 
  
    for  cnt = 1:length(evalud) 
  
        if  (imag(evec(1,cnt)) & imag(evec(3,cnt)) & imag(evec(5,cnt))) ~= 0 
  
            evec(:,cnt) = imag(evec(:,cnt)); 
  
        else 
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        end 
  
    end 
  
    if  guyan == 0 
  
%   now separate the displacement and rotations in the eigenvectors 
%   for plotting mode shapes 
  
    evec_disp = zeros(ceil(dof/2),ssdof); 
     
    rownew = 0; 
  
    for  row = 1:4:ssdof 
  
        rownew = rownew+1; 
  
        evec_disp(rownew,:) = evec(row,:); 
     
    end 
     
  
    evec_rotation = zeros(ceil(dof/2),ssdof); 
  
    rownew = 0; 
     
    for  row = 3:4:ssdof 
         
        rownew = rownew+1; 
  
        evec_rotation(rownew,:) = evec(row,:); 
  
    end 
  
    else 
  
    evec_disp = zeros(ceil(dof/4),ssdof); 
     
    rownew = 0; 
  
    for  row = 1:2:ssdof 
  
        rownew = rownew+1; 
  
        evec_disp(rownew,:) = evec(row,:); 
     
    end 
  
    end 
  
%   normalize the displacement eigenvectors wrt one for plotting 
  
    for  col = 1:ssdof 
  
        evec_disp(:,col) = evec_disp(:,col)/max(abs(real(evec_disp(:,col)))); 
  
        if  evec_disp(floor(dof/2),col) >= 0 
  
            evec_disp(:,col) = -evec_disp(:,col); 
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        else 
        end 
  
    end 
  
%   list eigenvalues, hz 
  
    format long e 
  
    evaludhz_list = sort(evaludhz(1:2:2*num_modes)); 
  
    format short 
  
  
  
    if  guyan == 0 
  
%   plot mode shapes 
  
    for  mode_cnt = 1:num_plot 
  
        evec_cnt = 2*mode_cnt -1; 
    %Si condiciones de empotramiento estan activadas 
        %plot(lvec,[0; evec_disp(:,evec_cnt)],'ko-') 
         
        plot(lvec,[evec_disp(:,evec_cnt)],'ko-') 
        title(['Cantilever Beam, Mode ', ... 
            num2str(mode_cnt),': ',num2str(abs(evalhzr(evec_cnt))),' hz']); 
        xlabel('Distance From Built-In End') 
        ylabel('Normalized Y-Displacement') 
        axis([0 lbeam -1.5 1.5]) 
        grid on 
     
    disp('execution paused to display figure, "enter" to continue'); pause 
  
    end 
  
    else 
  
%   plot mode shapes, Guyan Reduced 
  
    for  mode_cnt = 1:num_plot 
  
        evec_cnt = 2*mode_cnt -1; 
  
        plot(lvec,[0; evec_disp(:,evec_cnt)],'ko-') 
        title(['Cantilever Beam, Mode ', ... 
            num2str(mode_cnt),': ',num2str(abs(evalhzr(evec_cnt))),' hz']); 
        xlabel('Distance From Built-In End') 
        ylabel('Normalized Y-Displacement') 
        axis([0 lbeam -1.5 1.5]) 
        grid on 
     
    disp('execution paused to display figure, "enter" to continue'); pause 
  
    end 
  
    end 
  
%   normalization with respect to mass on a filled (not diagonal) mass matrix 
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%   calculate the displacement (displacement and rotation) eigenvectors 
%   to be used for the modal model eigenvectors 
  
    xm = zeros(dof); 
     
    col = 0; 
  
    for  mode = 1:2:ssdof 
  
        col = col + 1; 
  
        row = 0; 
  
        for  ndof = 1:2:ssdof 
  
            row = row + 1; 
  
            xm(row,col) = evec(ndof,mode); 
  
        end 
  
    end 
  
%   normalize with respect to mass 
  
    for  mode = 1:dof 
  
        xn(:,mode) = xm(:,mode)/sqrt(xm(:,mode)'*mbb*xm(:,mode)); 
  
    end 
  
%   calculate the normalized mass and stiffness matrices for checking 
  
    mm = xn'*mbb*xn; 
  
    km = xn'*kbb*xn; 
  
%   check that the sqrt of diagonal elements of km are eigenvalues 
  
    p = (diag(km)).^0.5; 
  
    row = 0; 
  
    for cnt = 1:2:ssdof 
  
        row = row + 1; 
  
        evalrad(row) = abs((eval(cnt))); 
  
    end 
  
    evalhz = evalrad/(2*pi); 
  
    semilogy(evalhz) 
    title('Resonant Frequencies, Hz') 
    xlabel('Mode Number') 
    ylabel('Frequency, hz') 
    grid 
    disp('execution paused to display figure, "enter" to continue'); pause 
  
    evalhz(1) 
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    evalhz(2) 
    evalhz(3) 
    evalhz(4) 
    evalhz(5) 
    evalhz(6) 
    evalhz(7) 
  
 

 

 


