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ABSTRACT 

In the last few years it was registered an increase in the exploitation of renewable energies, 

namely wind energy, due to the increasing concern about the environmental problems related 

with the global warming. The forecast of the official entities is to increase the exploitation of 

the wind energy of around 61% in the European Union territory until 2020, with the 

implementation of newer structures for wind turbines. The same trend is followed worldwide 

with an increase of around 47% in the cumulative wind power installations in the same 

period. 

The technological development of wind energy converters (WEC) makes it possible to 

increase the power and consequently the rotor diameter of horizontal axis wind turbines 

(HAWT). The main hypothesis to carry out this improvement is based on the premises of the 

increase in height of the wind towers to allow the exploitation of stronger and more stable 

wind shear profiles thus increasing the power production and the efficiency of the wind 

turbine. Therefore, higher towers and more efficient and cost effective foundations are 

required for the new generation of wind energy exploitation. 

The increase in the height of the currently used tubular steel towers is possible given that the 

main problem that arises with the increase of diameter of the tube can be solved. Indeed, the 

transportation requirements with a maximum diameter of about 4.5 meters possible in public 

roads remains a major problem, allied with the increase of fatigue loads in the flange 

connections and increase in the foundations dimensions.  

The work presented in this thesis has been developed in the scope of two European projects 

(HISTWIN and HISTWIN2) where the issues related to new type of connections in tubular 

towers, allowing for modularization and easier transportation, and to the improvement of 

foundations were studied. 

The behaviour of the current tubular steel towers is presented based on a monitoring of a full 

functional steel tubular tower. Stresses, dynamic displacements, vibrations and vibration 

frequencies are presented and the estimation of a fatigue spectra based on the vertical stresses 

on the shell was obtained. 

The feasibility of the production and assembly of a newer geometry for the towers is 

presented. The new geometry is composed by longitudinal bolted shear connection (modular 

segments) to allow the transportation and by friction connections to connect the segments 

together. Both these sets of connections withdraw the need of welding in and promotes the 
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use of bolts allowing for improvements in the fatigue resistance. One requirement of the 

friction connections is the need of use of bolts that allow the tightening only from the inner 

side of the tower. Some solutions are available in the market and the behaviour of one of them 

was analysed in a long term monitoring. 

The improvement proposed for the foundation system focuses on the reinforcement of the 

shallow foundations using micropiles to improve the overturning resistance, bearing capacity 

and foundation stiffness. The behaviour of the micropiles to be used in this solution is studied 

in detail, based on experimental laboratory tests and the subsequent calibration of a 2D 

numerical model to implement a procedure to allow the estimation of the micropile behaviour 

under monotonic and cyclic loading. Recommendations on the use of grouting techniques 

such as IRS and IGU are made in order to increase the grout-to-soil bond strength and the 

micropile resistance. Finally, based on LCA and LCC analysis, the micropiles have been 

proven to be an environmentally friendly and economical solution for all sets of case studies 

under consideration. 

 

Keywords: steel tubular towers, fatigue behaviour, BobTail bolts, friction connection, hybrid foundations, 

micropiles, Mohr-Coulomb model, Hardening Soil model 
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RESUMO 

Nos últimos anos tem-se verificado um acréscimo na exploração de energias renováveis, 

nomeadamente na energia eólica, devido ao crescente aumento das preocupações com os 

problemas ambientais relacionados com o aquecimento global. As entidades oficiais preveem 

um crescimento da exploração de energias eólicas de cerca de 61% no território da União 

Europeia até 2020 com implementação de novas estruturas de suporte para torres eólicas. A 

mesma tendência é observada um pouco por todo o mundo com um acréscimo de cerca de 

47% no acumulado de instalações de produção de energia eólica para o mesmo período. 

O desenvolvimento tecnológico dos geradores de energia eólica tornou possível o aumento da 

potência e consequentemente do diâmetro do rotor nas turbinas eólicas de eixo horizontal. A 

principal alternativa para levar a cabo este melhoramento é baseada na premissa do aumento 

em altura das torres eólicas para permitir a exploração de perfis de vento mais fortes e mais 

estáveis aumentando consequentemente a produção de energia e a eficiência da turbina. 

Apesar das torres mais altas serem mais eficientes e economicamente vantajosas, torna-se 

necessária a definição de novas tipologias de fundações para esta nova vaga de exploração de 

energia eólica. 

O aumento da altura das atuais torres eólicas tubulares metálicas é possível visto poder ser 

resolvido o problema inerente ao aumento do diâmetro das torres. O diâmetro máximo 

transportável de 4.5 metros em estradas públicas apresenta-se de facto como um problema 

importante, aliado ao aumento das cargas de fadiga nas ligações em flange e ao aumento das 

dimensões das fundações. 

O trabalho apresentado foi desenvolvido no âmbito de dois projetos de investigação Europeus 

(HISTWIN e HISTWIN2) nos quais foram abordados os aspetos relacionados com a nova 

tipologia de ligações em torres metálicas tubulares que permite uma modularização da 

estrutura e um transporte mais fácil e com o melhoramento das fundações. 

O comportamento das torres eólicas tubulares é apresentado com base na monitorização de 

uma torre eólica tubular em funcionamento. São apresentados esforços, deslocamentos 

dinâmicos, vibrações e frequências bem como a estimativa de um espectro de fadiga tendo 

como base os esforços verticais na casca. 

É apresentada a viabilidade da produção e montagem da nova tipologia para as torres. A nova 

geometria é composta por ligações ao corte aparafusadas longitudinais (segmentos modulares) 

para permitir o transporte e ligações de atrito para unir os segmentos entre si. Ambos os 
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conjuntos de ligação removem qualquer necessidade de recurso a soldaduras e promovem o 

uso de parafusos conduzindo portanto a melhoramentos na resistência à fadiga. Um requisito 

das ligações de atrito é a necessidade de recurso a parafusos que permitam o aperto apenas 

pelo interior da torre. Existem no mercado algumas soluções disponíveis e o comportamento 

de uma delas foi analisado com uma monitorização de longa duração. 

O melhoramento proposto para o sistema de fundação assenta no reforço das fundações 

diretas com recurso a microestacas para melhorar a resistência ao derrube, capacidade de 

carga e rigidez da fundação. O comportamento de microestacas a utilizar nesta solução é 

avaliado em detalhe, com recurso a ensaios laboratoriais e subsequente calibração de um 

modelo numérico 2D para implementar um procedimento que permita a estimativa do 

comportamento das microestacas sujeitas a cargas monotónicas e cíclicas. São feitas 

recomendações para o uso de técnicas de injeção dos tipos IRS e IGU para permitir o aumento 

da resistência da interface solo-calda e da própria microestacas. Por fim, e tendo como base 

uma análise LCA e LCC, mostrou-se que as microestacas são uma solução de reforço de 

fundações eficiente, quer ecológica quer ambientalmente, para todas as tipologias abordadas.  

 

Palavras-chave: torres tubulares em aço, comportamento à fadiga, parafusos BobTail, ligações de atrito, 

fundações hibridas, microestacas, modelo Mohr-Coulomb, modelo Hardening Soil 
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1. INTRODUCTION 

1.1. Wind energy impact - general considerations 

The concern about the environmental problems has led to an increase in the exploitation of 

renewable energy such as hydraulic, solar, geothermal, although the most significant increase 

can be observed in the wind energy exploitation. 

This work is related with the theme of support structures for the wind energy converters, 

namely the evaluation and the feasibility of the use of taller steel tubular towers to support 

multi-megawatt wind turbine generators which will allow higher production rates. 

The annual report of the European Wind Energy Association (EWEA, 2015) regarding the 

year of 2014 shows an increase in the installation of wind turbines across all Europe. This 

increase is led by Germany and UK which together represent an increase of 59.5% of the total 

European gain, according to Figure 1.1. 

In comparison with other renewable and even non-renewable energies, wind energy presents 

the highest share of new power capacity installations in EU followed by Photovoltaic (PV) 

installations, according to the values presented in Figure 1.2. In 14 years, the market share for 

wind energy increased from 2.4% up to 14.1% (EWEA, 2015). 

The increase in the exploitation of wind energy can also be concluded within the report 

provided by EWEA (EWEA, 2015) in which the tendency of the cumulative wind power 

installation is obvious, as it can be found in Figure 1.3. In the last years, there was also a 

tendency of increase in the exploitation of wind energy using offshore wind towers increasing 

that way the share in the wind energy market (Figure 1.4). 

The observed tendency in wind energy exploitation presented to the European territory 

follows the same trend as the increase registered worldwide. Driven by Chinese and American 

markets which presents respectively 33.6% and 17.2% of the global wind energy market share 

(GWEC, 2015), these two markets represent also 48.5% and 13.5% of new installations 

within the period of January to December of 2015 standing as the international leaders in 

terms of new installations and empowering their position as the world biggest producers. Asia 

stands clearly as the continent with higher rates of new installation followed by Europe. North 

America follows the two leading continents and the rest of the world represents a marginal 

value in comparison with the three leading regions. 
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Figure 1.1 – EU member state market shares for new wind energy capacity installed during 

2014 (MW) (adapted from EWEA (2015)) 
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Figure 1.2 – Share of new power capacity installations in EU (MW) (adapted from EWEA 

(2015)) 
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Figure 1.3 – Cumulative wind power installations in the EU (GW) (adapted from EWEA 

(2015)) 
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Figure 1.4 – Annual onshore and offshore installations (MW) (adapted from EWEA (2015)) 

 

The world global cumulative installed wind capacity within the period comprised between 

2000 and 2015 is presented in Figure 1.5. In the last 15 years it was registered an increase in 

the installations following the same trend as in Figure 1.3. The tendency observed in the 

exploitation of offshore wind energy follows the same trend as the onshore increasing 

cumulative capacity. According to GWEC (2015) there was a worldwide increase in the 

exploitation of wind energy based on offshore wind turbines and the obtained data is 

presented in Figure 1.6. 
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Figure 1.5 – Global cumulative wind power installations (GW) (adapted from GWEC (2015)) 

 

EWEA also presented a study to foresee the evaluation of the wind energy exploitation 

between 2013 and 2020 (EWEA, 2014). In this analysis 3 different scenarios were taken into 

account to correct some previous scenarios done by EWEA and by European Commission and 

National Renewable Energy Action Plan. The low scenario foresees an increase of 41% 

related with the installations of 2013 while the central scenario foresees an increase of 64% 

and the high scenario an increase of 84.9%. The outcome of the study is that not only the 

installations are foreseen to increase up to 2020 but also the market share of wind energy in 

the total energy consumption (Figure 1.7). 
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Figure 1.6 – Annual cumulative capacity (2011-2015) for offshore wind energy exploitation 

(adapted from GWEC (2015)) 
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Figure 1.7 - Previous EWEA, NREAP, EC Primes and new EWEA 2020 scenarios (adapted 

from EWEA 2014) 

 

The global forecast on the wind energy exploitation evaluated and presented by GWEC can 

be found in Figure 1.8 with results until 2020. The growth observed in GWEC (2015) is 

driven mainly by three main factors (climate, cratering prices and US market stability). The 

wind energy market will still be driven by China (with at least 50% share of the global 

market) with Europe following its steady pace up to the 2020 settled targets (however 

dependent on the growing political uncertainties registered in the last years) and North 

America continuing its strong growth driven by USA, Canada and Mexico. 
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Figure 1.8 – Market forecast for 2016-2020 (GW) (adapted from GWEC (2015))  

1.2. Objectives 

The current work has the aim of proposing and analyzing improved solutions for the support 

structures of the new generation of steel tubular wind towers for more efficient and cost 

effective wind turbines. 

In order to increase the energy production, it is required to increase the height of the towers in 

order to use a stronger and more stable wind shear profile. However, related to this increase in 

height, some main problems arise. 

The increase in height results in higher loading that can withstand by considering higher steel 

grades. However this will only be possible by improving also fatigue details like those in the 

welded connection between the tube and the ring flanges or the bolts in tension. In order to 

overcome this fatigue problems, a new friction connection without welds and bolts under 

cyclic axial tension is analyzed. 

Another problem found by the need of increasing the height are the transportation 

requirements for the segment pieces. Nowadays, the maximum allowable diameter to be 

transported in public roads is 4.5m. For the sake of comparison an 80m high wind tower has a 

4.2m of diameter which is almost in the maximum transportable diameter. The idea to 

overcome this problem is to promote a modular construction of the steel tower segments 

connected with longitudinal bolted shear connections. Feasibility tests on this tower typology 

are presented and commented. 

The third type of problems is related with the foundation system for these structures. The 

current foundation systems (shallow foundations) plays an important role in the final cost of 

the current steel tubular wind towers (80m/100m high). It can be easily understood that the 

increase in height of the free standing tube will lead to a considerable increase in the 
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foundation dimensions. A newer solution for these foundations is proposed by improving the 

current shallow foundations with micropiles, which will improve the overturning resistance of 

the system leading to a reduction in dimensions of the shallow part of the foundation. The 

study of this part will be accomplished by a detailed design example for this new solution and 

comparison with the shallow case in order to assess about the improvement of efficiency and 

costs in terms of Life Cycle Analysis. The behavior of the micropiles in sand, under 

monotonic and cyclic loading, will be evaluated with small scale experimental tests that will 

allow a calibration of a numerical model and extrapolation to real length of micropiles and to 

higher sand densities. 

Some other problems are raised by the increase in height of the towers namely the availability 

and cost of higher cranes to allow the lift of the segments. Cost analysis of this procedure as 

well and/or the evaluation of a self-raising system should be considered however it was not 

taken into consideration in this study. 

1.3. Scope of the thesis 

The current work presented in this thesis is organized in the following chapters: 

1. Introduction - introductory chapter to frame the actual exploitation of the wind energy and 

forecast of the growth for the next years to come along with the main objectives of the thesis; 

2. Wind Towers – actual solutions – brief historical description of the evolution of the 

exploitation of the wind energy. Presentation of the monitoring of a full functional wind tower 

and the behaviour of an 80m high tubular steel wind tower. Estimation of a fatigue spectra 

and comparison with the values provided by the tower manufacturer; 

3. Improved solutions – presentation of solutions for higher (150m or more) wind towers 

along with a description of the design considerations for some of the solutions presented. 

Detailed description and analysis on the feasibility tests on the manufacturing and assembly of 

tower segments with friction connections and longitudinal shear connections. Analysis and 

behaviour of the type of bolts to be used on the new geometry of connections between 

segments; 

4. Foundation solutions for onshore wind towers – detailed design guide of foundation 

systems for wind towers both for shallow and hybrid (shallow reinforced with micropiles) 

foundations along with design examples assuming mechanical parameters for the soil and 

micropiles. Comparison between both solutions achieved with LCA and LCC analysis; 
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5. Hybrid Foundations – experimental tests on micropiles – detailed description and 

analysis of experimental tests on small scale micropiles (3m long) installed in loose sand and 

subjected to monotonic and reversal cyclic loading. The micropiles were tested both on 

ungrouted and grouted conditions as well as with single specimens and group specimens. The 

results in terms of resistance and stiffness (monotonic and cyclic) were evaluated and 

thoroughly compared;  

6. Hybrid Foundations – numerical  – numerical calibration of the experimental tests on 

single micropiles presented in chapter 5 using the 2D software Plaxis. The obtained results 

were extrapolated for long micropiles (12m) and for high density sand. Comments on the 

obtained results are presented along with the procedures to allow the use of the method on a 

real design case. Update of some of the design examples presented on chapter 4; 

0.  – final comments and summary of the main conclusions of the work. Proposals for future 

work on the theme and list of the publications presented within the scope of the work carried 

out for the thesis. 
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2. WIND TOWERS – ACTUAL SOLUTIONS 

2.1. Overview on the evolution of the wind energy exploitation 

 

The first reliable references about the use of windmills are reported to be around 644A.D in 

the Middle East with the report of usage of vertical axis windmills. Some centuries later (there 

are no certainties about the exact period) the Chinese developed a bamboo structure with 

fabric sails. By the time this system was used only to help people on basic needs such as 

milling grains or pumping water (Figure 2.1) 

  

a. Vertical-axis windmill for 

milling grains, Afghanistan 

b. Ancient chinese windwheel 

for pumping water and draining rice fields 

Figure 2.1 – Ancient windmill/windwheel models (Hau, 2013) 

 

One of the most important pioneer for turning windmills into wind energy generators was the 

Danish Poul La Cour. Based on his scientific knowledge he erected, in 1891, one of the first 

registered electricity producing wind turbine (Figure 2.2). In 1887 James Blythe built a cloth-

sailed wind turbine to power his holiday home and that is was the world's first-known 

structure by which electricity was generated from wind power. 

In meantime there were developments in the construction and exploitation of the actual 

generation of wind generators. There are two big groups of wind generators: vertical and 

horizontal axis generators. The horizontal axis wind turbines (HAWT) are currently the most 

common type of wind energy converters (WEC) and will be the scope of this study. 
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Figure 2.2 – Poul La Cour’s first electricity producing wind turbine in 1891 in Askov, 

Denmark (Hau, 2013) 

 

The components of a HAWT can be observed in Figure 2.3.  

 

Figure 2.3 – Components of a horizontal-axis wind turbine (adapted from Hau, 2013) 

 

The most current types of supporting towers for wind turbines are: free-standing tubular steel 

towers, lattice steel towers, site-mixed concrete or prefabricated concrete towers, concrete-

steel hybrid towers and timber towers. 
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The free-standing tubular steel towers are the most common solution nowadays for the current 

heights (up to 100m). It is the economically most attractive solution mostly because of the 

light weight of the prefabricated tubular segments, suitable for transportation to construction 

site for assembling. For the current heights, the tubular segments with lengths of about 20-25 

meters are completely prepared in the factory with all the internal equipment and cables and 

afterwards transported to the construction site where they are assembled using ring flange 

connection (Figure 2.4a.). A schematic representation of a common tubular tower is presented 

on Figure 2.4b. 

 

 

a. Internal flange connection of the 

bolted tower sections 

b. Tubular-steel tower with 

installations of a large 

wind turbine 

Figure 2.4 - Free-standing tubular steel towers (adapted from Hau, 2013) 

 

The lattice steel towers were very popular in the early years of wind energy in USA and are 

becoming again a suitable solution for higher structures. The strongest arguments against the 

use of lattice towers are the longer assembling times, due to the large number of connections, 

and the difficulty of maintenance of the tightening in the bolts in a structure subjected to 

important steady vibrations. Also, the safety of the maintenance workers is of concern in this 

type of towers. On the other hand, the mass of the structure is much lower (up to 40% less) 

which can be beneficial in terms of design and costs. Figure 2.5 shows a geometry of a lattice 

steel tower. 
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Figure 2.5 - Lattice tower of a Vestas V80 wind turbine (Hau, 2013) 

 

The concrete towers can be divided in two big groups taking into consideration the type of 

construction adopted. They can be site-mixed concreted if the construction is performed in-

situ or they can be assembled with prefabricated concrete segments. 

Due to the time consumption, the solution with site-mixed concrete is nowadays almost 

disregarded when compared with the prefabricated concrete segments. The mass of the 

structure can be a handicap, however they can go up to higher heights. 

Figure 2.6a shows an example of the construction of a site-mixed concrete tower while Figure 

2.6b shows an example of a prefabricated concrete tower. 

An interesting solution is the concrete-steel hybrid tower using a concrete part on the bottom 

of the tower connected to a steel part on the top. The main advantage of this tower is the 

reduction of the mass by using the steel part and the improvement of the dynamic behaviour 

due to the higher stiffness of the lower part, allowing therefore the construction of higher 

towers. Figure 2.7 shows a generic scheme of a hybrid tower. 

A comparison between the current available solutions is presented in Hau (2013) for a wind 

tower with a 3 blade and 60m diameter rotor and a tower height of 46.6m. The considered 

tower shapes are: cylindrical (for steel towers), cylindrical with conical base, conical, 

cylindrical with guys and lattice. For concrete towers the considered shapes are: prefabricated 

prestressed, reinforced and prestressed. 
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This comparison showed that the steel towers are much lighter (around ¼ of the weight of the 

concrete towers). The cylindrical with guys shape is, by far, the lightest solution in this 

situation. On the other hand, this comparison shows that the concrete solution is, in general, 

less expensive than the steel towers and the lattice tower is the cheapest steel solution. 

  

a. Construction of a tower for an Enercon E-66 with 

site-mixed concrete 

b. Erection of a prefabricated prestressed-

concrete tower for an E-66 

Figure 2.6 – Concrete towers (Hau, 2013) 

 

 

Figure 2.7 - Constructional concept of the concrete/steel hybrid tower designed for the 

Repower 3.3 MW wind turbine (Max Bögl Group) (adapted from Hau, 2013) 
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All the steel solutions present a better dynamic behaviour than the concrete solution except 

the prefabricated prestressed solution. For this specific analysis this concrete solution presents 

a dynamic behaviour similar to the steel towers. 

In order to have a better insight into the behaviour of a fully functional free-standing tubular 

steel tower, a long term monitoring was carried out. A detailed description of the procedure as 

well as the obtained results and the obtained behaviour is presented. 

2.2. Behaviour of wind towers – long-term monitoring 

2.2.1. Description of the wind tower and measurement system 

In order to understand and predict the behaviour of wind towers, a long term monitoring was 

carried out in a free standing and full operational wind tower. The presented monitoring was 

carried out under the scope of the European Research project HISTWIN (Veljkovic et al., 

2012) and the results are presented in Rebelo et al. (2012a; 2012b). 

In the current section, the monitoring results are presented, being obtained after calibration 

and tests on the monitoring system of the steel wind tower described. The total monitoring 

period was close to fifteen months, between September 2009 and November 2010. In the first 

phase (Phase I) of the monitoring period, until the end of April 2010, the signal recording was 

activated either manually or automatically for wind speeds over 4m/s and a total of 390 

records were registered. During the second phase (Phase II) corresponding to the period from 

April to November 2010 the trigger level was updated to wind velocities greater than 14m/s 

and a total of 660 records were registered. When automatically started by the trigger the 

recording is activated during one hour and after that period the trigger becomes active again. 

Therefore, during persistent strong wind the recording is almost continuous. 

Throughout the monitoring period there were interruptions due to system malfunction or 

maintenance works in the tower, used in Phase I to make some adjustments in the data 

transmission system. Some of the interruptions were relatively long, taking some days or even 

weeks. During Phase I system was active during 58% of time (139 days out of 240) and 

during Phase II system was active during 75% of time (159 days out of 210). For safety 

reasons, during all the time, the access to the interior of the tower was only possible with the 

presence of members of the maintenance staff contracted by the owner of the tower. The 

possibility of having some equipment (e.g. computer, GSM module, etc.) outside the tower, 

and therefore accessible without restrictions, was not an option because of safety reasons 

(vandalism, robbery). 
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Nevertheless, the main reason for the inactivity of the system after preliminary tests was 

simply lack of electric power inside the tower. The circuit breakers of the electric circuit used 

by the equipment were breaking frequently and it could take several days even weeks to get 

authorization for accessing the tower for reparation. The replacement of the circuit breaker 

with a more powerful one had to be accepted by the maintenance team, who tried to avoid 

changes in the original circuits because of liability reasons. 

The monitoring results were numerically simulated using a finite element model presented in 

Rebelo et al. (2012a) and developed with the software LUSAS (2006a; 2006b). The model 

was composed by quadratic thick shell elements with 8 nodes. The shell elements considered 

are in accordance with the geometry presented in Table 2.1. The reinforced concrete 

foundation and the interaction with soil foundation were also included in the model. The plan 

view of the foundation is an octagon inscribed in a circle of 17m diameter. The thickness 

varies between 0.95m at the border up to 2.0m in the center. The FE model uses 3D solid 

continuum finite elements for the concrete foundation and linear springs for the contact with 

the soil. 

The model parameters used for model updating were: i) the mass of the tower, ii) the stiffness 

of the springs simulating the soil-structure interaction and iii) the vertical eccentricity of the 

turbine’s centre of gravity1. 

The mass of the tower was increased up to a value of 15% in order to take into account the 

effects of the interior elements such as cables, platforms, ladders, elevator and ancillary 

equipment, the soil subgrade coefficient varied taking into account a variation of the modulus 

of elasticity of the soil between 150MPa and 300MPa and considering the procedure and 

expressions provided by Bowles (2001), Adhikari and Bhattacharya (2011) and finally the 

nacelle eccentricity varied between 0m and 1.0m. 

The following objectives were established for the information to be extracted from the 

measured data: i) the dynamic behaviour of the tower and an accurate modal identification of 

the system during operation; ii) the section loads acting on the top and bottom of the tower 

and on two intermediate levels, iii) the performance of the assembling joints and the 

behaviour of the thin walled section in the vicinity of those joints, iv) the estimation of the 

fatigue spectra for the tower under service loads. 

                                                 

1 This parameter was not given in the information provided by the turbine fabricator and therefore had to be 

assumed variable in this study. 
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Table 2.1 – Tube cross-section properties along the height 

Height 

[m] 

Diameter 

[m] 

Thickness 

[m] 

Inertia 

[m4] 

Levels for 

instrumentation 

0.000 4.300 0.030 0.9367 Connection Level 0 

2.000 4.276 0.030 0.9211  

3.082 4.257 0.030 0.9089  

5.412 4.215 0.030 0.8823  

5.802 4.208 0.026 0.7608 Level 0 

7.789 4.173 0.026 0.7420  

9.302 4.147 0.027 0.7562  

11.502 4.108 0.024 0.6534  

12.582 4.089 0.023 0.6175  

15.172 4.043 0.022 0.5710  

17.362 4.004 0.022 0.5546  

17.972 3.993 0.022 0.5500 Level 1 

19.752 3.962 0.022 0.5373 Connection Level 1 

22.182 3.917 0.021 0.4956  

22.362 3.917 0.020 0.4720  

25.252 3.864 0.020 0.4531  

28.002 3.816 0.020 0.4364  

30.752 3.768 0.020 0.4202  

31.982 3.746 0.019 0.3922  

34.382 3.704 0.019 0.3792  

36.252 3.671 0.019 0.3691  

39.002 3.622 0.018 0.3359  

41.752 3.574 0.018 0.3227  

43.982 3.535 0.017 0.2949  

44.592 3.524 0.017 0.2922 Level 2 

46.382 3.492 0.017 0.2843 Connection Level 2 

48.817 3.448 0.016 0.2576  

48.967 3.448 0.015 0.2415  

51.552 3.400 0.015 0.2315  

53.812 3.360 0.015 0.2234  

55.502 3.330 0.014 0.2030  

58.252 3.280 0.014 0.1940  

58.622 3.277 0.013 0.1797  

61.022 3.231 0.013 0.1722  

63.752 3.182 0.013 0.1645  

65.842 3.144 0.013 0.1587  

66.502 3.133 0.012 0.1449  

69.252 3.083 0.012 0.1381  

71.152 3.049 0.012 0.1336 Level 3 

72.002 3.034 0.012 0.1316  

73.082 3.015 0.012 0.1292  

75.492 2.971 0.014 0.1442  

75.640 2.955 0.018 0.1824  
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The instrumented tower was erected in a central area of Portugal and it is a tubular tower with 

varying diameter and thickness throughout the height (Figure 2.8). It is a 2.1MW turbine 

Wind Class III IEC2a and it is mounted on an 80 meters high steel tower. The instrumentation 

on the tower were placed at four levels. Level zero is at the tower bottom and level three is 

just below the nacelle. Intermediate levels coincide with tower segment connections and 

internal work platforms. 

The tower is divided in three parts assembled on site (). The diameter varies between 2.955m 

at the tower top up to 4.30m at the tower bottom. The thickness varies between 12 and 30mm 

at the same sections. The connections between modules are achieved using very stiff end rings 

welded to the tower tubes and M36 e M42 class 10.9 bolts are used to connect the parts. The 

maintenance plan of the tower specifies tightening torques for the bolts of 2800Nm and 

4500Nm, respectively. 

 

Figure 2.8 - Instrumented tower in Marvila, Portugal 

 

An important issue is the dimensional fabrication tolerances of the ring flanges used to 

connect the tower segments. Imperfections are responsible for the loss of contact between 

some parts of the flanges leading to water infiltrations and to low performance of the bolts 

which will be subjected to higher stress ranges. The fabrication tolerance limit for the 100mm 

thick flange is 1.5mm for the amplitude of the waviness and for the external-internal 

inclination of the ring surface. These tolerances are guaranteed by the tower manufacturer and 
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no imperfections were detected during the visual inspection made to the tower during 

assembling and thereafter. 

Four types of signals are measured and recorded Rebelo et al. (2012a; 2012b): 

1. accelerations at different levels of the tower, which will allow the identification of the 

modal parameters and will give information about the loads acting on the tower; 

2. strains along the inner perimeter of the thin walled sections located near the top of the 

tower and near the assembling joints; strains inside the bolts of the assembling joints 

as well; 

3. inner temperature variation of the steel section caused by the direct effect of the 

sunlight on the face of the tower; this will allow for the estimation of its static 

position; 

4. inclination of the tower in x and y directions at two different levels, which may allow 

the estimation of the lateral displacements of the tower through the cross check with 

the displacements obtained from the time integration of the accelerations. 

Efforts were made in order to get access to the information available in the monitoring system 

running under the responsibility of the tower manufacturer. Information about the turbine 

position (azimuth), wind velocity and direction, blade velocity of rotation and pitch are very 

important for the estimation of the wind loads acting on the turbine and for the correlation 

estimation between tower response and operating loads. 

Following signals are obtained from the nacelle monitoring system and are included in the 

measurement system: 

1. Wind speed and direction 

2. Nacelle position (azimuth) 

3. Operation status 

4. Blade angle 

The position of the accelerometers used for operational vibration measurements correspond to 

those defined for levels 0, 1, 2 and 3 in Figure 2.8. A total of 9 accelerometers and a 
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maximum sampling frequency of 50Hz are used. The accelerometers are of the type 

PCB393B04 and have a dynamic frequency range starting from about 0.1Hz. 

 
a. Tower upper part 

 
b. Tower middle part 

 
c. Tower bottom part 

 

 
d. Cut A-A 

Figure 2.9 - Steel wind tower composed by three parts; Cut A-A (d) shows the ventilation 

opening (optional) and the door opening (adapted from Veljkovic et al., 2012) 

 

The strain gauge rosettes type TML PFR-20-11 (three directions) and bolt gauges type TML 

BTM-6C were placed according to Figure 2.10. A total of 96 strain gauges are used. 

Four thermocouples were placed at level 2 to measure the temperature in the inner surface of 

the steel. 
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Two inclinometers were placed at each of the levels 2 and 3 to measure the inclination of the 

tower and to calibrate the displacements obtained from the double integration of the 

accelerations. 

 

 

 

Strain rosettes on the inner side of the tower Strain gauges inside the bolts 

Figure 2.10 – Details of strain gauges application 

 

The data acquisition (Figure 2.12) is performed using three dataloggers (NI cRio 9012) that 

can digitalize dynamic data and two dataloggers (NI cFP1808) with low sampling rates for 

slowly varying data and nacelle signals. A computer inside the tower assures the 

synchronization of all dataloggers using TCP-IP protocol, stores all measured data in a local 

database and sends it periodically to a remote system using GPRS. Separately, all signals can 

be visualized remotely in real time in order to detect malfunctions of the system. A dedicated 

application was developed in LabView (NI - National Instruments, 2006), which controls all 

the data acquisition and stores the data in the database. 

The dynamic signals measured at levels 2 and 3 can be recorded at a rate of up to 50 

Kilosamples/second. Since only much lower frequency contents are of interest, the recorded 

time histories are sampled down to 100Hz. This allows the unbiased estimation of up to about 

50Hz of the frequency content of the measured signals. Triggering levels are established 

according to ongoing collection of information in order to record signals only above pertinent 

levels of the structural response. 
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Cross section at different levels Sensors and locations 
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Accelerometers: positions R10-x, R10-y, R8-x 

(signals: L3AccX; L3AccY; L3AccT) 

Strain gauges - 1 rosette at each of the 8 locations along the inner perimeter of 

the section 

(signals: L3R7; L3R8; L3R9; L3R10; L3R11; L3R12; L3R13; L3R14) 

Inclinometers – R10-x and R10-y 

(signals: L3IncX; L3IncY) 

 

Section position and dimensions (mm): 

Height: 71152; Diameter:3049; Thickness: 12 

L
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Accelerometer:  R3-x and R3-y 

(signals: L2AccX; L2AccY) 

Strain gauges - 1 rosette at each of the 6 locations along the inner perimeter 

and 6 Strain gauge inside the bolts; 

(signals: L2R1; L2R2; L2R3; L2R4; L2R5; L2R6; L2B1; L2B2; L2B3; L2B4; 

L2B5; L2B6) 

Temperature - 4 Termocouples positions R1, R3 R4, R6 

(signals: L3T1; L2T2; L2T3; L2T4) 

Inclinometers – R3-x and R3-y 

(signals: L2IncX; L2IncY) 

Section position and dimensions (mm): 

Height: 44592; Diameter:3524; Thickness: 17 

L
ev

el
 1

 

 

Accelerometer: R17-y and R17-y 

(signals: L1AccX; L2AccY) 

Strain gauges - 1 rosette at each of the 6 locations along the inner perimeter 

and 6 Strain gauge inside the bolts 

(signals: L1R15; L1R16; L1R17; L1R18; L1R19; L1R20; L1B1; L1B2; L1B3; 

L1B4; L1B5; L1B6) 

Section position and dimensions (mm): 

Height: 17972; Diameter:3993; Thickness: 22 

L
ev

el
 0

 

 

Accelerometer:  R23-y and R23-y 

(signals: L0AccX; L0AccY) 

Strain gauges - 1 rosette at each of the 6 locations along the inner perimeter 

and 6 Strain gauge inside the bolts; 

(signals: L0R21; L0R22; L0R23; L0R24; L0R25; L0R26; L0B1; L0B2; L0B3; 

L0B4; L0B5; L0B6) 

 

Section position and dimensions (mm): 

Height: 5802; Diameter:4208; Thickness: 26 

Initials for Signals’ identification 

L(1)(2)(3)(4) 

level number 

Type of signal 

R – strain gauge Rosette 

Acc – accelerometer 

B – starin gauge in bolt 

Inc – inclinometer 

Tmp – temperature 

Location(see figures above) 

Strain gauge direction in rosettes 

V – vertical along tower axis 

H – horizontal along section perimeter 

D – diagonal 

 

e.g. L2R21D: 

Level 2, Rosette 21, strain gauge in Diagonal direction 

Figure 2.11 - Sensors locations and identification (Rebelo et al., 2012a) 
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Figure 2.12 – Layout of the communications inside the tower (Veljkovic et al., 2012) 
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2.2.2. System calibration 

The calibration of the measurement system must allow the assessment of two different types 

of coefficients: i) those inherent to the conversion of electrical into physical quantities and ii) 

those related to the baseline (zeroing) of the signal. Since only the dynamic part can be 

measured, the mean value over time should be zero when wind actions on tower are zero 

(very low wind as approximation). 

The calibration factors inherent to the conversion of electrical into physical quantities are 

presented in the following topics, for each type of sensors used in the monitoring procedure. 

 Accelerometers 

The sensitivity of the PCB accelerometers type 393B04 are given in Table 2.2.  

Table 2.2 – Sensitivity of accelerometers 

Location Serial number Calibration sensitivity mV/ms-2 

Level 0 direction x (L0ACELX) 22523 103.3 

Level 0 direction y (L0ACELY) 22524 102.5 

Level 1 direction x (L1ACELX) 22484 102.8 

Level 1 direction y (L1ACELY) 22485 103.2 

Level 2 direction x (L2ACELX) 22288 101.7 

Level 2 direction y (L2ACELY) 22482 103.4 

Level 3 direction x (L3ACELX) 19741 102.6 

Level 3 direction y (L3ACELY) 21978 100.9 

Level 3 direction t (L3ACELT) 22195 103.8 

 

 Inclinometers 

The calibration factors of inclinometers TML – KB-5EB to transform measured voltage in 

degrees are given in Table 2.3. 

Table 2.3 – Calibration factors for inclinometers 

Location Serial number Calibration factor (degree) 

Level 2 direction x (L2INCLX) EDW07027 5.0 

Level 2 direction y (L2INCLY)  5.0 

Level 3 direction x (L3INCLX) EDW07028 5.0 

Level 3 direction y (L3INCLY)  5.0 
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 Strain Gauges 

The calibration factors of strain gauges TML – KB-5EB and BTM-6C to transform measured 

voltage in stresses (MPa) are given in Table 2.4. Young’s modulus used is E=200GPa.  

Table 2.4 – Calibration factors for strain gauges 

Location Type Calibration factor (MPa) 

Rosettes of extensometers at all levels PFR-20-11 375.6 

Bolts BTM-6C 381.0 

 

To interpret the strains obtained from the measurements, it is necessary to take into account 

that the measurement system was powered on after erection of tower and mounting of all the 

equipment. Therefore, the measured strains are not absolute values but relative to the moment 

of system initialization, i.e., these values only reproduce the time varying response under 

external wind action and turbine operation. Since the mean value over time should be zero 

when wind actions acting on the tower are zero and the turbine is in an idle position, the 

calibration of the measurement system should be ideally performed under these conditions. In 

practice, only measurements during very low wind speed and rotor in idle position are 

possible and were performed as a good approximation for zeroing the measurement system. 

Figure 2.13 schematically illustrates the absolute time dependent strain history obtained in a 

given measurement point during tower operation and its decomposition into several 

superposed components, either included or not in the measured values. The line showing the 

strain component due to time invariant self-weights cannot be measured because the data 

acquisition system was powered on after self-weight was acting. However, it can be 

accurately estimated numerically from the components’ self-weight. For instance, at the 

measurement points on the tower shell, the following compressive vertical stresses due to 

tower self-weight were computed: 3.56 and 2.69MPa for levels 0 and 1 respectively. The axial 

force due to the nacelle self-weight is 1067.33kN and the corresponding compressive stresses 

at the same levels are, respectively, 3.11MPa and 3.87MPa. 

The component representing the gauge calibration error in Figure 2.13 is included in the 

measured values. Since it is unknown, it must be dropped out from the measurement results 

zeroing the system during very low wind speed conditions, as it was explained above. This 

was done before starting monitoring under a mean wind speed of 4.62 m/s, a mean wind 

direction of 170º measured clockwise from North (see Figure 2.11) and a mean temperature of 

13.7ºC. The values obtained during the full nacelle rotation under low wind speed are 

represented on Table 2.5. 
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Figure 2.13 – Time evolution of the several dynamic and quasi-static signal components 

(Rebelo et al., 2012a) 

 

Table 2.5 – Values measured with full nacelle rotation 

Hour Nacelle Pos. (º) Wind Speed (m/s) Wind Direction (º) Temp. (ºC) 

11:50 0 4.6 175 13.6 

11:56 20 5.6 156 13.8 

11:58 40 6.2 182 13.6 

00:00 60 5.6 188 13.6 

00:03 80 4.0 136 13.6 

00:05 100 6.5 170 13.6 

00:09 120 6.7 173 13.5 

00:12 140 5.0 172 13.6 

00:15 160 4.0 156 13.8 

00:18 180 3.2 188 13.6 

00:22 200 3.0 120 14.0 

00:26 220 4.1 170 13.6 

00:28 240 4.4 178 13.8 

00:32 260 6.0 175 14.4 

00:34 280 3.1 183 14.3 

00:37 300 3.4 185 14.0 

00:40 320 3.9 180 13.8 

00:42 340 5.0 183 13.5 

00:45 360 3.6 175 13.5 

 

Added to these two time invariant strain components (axial load from self-weight and gauge 

calibration error), there are the strains varying in time due to nacelle position and due to wind 

pressure. Considering the first one, it refers to the bending moment effect due to the nacelle 

self-weight eccentricity relatively to tower axis (0.725m). 
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The maximum vertical stress in the shell at level 0 due to this bending moment effect is 

numerically estimated as being 2.15MPa. However, for a given measurement point this effect 

varies during operation, since it depends on the nacelle orientation. In order to have the actual 

effect of the nacelle azimuth in the measured signals, the calibration was made using the mean 

values of twelve signal histories measured for nacelle positions varying from azimuth 0º to 

360º with increments of 20º and observing the wind and temperature conditions mentioned 

above. A representation of the stress variation at level 0 due to the nacelle eccentricity and the 

nacelle azimuth is presented in Figure 2.14. 
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Figure 2.14 – Stress variation at Level 0 due to nacelle eccentricity depending on Nacelle 

azimuth 

 

The final result of the calibration is to assure that the measurements related to strains 

accurately represent the static and dynamic effect of wind pressure on the turbine blades and 

on the tower including the effect of bending moment produced by the nacelle eccentricity. For 

instance, to compute the final stresses including static non measured axial force at levels 0 

and 1 the values 6.67MPa and 6.56MPa, respectively, must be added as uniform compressive 

vertical stresses in the shell. The calibration factors obtained for each strain gauge are 

presented in Annex A. 

2.2.3. Measurement results 

2.2.3.1. Strain/Stresses and Forces 

The wind loading variation induces stress variation in the components of the tower structure. 

In this monitoring the stress variation in the tower shell and in the ring flange connection bolts 

was measured and analysed. 
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The monitoring system acquires strain signals using two different sampling rates, low 

frequency at 2.5Hz and high frequency at 100Hz due to different acquisition equipment. In 

order to analyse the evolution of the time signals during the whole monitoring period the 

second type of signals were decimated and sampled at 2.5Hz. 

 Wind induced stresses in the shell 

In order to visualize the evolution of the shell stresses depending on wind speed, the 

maximum tensile and compressive stresses were computed from the measured time series 

segmented in periods of 10 seconds. 

Figure 2.15 and Figure 2.16 represents the influence of the wind speed in the vertical stress 

fluctuation (maximum and minimum) obtained in vertical strain gauges placed at level 0 and 

level 1. 
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Figure 2.15 – Vertical stress fluctuation – level 0 
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Figure 2.16 – Vertical stress fluctuation – level 1 

 

Figure 2.17 and Figure 2.18 show the measured stress fluctuation in the horizontal direction 

both for level 0 and for level 1. 
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Figure 2.17 – Horizontal stress fluctuation – level 0 
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Figure 2.18 – Horizontal stress fluctuation – level 1 

 

Figure 2.19 and Figure 2.20 shows the measured stress fluctuation in the inclined direction 

(45º) both for level 0 and for level 1. 
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Figure 2.19 – Inclined stress fluctuation – level 0 

 



 

2. WIND TOWERS – ACTUAL SOLUTIONS  29 

  

 

 

0

5

10

15

20

25

30

0 5 10 15 20

S
tr

es
s 

F
lu

ct
u

a
ti

o
n

 (
M

P
a

)

Wind Speed (m/s)
 

-40

-30

-20

-10

0

0 5 10 15 20

S
tr

es
s 

F
lu

ct
u

a
ti

o
n

 (
M

P
a
)

Wind Speed (m/s)
 

Figure 2.20 – Inclined stress fluctuation – level 1 

 

Maximum stresses are achieved between 10 and 14m/s wind speed decreasing to a steady 

state level for higher wind velocities. This effect is due to the regulation of pitch angle for 

higher wind speeds, that is, the blade angle varies in order to decrease the tower loading while 

maintaining the production rates (Burton et al., 2001; Hau, 2013; Veljkovic et al., 2011). 

Stresses in the shell are obtained from the strain measurements using a Young’s modulus 

given by E=200GPa. Three stress components can be obtained at each measurement point. 

The principal stresses can be estimated according to the equations (2.1) and (2.2). σx is the 

horizontal stress, σy is the vertical stress and τxy is obtained from equation (2.2) taking θ as 45º 

and σθ as the stress obtained with the inclined strain gauge. 
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Figure 2.21 – Estimation procedure for principal stress direction and intensity (Beer et al., 

2012)  

 

With all this, the principal stresses obtained respectively for level 0 and for level 1 are 

presented in Figure 2.22 and Figure 2.23. 



 

30  2. WIND TOWERS – ACTUAL SOLUTIONS   

  

 

 

0

20

40

60

80

100

120

0 5 10 15 20

S
tr

es
s 

F
lu

ct
u

a
ti

o
n

 (
M

P
a
)

Wind Speed (m/s)
 

-100

-80

-60

-40

-20

0

0 5 10 15 20

S
tr

es
s 

F
lu

ct
u

a
ti

o
n

 (
M

P
a
)

Wind Speed (m/s)
 

Figure 2.22 – Principal stress fluctuation – level 0 
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Figure 2.23 – Principal stress fluctuation – level 1 

 

Figure 2.24 shows a set of time histories obtained during a certain period of operation put 

sequentially in time without the real time gaps. Figure 2.24a shows the vertical stress at two 

diametrical opposite measurement points located in the shell at level 0 – L0R22V and 

L0R25V (see Figure 2.11 for location). Values are plotted every 0.4 seconds corresponding to 

the acquisition rate of 2.5Hz. The additional subplot representing the vector sum of those 

signals shows an acceptable level of noise with a RMS equal to about 7% of the signal’s 

RMS. The stress evolution is consistent with the nacelle direction represented in Figure 2.24b 

and with the wind speed (Figure 2.24c). It is noted that the stresses are relatively low and the 

nacelle azimuth changes frequently during an initial long period, probably due to the fact that 

most of the records were started manually due to software constrains (no trigger value 

programed). The instantaneous extreme and average values of vertical stresses at level 0 and 

of the wind velocity measured during this period are given in Table 2.6. The extreme values 

must not coincide with the real maximum vertical stresses in the shell but should be very 

close to them. Adding the compression from self-weight a maximum compressive stress of 

about 80MPa can be estimated during Phase I. 
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Figure 2.24 - Typical time histories: a) vertical stress at points L0R22V and L0R25V and 

respective sum; b) nacelle azimuth – positive clockwise from North direction; 

c) wind speed at nacelle level – Phase I 

 

Table 2.6 – Vertical stresses in the shell during the testing period of Phase I for which wind 

speed maximum was 25m/s and average was 8.3m/s 

 Vertical stresses (MPa) 

 L0R22V L0R23V L0R24V L0R25V 

Maximum 67.1 62.2 65.6 62.7 

Minimum -61.8 -72.7 -71.8 -71.3 

Average 10.7 -13.2 -24.0 -11.0 

 

For Phase II, considering the dominant direction of the nacelle the measurement points at 

L0R22V and L0R25V are at the most stressed part of the tower section by bending. 

Considering that the trigger is set to a wind speed of 14m/s the mean wind speed is relatively 

high, about 12.8m/s. 

The same procedure used to display the results presented in Figure 2.24 for Phase I, was 

adopted for Phase II in Figure 2.25. 

For the sake of comparison, stress computations were performed using the updated model and 

the load resultants given by the tower producer for several tower elevations. Two design load 

cases were considered of the type dlc 1.3 and dlc 1.5 (GL-Germanischer Lloyd, 2003), which 
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correspond to the simulation of the one-year-gust in combination with the loss of electrical 

connection followed by the rotor start positions which lead to the most unfavourable 

conditions for the wind tower. The stresses are given in Table 2.7 and are computed from the 

section loads without safety factor given in the design load tables of the tower manufacturer. 

The average wind speed is 26m/s and 9m/s and the wind direction relative to the nacelle 

orientation is 65.5º and 0.1º respectively for dlc 1.3 and dlc 1.5. The maximum measured 

stresses at levels 0 and 1 given in Figure 2.22 and Figure 2.23 are bounded by the design 

values of Table 2.7. 
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Figure 2.25 - Time signals obtained during Phase II with trigger based on wind speed greater 

than 14m/s a) vertical stress at strain sensors L0R22V and L0R25V; b) nacelle 

azimuth – positive direction is clockwise; c) wind speed 

 

Table 2.7 - Vertical stresses computed from design load cases given for the instrumented 

tower 

Section Bending Moment (kN.m) Bending Stress (MPa) 

 DLC13 DLC15 DLC13 DLC15 

Bottom 14799.0 48196.4 34.0 110.6 

Level 0 13947.1 44925.6 38.6 124.2 

Level 1 12051.3 37378.4 43.8 135.7 

Level 2 8531.1 21048.1 51.4 126.9 

Level 3 5752.1 4961.7 65.6 56.6 

Top 5227.9 1665.4 42.4 13.5 
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The highest principal stresses occur for wind speeds of about 12m/s with maximum values of 

about 130MPa, for the measurements conducted in Phase II. 

 Wind induced stresses in the bolts 

The bolts in the connections are pre-stressed and therefore the stresses induced by operation 

are expected to be much smaller than those in the shell. For the sake of comparison, at level 1 

the external diameter of tube is 3917mm, the shell thickness is 20mm and the flange thickness 

is 175mm. Considering that the contact between flanges is perfect the ratio between vertical 

stresses in the shell and in the flange due to a bending moment is proportional to the inertia 

ratio at both section levels, which is about eight. 

Figure 2.26 shows a comparison of stress histories measured in bolts and shell at level 1 

during Phase I. The coefficient of variation (standard deviation divided by the mean value) of 

stress in the bolt is about five times smaller than in the shell. The mean value of about 20MPa 

represented as compression in the bolt corresponds to the pre-stress losses experimented by 

the bolt since the calibration of measurement system was completed. 

 

Figure 2.26 - Comparison between bolt stresses and shell vertical stresses at level 1 

 

For the measurements conducted on Phase II, the bolt stress variation is computed against the 

shell vertical stress variation and the results are presented in Figure 2.27. 

It is noted that the mean stress in the bolts is always compressive, revealing that between the 

time of calibration and the time of measurement there was loss of pre-stress in the bolts. Some 

of the bolts (e.g. L1B6) present an unsteady behaviour which is justified on one side by the 

natural interruption of the time line associated with the sequence of different recorded 

segments and on the other side by the adjustments of pre-stress in the measured bolt 

influenced by the alterations of the pre-stress in the neighbouring bolts (Veljkovic et al., 2010; 

Veljkovic et al., 2012). One must be aware that, in this connection there are 6 instrumented 

bolts among a total of 124 bolts. However, when all the instrumented bolts present an increase 

of tension, this can be correlated with the maintenance work performed in the tower that 



 

34  2. WIND TOWERS – ACTUAL SOLUTIONS   

  

 

 

includes retightening of the bolts. This is illustrated in Figure 2.28 where all bolts suffered a 

synchronized increase in stress, except the first which decreased the stress. 
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Figure 2.27 - Comparison of stresses in bolts (dark curves) with vertical stresses in shell at 

level 1 during the second measurement period; a) L1B1 – L1R15V; b) L1B2 - 

L1R16V; c) L1B3 – L1R17V; d) L1B5 – L1R19V; e) L1B6 – L1R20V 
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Figure 2.28 - Stress increase in the bolts due to retightening 

 

 Section loads (bending moments) 

 

The signals obtained directly from the measuring instruments can be converted in section 

resultants and in displacements using the known geometry of the tower. Figure 2.29a 

represents the bending moment vectors obtained from the shell stresses at different levels for 

each time increment of the measurements in Phase II. The representation of each vector is 



 

2. WIND TOWERS – ACTUAL SOLUTIONS  35 

  

 

 

only one point in the polar coordinates of the diagram. Bending moments at lower level are 

represented with lighter grey marks and at upper levels in darker grey marks. The bending 

moment vectors’ dominant direction is orthogonal to the dominant wind direction as expected. 

Figure 2.29b shows the same representation for a shorter period of about thirty minutes, 

which is the same time window used to represent time histories in Figure 2.30. These are 

typical time histories of the bending moments at different levels obtained during wind speed 

average of 16.5m/s and nacelle azimuth average of 120º. A representation of the bending 

diagrams of Mx, My and resultant M along tower height for the same time period is shown in 

Figure 2.31. Comparing with design bending moments given in Table 2.7, measured values 

are in the range of values given for DLC13. 

  

Figure 2.29 - Bending moment vectors represented by their amplitude and direction in polar 

coordinates; a) entire Phase II; b) selected 2000 seconds 

 

 

Figure 2.30 - Typical time histories for bending moments obtained from strain measurements 

during wind speed average of 16.5m/s 
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Figure 2.31 - Bending moments Mx, My and resultant M obtained from selected shell stress 

measurements; mean values over 40 seconds; wind speed average is 16.5m/s 

 

2.2.3.2. Acceleration and modal identification 

After erection of the tower and before operation starts a preliminary modal identification was 

performed. The methodology used relies on output-only methods and ambient vibration 

response analysis (Bendat and Piersol, 1993; Brincker et al., 2000; Kelly, 2000). The three 

accelerometers at the top of the tower (level 3) and two at each of the levels 1 and 2 were 

used. The acceleration measurements for modal extraction were made during the idle state of 

the turbine. 

A methodology in the frequency domain (as function of frequency) was used to identify the 

modal parameters, which consists of simply picking the peaks of the spectral estimates of the 

measured signals to identify the natural frequencies. The Enhanced Frequency Domain 

Decomposition (EFDD) (Brincker et al., 2000) implemented in a software package for system 

identification (SVS, 2007) was used to extract the modal information from the ambient free 

vibration. The corresponding average of the normalized singular values of the spectral density 

matrices are shown in Figure 2.32. The marked peaks correspond to four flexural mode 

shapes of the tower, two bending modes in x and y directions. Table 2.8 summarizes the 

obtained results for the modal parameters. Some difference may be expected between the 

fore-aft and the side-to-side natural frequencies of the tower. However, it is to be noted that 

the accuracy of the measurements tends to be of the same order of that difference. 

The viscous damping identified in the first and second mode is higher than expected for this 

type of structure (around 1%). Since the measurements were made during relatively strong 

wind, the aero elastic damping induced by the interaction with the wind is probably the cause 

for the increase of the damping ratio. 
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Figure 2.32 - Singular values of the spectral density matrices 

 

The blades of the horizontal-axis wind turbine rotate in close proximity to the tower and 

important dynamic loading is induced when passing in front of it. The blade-passing 

frequency is equal to the turbine rotational frequency multiplied by the number of blades on 

the turbine rotor, which is three. The dynamic response of the wind tower is mainly due to the 

turbine rotation and is therefore almost periodic. 

Table 2.8 - Natural frequencies, modes and damping 

  

Mode 

  1 2 3 4 

Frequency 

(Hz) 

Measured 0.340 0.343 2.767 2.794 

Updated FE model 

(Es=300MPa; e=1.0m) 
0.345 0.345 2.751 2.751 

Damping (%) 1.32 0.96 0.13 0.23 

Mode type 

  

Bending 

Nacelle 

direction 

(x-x) 

 

Bending 

Transversal to 

Nacelle 

direction 

(y-y) 

Bending 

Nacelle 

direction 

(x-x) 

 

Bending 

Transversal 

to Nacelle 

direction 

(y-y) 
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To avoid large vibration amplitudes, the lowest natural frequencies of the tower should be 

kept away from the rotational and/or blade-passing frequencies and their harmonics (Lavassas 

et al., 2003). Analysing the spectra obtained from the measurements of the accelerations at the 

top of the tower (Figure 2.33) three peaks are clearly identified in the range 0Hz to 1Hz and 

several other peaks are identified up to 3Hz. The first peak in the spectrum corresponds to the 

rotational frequency of 0.25Hz. The wind turbine manufacturer gives operating limits of 

0.13Hz and 0.25Hz, for the lower and upper rotor speed, respectively. The upper limit is 

attained for average wind speeds around 12m/s, which is in the range of wind speed for which 

recording of the monitored signals is activated. The second spectral peak is at frequency 

0.34Hz and corresponds to the first and second natural frequencies of the tower. The damping 

ratio measured during operation in these modes is 1.12%, close to the value obtained in the 

modal identification (Rebelo et al., 2012a). The third peak in the spectrum corresponds to the 

blade passing frequency of 0.75Hz. 
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Figure 2.33 - Power spectral densities of the acceleration at the tower level 3 obtained during 

operation 

 

It is expected that the wind load acting on the tower increases up to a certain limit defined by 

the type of turbine, in this case the load increases up to average wind speeds of about 12m/s. 

This effect can be observed in the spectral values shown in Figure 2.33 which increases for 

the time series corresponding to higher wind speed average (Phase II). The peaks at 1.5Hz and 

3.0Hz are harmonics of the blade passing frequency. The third and fourth natural frequencies 

appear at about 2.8Hz near the third harmonic of the blade passing frequency. The measured 

damping was 1.4% and therefore higher than the one measured during modal identification. 
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2.2.3.3. Displacements 

The design guidelines do not establish general limits for displacement of the tower. However, 

rules are given (IEC 61400-1, 2005; DNV/Risø, 2002; GL-Germanischer Lloyd, 2003) to 

compute the displacements and to verify that deflections do not affect structural integrity in 

the design conditions, e.g., no mechanical interference between blade and tower will occur. 

These deflections are composed by tower and blade displacements. Concerning the tower, the 

deflections are minimized by avoiding resonance and, therefore, by limiting the dynamic 

displacements. Note that the clearance between blade and tower is not only governed by the 

structural deflections, but also by a possible slip at the yaw bearing, by the perpendicularity of 

the tower flange, and by the tolerances on the tilt and on the rotor plane. (DNV/Risø, 2002; 

GL-Germanischer Lloyd, 2003). 

The rotations at levels 2 and 3 are obtained directly from the inclinometers. Figure 2.34 shows 

a typical measured time history of tower inclination. The mean value of the measured rotation 

in the time window is 0.20º for Level 3 and 0.18º for Level 2. 
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Figure 2.34 - Typical time window of tower inclination measured at levels 2 and 3 

 

Displacements can be obtained from integration of the accelerations, although only the 

dynamic part of the signal can be obtained (Figure 2.35). Integration error was controlled 

through Baseline Correction and Filtering (Bendat and Piersol, 1993; Dally et al., 1993). The 

first process consists on (i) determining, through regression analysis (least-squares-fit 

method), the straight line that best fits the time-acceleration pairs of values and then (ii) 

subtracting from the actual acceleration values their corresponding counterparts as obtained 

with the regression-derived equation. In this manner, spurious baseline trends, usually well 

noticeable in the displacement time-history obtained from double time-integration of 

uncorrected acceleration history, are removed. Afterwards a Butterworth high pass filter 

above 0.2 Hz was applied in order to remove low frequency components not removed by the 

former procedure. Data processing was performed using Matlab (The MathWorks Inc., 2010). 
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These dynamic displacements are small compared to the quasi-static displacements expected 

for the tower top, which can reach values of the order of more than 1 meter. The small values 

shown in Figure 2.35 confirm the expected small vibration amplitudes during operation in a 

well-designed tower.  
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Figure 2.35 - Typical time window of horizontal displacements at level 3 in x- and y-direction 

obtained from time integration of filtered accelerations using a highpass 

Butterworth filter above 0.2Hz 

 

2.2.4. Methodology for estimation of experimental Fatigue Spectra 

Structures subjected to wind loading are prone to suffer failure under fatigue. In the case of 

the wind towers it can be even the governing load case for the design of some parts of the 

structure namely the segment connections. Figure 2.36 shows the generic loading 

characteristics of such structures. 

 

Figure 2.36 – Characteristic occurrences of a load-time history P(t) (Schijve, 2009) 

 

The design of these kind of structures is considered by comparing the design fatigue spectrum 

(number of cycles vs. stress amplitude) provided by the tower manufacturer and the S-N curve 

given by the proper design standard (for instance EN 1993-1-9 for design in Europe) for each 

fatigue detail category. The design fatigue spectrum from the tower manufacturer is currently 

obtained with numerical simulations using proper software based on CFD (Computational 
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Fluid Dynamics) method. With such software it is possible to simulate the tower subjected to 

different wind loadings and so to obtain the response in terms of number of cycles for each 

stress amplitude for one year. The design fatigue spectrum is afterwards extrapolated for the 

lifetime span of 20 years currently used to define operating lifetime of wind towers. 

In order to count the number of cycles from a time history, some methods are available in the 

literature. One of them is the rainflow method (ASTM E1049-85, 2011). Downing and Socie 

(1982) created one of the more widely referenced and utilized rainflow cycle-counting 

algorithms. 

The algorithm of the rainflow counting method is based on the following steps (Ko et al., 

2012): 

 A rainflow path is started at each peak and trough 

 When a rainflow path that started at a trough comes to the tip of a roof, the flow stops 

if the opposite trough is more negative than that at the start of the path under 

consideration. Conversely, a path that started at a peak is stopped by a peak which is 

more positive than that at the start of the rain path under consideration. 

 If the rain flowing down a roof intercepts flow from previous path the present path is 

stopped. 

 A path is not started until the path under consideration is stopped 

 

Considering the values obtained with tower live monitoring presented, the fatigue spectra 

were calculated for the shell vertical stresses using the presented rainflow method. 

The original spectra were computed from measured time series with totals of 0.68x106 and 

1.2x106 seconds length corresponding to monitoring periods of 139 and 159 days, 

respectively, for Phase I and Phase II. Subsequently, the number of cycles was linearly 

extrapolated for a 20 years lifetime (20x365 days) and the obtained spectra are given in Figure 

2.37. 

Differences in curves obtained for different phases are mainly due to the difference in the 

mean wind loading associated to the monitoring phases, that is, for Phase I with a lower mean 

wind speed the number of cycles increases in lower stress ranges and decreases in the upper 

stress ranges. 

The design provided by the EN 1993-1-9 (2005) is based on the analysis of S-N curves (stress 

range vs. number of cycles) according to fatigue detail categories of the each element, named 
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with the design stress range for failure at 2x106 cycles. Figure 2.38 shows the design S-N 

curves for each considered detail category. 

 

Figure 2.37 - Measured fatigue spectra extrapolated for 20 years lifetime obtained for level 0 

 

 

Figure 2.38 - Fatigue strength curves for direct stress ranges (EN 1993-1-9, 2005) 

 

The equation of each one of the 3 slopes of the S-N curves are given by equations (2.4). 
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The comparison between the measured spectra and the design load spectra given by the tower 

designer, as well as with the fatigue strength curve given by EN1993-1-9 (2005) for fatigue 

detail 71 (Table 2.9), considering the welded connections in the segment plates, are shown in 

Figure 2.39. 

 

Figure 2.39 - Comparison of measured fatigue spectrum extrapolated for 20 years lifetime 

with design spectrum and strength curve obtained from EN1993-1-9 (2005) for 

detail 71 

 

Table 2.9 - Transverse butt welds (fatigue detail category) (EN 1993-1-9 2005) 

Detail 

category 
Constructional detail Description Requirements 

71 

size effect 

for 

t>25mm: 

kS=(25/t)0.2 

 

13) Butt welds made from one 

side only when full 

penetration checked by 

appropriate NDT 

13) Without backing 

strip 

 

With backing strip: 

14) Transverse splice 

15) Transverse butt weld 

tapered in width or thickness 

with a slope ≤1/4. Also valid 

for curved plates 

Details 14) and 15) 

Fillet welds attaching 

the backing strip to 

terminate ≥ 10mm 

from the edges of the 

stressed plate. Tack 

welds inside the 

shape of butt welds 
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According to the Palmgren-Miner rule used in Annex A of the Eurocode (EN 1993-1-9, 2005) 

and given by expression (2.5) with γMf=1.35 and γFf=1.0 the damage index obtained for the 

stress history at point L0R22V during the Phase II is D=7.4x10-4. 


n

i Ri

Ei

d
N

n
D  (2.5) 

 

To compute the lifetime the most unfavorable situation would be based on the length of the 

measured time series, which gives the results presented in equation (2.6). 
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2.3. Final comments 

The exploitation of the renewable energies has increased in the last few years due to the 

increasing concerns about the world environment. An increase in the wind energy exploitation 

both in offshore and onshore locations is foreseen for all over the world. In onshore locations 

the current tendency will be the replacement of old outdated low-power turbines with more 

powerful and eventually higher located turbines. 

Tubular steel towers proved to be the most suitable solution for current hub heights up to 100 

meters, because of the low weight when comparing to concrete solutions, very suitable for 

transportation of the tower segments to construction site.  

The monitoring system developed for the current steel tower allowed a deeper insight into the 

turbine operation and tower response through the updating and calibration of advanced FE 

models. In a preliminary phase prior to the development of this PhD thesis an experimental 

program was developed consisting of the instrumentation for monitoring of a 80 meters high 

steel wind tower supporting a 2.1MW turbine Wind Class III IEC2a erected in the central part 

of Portugal. This measurement system, presented in the first part of this chapter is able to 

measure strains in three directions of 26 points of the inner surface of the tower shell and in 

18 pre-stressed bolts. Additionally, accelerations in three levels of the tower, inclinations at 

two levels and the inner temperature are measured.  

Within the framework of this PhD thesis the calibration of the equipment was performed and 

preliminary measurements were used for consistency analysis of the data. A finite element 

model was developed and updated through modal identification performed before the turbine 

started production.  
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There was the need to assure the quality of the measured data. It was verified that, at each 

cross section, the sum of the vertical stresses was, as expected, near zero, since only stresses 

due to bending are measured. As expected, stress variations along the tower height are low, 

since the cross section varies in diameter and thickness along the height, corresponding to an 

optimized structural solution. 

The strains measured on the cylinder shell (vertical, horizontal and inclined) vary with wind 

speed, increasing up to a wind speed of about 12 m/s and decreasing beyond that. This is 

typical of pitch regulated towers and is due to the pitch rotation of blades in order to maintain 

a constant production without overloading the tower. The maximum measured principal stress 

in the shell was about 130MPa, and the maximum vertical stress about 70MPa. 

The stress variation inside the pre-stressed bolts is low and therefore almost independent of 

the wind speed. It is concluded that the bolt pre-stress is very effective and there is a good 

contact between the flanges due to the low force fluctuation measured in the bolts. This is an 

expected conclusion because it is not probable that service loads, mainly from measured wind 

speeds up to 20m/s, could induce the opening of the joints between the stiffening rings of the 

connection. 

Dynamic response is evaluated through the acceleration spectra. It is clear that no resonance 

occurs in the tower in the range of identified natural frequencies. The dynamic deflections are 

computed by integration of the accelerations and therefore represent only the dynamic part of 

the response. 

Stress fatigue spectra can be computed for the measured data. The spectra obtained for the 

shell stresses at level 0 section were extrapolated to lifetime of twenty years. They are clearly 

below the design spectra as expected, except for the higher stress ranges. Longer data 

acquisition will allow more clarification of this issue, since the number of large stress ranges 

is relatively low. 
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3. IMPROVED SOLUTIONS FOR HIGHER TOWERS 

3.1. Introduction 

As it was described previously, the increase in the exploitation of renewable energy, namely 

the wind energy, lead to the need for improving the current exploitation techniques. 

The increase in height of the wind towers is pointed out as an efficient way of improving the 

energy production since it is possible to use a more powerful and stable wind profile. 

The wind shear profile presents an increasing value in wind velocity with the height according 

to Figure 3.1. It should be kept in mind that the mechanical energy extractable from an air 

stream passing through a given cross-sectional area is proportional to the third power of the 

velocity. Thus, the wind shear profile in the top layers is more powerful but it is also more 

stable, since the turbulence at a certain level is smaller, and the slope of the wind shear profile 

is also lower which improve the dynamic behavior of the whole system including the tower. 

 

Figure 3.1 – Wind shear profile (Hau, 2013) 

 

The increase in height will also avoid the turbulence due to the ground obstacles for instance 

in industrial areas or forests. The illustration of Figure 3.2 shows the flow wake behind an 

obstacle with a certain height. 



 

48 3. IMPROVED SOLUTIONS FOR HIGHER TOWERS   

  

 

 

 

Figure 3.2 – Flow wake behind an obstacle (Hau, 2013) 

 

The goal of increasing the tower height raises new problems that must be solved. The diagram 

of Figure 3.3 illustrate three major problems related with this increase. 

   

Problems associated with 

the increase in height of 

the towers 

   

        

        

Transportation 

requirements – 

maximum allowed 

diameter of 4.5m 

 

Overcome the fatigue 

problems to increase the 

steel grade of the shell 

 

Improve the foundation 

systems to support higher 

overturning moments 

Figure 3.3 – Problems associated with the increase in height 

 

Some ideas have been developed to overcome each one of the problems presented in Figure 

3.3. The transportation requirements and respective solutions as well as the descriptions of the 

fatigue problems and proposed solutions will be addressed in this chapter while the 

improvement of the foundation systems will be thoroughly presented, analyzed and discussed 

in chapters 4, 5 and 6 with analytical, experimental and numerical analysis. 

Currently the maximum dimensions that can be transported on roads are around 4.5m 

diameter, 36m of length and 70ton of weight. For an 80 meters high wind tower the required 

diameter is around 4.2 meters in the base and so an increase in height will very likely 

overcome the maximum allowed diameter.  
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A solution proposed for this problem is based on the modular steel construction by splitting 

the segments into different pieces and using longitudinal bolted connections. The proposed 

solution is presented in Figure 3.4a which was developed under the scope of HISTWIN2 

project (Veljkovic et al., 2015). In this type of construction, the traditional welded ring flange 

connection of the current tubular towers is replaced by a bolted friction connection. This 

allows the improvement concerning fatigue problems by withdrawal of the welding in the 

segments in both longitudinal and transversal directions and bolts in tension. This solution 

also opens the possibility for using higher steel grades, given that the fatigue detail is 

improved and higher stress ranges are allowed. 

Some manufacturers such as Andresen Towers, developed similar systems with longitudinal 

and transversal connections but with a polygonal shell as presented in Figure 3.4b. 

  

a. Circular tubular tower 
b. Polygonal tubular tower 

(Andresen Towers, 2011) 

Figure 3.4: Steel tubular towers 

 

Along with the tubular steel towers, the most common wind towers typologies are pre-

stressed tubular concrete towers, lattice towers, timber towers and hybrid towers (tubular + 

concrete and tubular + lattice). For each one of these typologies there are some implemented 

or in development solutions to allow the construction of towers higher than 100m and up to 

160-170m. 

In the case of the pre-stressed concrete towers the solution proposed for the use in higher 

heights is similar to the tubular towers. These concrete towers are composed by segments with 

longitudinal and transversal pre-stressed connections in order to allow an easier transportation 

as it can be seen in Figure 3.5. 
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Figure 3.5: Modular concrete INNEO tower (INNEO Torres, 2008) 

 

The solution of lattice towers allows very high solutions like the one presented in Figure 3.6 

that illustrates a 160 meters high wind tower. However, these solutions present some 

problems due to the high number of bolted connections which will lead to longer times of 

assembly and maintenance. The aesthetical aspects of the tower and specially the lack of 

protection for the workers are also important handicaps of this solution. 

 

Figure 3.6 - 160m Fuhrländer Wind Turbine Laasow (Almeida, 2015) 

 

A different proposal is presented by Wasatch Wind and it is called Space Frame Wind Tower. 

This is basically a lattice wind tower with all their advantages but it is covered outside by a 

special fabric which improves not only the aesthetics of the tower but also solves some 

problems such as the protection of the structural elements and also provides some protection 

to the workers. It can be seen in Figure 3.7. 
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Figure 3.7: Space Frame Wind Tower (General Electric, 2014) 

 

Some solutions for timber tower structures can also be found. TimberTower company is a fair 

example of this possibility. This company expects to achieve heights up to 160m by keeping 

together cross-laminated timber panels in a polygonal profile. The shape of this system can be 

found in Figure 3.8. 

 

Figure 3.8: Timber wind tower (Engström et al., 2010) 

 

In terms of hybrid towers, the most common geometry is steel-concrete tubular towers. In this 

system, both technologies presented before can be implemented together in order to achieve 

higher heights. 

Under development there is a new typology of hybrid systems using lattice and steel tubular 

elements as presented in Figure 3.9. It is similar to the technology used in jacket support 

structure for offshore wind towers. 
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a) Concept tower (SHOWTIME Project) 
b) Suzlon hybrid steel tubular+lattice tower 

(Almeida, 2015) 

Figure 3.9: Hybrid steel lattice-tubular tower 

 

The cost and performance of several typologies of high wind towers has been addressed by 

the study conducted by Engström et al. (2010). In this study it was considered the use of 

welded steel shell, steel shell friction joint, concrete slipformed, hybrid tubular+concrete, 

steel lattice and wood considering a 3 or 5MW wind turbine. Some of the obtained results of 

this study are presented in Figure 3.10 in terms of investment for the different typologies, for 

different heights and for the two different rated powers. This study reports the investment of a 

commissioned wind turbine divided by the yearly production. The proposed solution with 

friction connection (Veljkovic et al., 2015) is considered in this study to be a competitive 

solution, in terms of investment, for higher wind towers. Further details of this solution are 

discussed in following sections. 

  

a. 3MW wind turbines b. 5MW wind turbines 

Figure 3.10 – Summary of tower alternatives (Engström et al., 2010) 
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3.2. Tower design recommendations 

The guidelines for the design of wind towers (tubular steel, concrete and hybrid tubular + 

concrete) are presented in LaNier (2005), Moura (2012) and Rebelo et al. (2014). A 

comprehensive set of design examples applying the design procedures are provided along 

with LCA and LCC analysis of the obtained design results. Almeida (2015) presented a 

design example of a hybrid tubular and lattice tower along with the design of the 

correspondent transition piece. 

The design procedure includes following steps: 

  Definition of the wind turbine type. According to IEC 61400-1 (2005) the wind 

turbine type is defined according to the maximum wind velocity and turbulence 

expected at hub height. Definition of the control system parameters of the turbine and 

definition of the geometry of the blades; 

 Preliminary definition of the wind loading acting on the rotor according to the load 

cases defined in IEC 61400-1 (2005). This loading can be used to predesign the tower 

and definition of geometry and mechanical parameters of the structure and foundation 

(dimensions, material and soil properties); Natural frequencies of the global system 

(Turbine+tower+foundation+soil interaction) must be checked in order to avoid 

resonance during operation. Tower design might be changed in order to fulfil this 

requirement or control system parameters adapted to avoid frequency of rotation close 

to eigenfrequencies of the tower; 

 Final estimation of loads due to wind considering the whole system being acted by 

wind flow in CFD based software including tower and blades flexibility and 

considering all the load cases defined in IEC 61400-1 (2005). Such calculations are 

very time consuming and are usually performed with dedicated and extremely 

specialized software; 

 Final design checks of the structure using final loads, extreme and fatigue loading, 

eventually combined with other type of loads, e.g. seismic loading. 

3.3. Connections in tubular steel towers 

The state-of-art connections are flange bolted connections as presented in Figure 3.11. This 

type of connection present two main difficulties, the first related to the high cost of the ring 

flange and the second to the low performance of the fatigue detail controlled by the weld 
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between shell and ring flange which is considered detail category 71 according to Eurocode 

(EN 1993-1-9, 2005). Both details are presented in Table 3.1. 

 

Figure 3.11 – Ring flange connections geometry (Seidel and Schaumann, 2001) 

 

In order to increase the height of the tower it is recommended to increase the steel grade to a 

higher strength steel instead of the current S355. This increase will withstand the higher 

stresses in the shell and also the use of steel grades with better fatigue properties. Against the 

premises of EN 1993-1-9 (2005), Jesus et al. (2012) proved that an increase in the steel grade 

will lead to an improvement in the fatigue behaviour of the material. However, in order to be 

possible an increase in the steel grade, some problems related and referenced to this geometry 

of flange connections must be overcome. 

Even though the bolts in tension present a lower detail category in comparison with the butt 

welds, the induced stress is much lower in this elements since they are prestressed (Figure 

2.26) and so the butt welding is commonly the governing load case. 

To overcome the presented problems, a new connection system was proposed under the scope 

of the HISTWIN (Veljkovic et al., 2012) project. This connection, a friction connection 

geometry, presents a much better fatigue behaviour in comparison with the current flange 

connection. This geometry can withstand a detail category of 112 according to EN 1993-1-9 

(2005). 

The geometry of the friction connection is presented in Figure 3.12. This connection is a pure 

friction connection that connect two plates in which one is composed by normal round holes 

and another with long open slotted holes avoiding this way shear in the bolts and in the plates. 

In the inner side of the connection there is a cover plate to effectively transfer the preload 

force from the bolts to the shell. 
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This geometry of connection presents a specific requirement in terms of assembly. The 

prestressed bolts must allow the tightening of only one side (inner side) since there is no 

access to the outer side of the tower during the assembly. 

Table 3.1 - EC 3 1-9 Fatigue detail categories (bolts in tension and butt welds) (EN 1993-1-9, 

2005) 

Detail 

category 
Constructional detail Description Requirements 

50 

size effect for 

t>30mm: 

kS=(30/t)0.25 

 

14) Bolts and rods with rolled or cut 

threads in tension. For large diameters 

(anchor bolts) the size effect has to be 

taken into account with ks 

14) Δσ to be calculated using 

the tensile stress area of the 

bolt. Bending and tension 

resulting from prying effects 

and bending stresses from other 

sources must be taken into 

account. For preload bolts, the 

reduction of the stress range 

may be taken into account. 

71 

size effect for 

t>25mm: 

kS=(25/t)0.2 

 

13) Butt welds made from one side only 

when full penetration checked by 

appropriate NDT 

13) Without backing strip 

 

With backing strip: 

14) Transverse splice 

15) Transverse butt weld tapered in 

width or thickness with a slope ≤1/4. 

Also valid for curved plates 

Details 14) and 15) 

Fillet welds attaching the 

backing strip to terminate ≥ 

10mm from the edges of the 

stressed plate. Tack welds 

inside the shape of butt welds 

71  

size effect for t>25mm and/or 

generalization of eccentricity: 



































5,1
2

5,1
1

5,1
1

1

2,0

1

6
1

25

tt

t

t

e

t
k s  

 

 

 

17) Transverse 

butt weld, 

different 

thicknesses 

without 

transition, 

centrelines 

aligned. 

 

 

The slip resistance of the connection is given by the expression (3.1) according to Eurocode 

(EN 1993-1-8, 2005). It is possible to check the influence of some parameters such as the 

rugosity of the surface (μS) and the prestress force in the bolts (Fp,c). 

Cp

M

ss
RdS F

kn
F ,

3

, .
..




  (3.1) 

 

Values for the rugosity coefficient were estimated by Heistermann (2011) for different steel 

grades and for different surface treatment. The results obtained can be found in Table 3.2. 
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Figure 3.12 – Segment joint with friction connection (Husson, 2008) 

 

Table 3.2 – Slip factors for various surface finishing of S690 and S355 (Heistermann, 2011) 

 High strength steel S690 Cor-Ten steel S355 

 Type B Type C Type F Type BI Type BE Type BEE 

Surface blasted 
with shot steel, 

degree Sa 2½ 

with shot steel, 

degree Sa 3 

with shot steel, 

degree Sa 2½ 

with shot steel, 

degree Sa 2½ 

with shot steel, 

degree Sa 2½ 

with shot steel, 

degree Sa 2½ 

Surface 

treatment 

without 

treatment 

spray metalized 

with zinc 

75μm nominal 

(75μm real)  

painted with 

zinc epoxy (one 

layer) with 

70μm nominal 

(135μm real) 

(current product 

in Portugal) 

without 

treatment 

exposed to the 

environment in 

Interior of the 

Laboratory – 10 

days 

without 

treatment 

exposed to the 

environment in 

Interior of the 

Laboratory – 15 

days + Exposed 

to the outside 

environment – 

20 days 

without 

treatment 

exposed to the 

environment in 

the Interior of 

the Laboratory – 

15 days + 

Exposed to the 

outside 

environment – 

80 days 

Surface 

appearance 

      

 

A detailed description about the design of friction connections can be found in Heistermann 

(2014) along with the influence of each parameter on the resistance and stability of the 

connection. 

In order to understand the feasibility of the solution in terms of production and assembly, 

some tests were conducted. 
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Two different prototypes were assembled. The first prototype (prototype 1) was a reduced 

scale (around 1:2) of a tower with a longitudinal welding and a friction connection to 

assemble the segments. The second prototype (prototype 2) was produced with longitudinal 

shear connections with normalized holes and friction transversal connection. 

The concept of the modularized tower of prototype 2 is presented on Figure 3.13. This system 

idealized and performed under the scope of HISTWIN2 project (Veljkovic et al., 2015) will 

allow at the same the improvement of the fatigue behaviour of the tower by removing the 

need of longitudinal welding of the plates but also will overcome the problem related with the 

transportation requirements (Figure 3.3). 

 

Figure 3.13 – Modularized wind tower (Heistermann, 2014) 

 

The assembly of both segments was accomplished with a 16ton crane, chains with 2 arms and 

elevation claws. The position of the claws was fundamental to ensure the levelling of the 

pieces. 

In both prototypes, the assembly started for the lower segment by placing together all four 

pieces. In order to keep them together and close to the final shape, some bolts were used in 

the longitudinal connection. 

After the assembly of the lower segment, the installation of the upper segment follows two 

different paths. 

For the 15mm thick connection, the upper level was assembled by placing individually all 

four pieces above the lower level, as presented in Figure 3.14. 
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Figure 3.14 - 15mm thick connection assembly 

 

In the case of the 20 mm thick prototype, the assembly of both segments was carried out 

individually according to Figure 3.15 and Figure 3.16. 

 

 
  

Figure 3.15 – Assembly of the lower segment (20mm thick connection) 

 

  

 

  

Figure 3.16 – Final assembly of both segments (20mm thick connection) 

 

Another concern about these connections is the gap between segments. 

In order to allow a proper and feasible assembly of the segments, it is required to have some 

gap between the top and the bottom parts however one must keep in mind that after the 
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tightening of the bolts, the contact of the segments must be effective in order to mobilize the 

friction resistance. To evaluate that, it was observed if the gaps introduced in the production 

were closed after the tightening. 

The bolts required for this system must allow the tightening only from the inner side of the 

tower. In order to evaluate the behavior of bolts possible to use in this system, two different 

types of bolts were considered and evaluated. In prototype 1 it was used M30 TCB bolts 

(Figure 3.17a) in the first stage and BobTail bolts (Figure 3.17.) in a second stage. In 

prototype 2 only BobTail bolts were considered. 

  

a. TCB bolts b. BobTail bolts 

Figure 3.17 – Types of bolts used 

 

In prototype 1 it was not possible to make a fair estimation of the long-term behavior of the 

bolts since they were not monitored long enough however it was possible to make some 

conclusions about these experiments. 

In the case of the TCB bolts it was observed that the value recommended by the manufacturer 

and by the relevant standard for the installed prestress (70%fu=700MPa) is achieved in most 

of the bolts and it was observed a bigger loss (relaxation) immediately after the tightening 

which tends to decrease in time. 

In the case of the BobTail bolts it was also observed that the achieved force is coherent with 

the values given by the manufacturer (Table 3.3) and it was observed a drop in the installed 

force when the bolts in the same row are tightened. A force drop of around 10% was observed 

when the adjacent bolts are tightened and around 1% when the non-adjacent bolts were 

tightened. 
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Table 3.3 – Percentage of installed force after tightening on BobTail bolts – prototype 1 

 1st Quadrant 2nd Quadrant 

Bolt Row 1 Row 3 Row 5 Row 19 Row 21 Row 23 

Top 104 102 105 90 91 - 

Center 106 99 - 84 88 96 

Base 106 108 105 89 97 102 

 3rd Quadrant 4th Quadrant 

Bolt Row 38 Row 40 Row 42 Row 57 Row 59 Row 61 

Top - 38 44 111 98 - 

Center 97 67 80 - 99 104 

Base - 84 - 101 103 97 

 

It was also possible to identify a relation between the force and the temperature variation as it 

may be observed in Figure 3.18. As it was not foreseen such a relation between both 

parameters, this problem was analyzed more in detail in prototype 2 in order to make a proper 

assessment on the long term behavior of the bolts. 

 

Figure 3.18 – Force and temperature variation in BobTail of prototype 1 

 

On prototype 2 a 1-year monitoring was carried out in order to understand the long term 

behaviour of the BobTail. 

For the monitoring procedure presented 1” BobTail bolts manufactured by Alcoa were used 

with different grip length. The geometrical properties of the bolts are presented in Figure 3.19 

and, according to the manufacturer, the mechanical properties of the 1” bolts are presented on 

Table 3.4. 
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Figure 3.19 – 1” BobTail bolts geometrical characteristics 

 

Table 3.4 – 1” BobTail bolts mechanical characteristics 

Nom. Bolt 

Diameter 
Fv,Rk (kN) Ft,Rk (kN) Fp,C* (kN) Va,Rk (kN) NRk (kN) As (mm2) 

1" 347 374,3 293,1 347 332,7 418,7 

 

The geometry of the bolts used in each specimen is presented on Table 3.5, depending on the 

grip length required in each part of the model. 

For this test, 33 bolts were instrumented, to be installed in the connection prototype.  

A simple set-up was considered for this calibration. The bolts were placed in a hydraulic jack 

with special pieces presented in Figure 3.20 and were tested. The data acquisition of the strain 

(from the strain gauge) and the applied force (from the hydraulic jack) were measured. The 

full set-up considered is presented on Figure 3.21. 

The bolts were loaded from 0 to 200kN with intervals of 25kN. The increase of the load was 

carried out under a slope of 9kN/s and the stabilization time in the end of each interval was 

variable (5 to 10 sec.). The unloading of the bolts was similar to the loading but the interval 

was of 50kN. The loading and unloading protocols are presented on Figure 3.22. 
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Table 3.5 – Type and location of the BobTail used – prototype 2 

Prototype Joint thickness + gap Location Number 
AFS Bobtail 

part No. 

20mm 

plates 

20+20+10 (gap 0 to 

10mm) 
Friction connection 312 BTR-DT32-28 

20+20-20+10 (gap 0 to 

10mm) 
Overlapping connection 12 BTR-DT32-44 

20+20mm Longitudinal connection 88 BTR-DT32-24 

 

 

 

  Figure 3.20 – Pieces to connect the bolts to the hydraulic jack 

 

 

Figure 3.21 - Bolts strain gauges calibration set-up 

 

The coefficient considered for each bolt was obtained by the average value between the 

loading and the unloading tests. The calibration coefficients obtained for each bolt are 

presented in Annex B.   
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Before the tightening of the segment, the gaps between the upper and the lower segments 

were measured over all the perimeter of the friction connection, both on the inner and on the 

outer side of the piece. 
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a. Loading b. Unloading 

Figure 3.22 – Calibration tests protocols 

 

The gap along the longitudinal connections was not measured since some regular bolts were 

used to keep the piece in place and consequently the gap on that area was approximately 0. 

After the start of the tightening of the BobTail bolts, the regular bolts were removed and 

changed to the correspondent BobTail. 

The gaps between the top and the bottom segments were visible as presented in Figure 3.23. 

The long term monitoring procedure was made using a data acquisition system HBM 

MX1615B (2 units) for measuring the strains in the bolts strain gauges and an HBM MX1609 

(1 unit) for measuring the plate temperatures. All the devices are stored in a locker attached to 

the specimen (Figure 3.24). 

  

Figure 3.23 – Gaps between bottom and top segments 

 

The data view and storage is conducted by a laptop using a local area connection and it is 

accessed remotely via internet, according to the connection scheme of Figure 3.25. 
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Figure 3.24 – Data acquisition system 

PC

HBM MX1615 (1)
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Figure 3.25 – Local area network scheme 

 

In order to understand the isostatic behaviour of the connection, it was assembled one isostatic 

specimen with 2 plates 20mm thick and 1 plate 10mm thick connected by only one bolt, 

according to Figure 3.26. It was connected to the main specimen for the sake of storage. 

 

Figure 3.26 – Isostatic specimen 
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The location of the instrumented bolts along the perimeter (transversal connection) and along 

the height (longitudinal connection) is presented in Figure 3.27. The instrumented bolts used 

in the longitudinal connection were placed in the longitudinal connection correspondent to 

Q1. 

The BobTail tightening sequence of this monitoring was the following: 

 Tightening of the longitudinal connection of the top segment in Q1 direction (top to 

bottom) 

 Tightening of the longitudinal connection of the top segment in Q3 direction (top to 

bottom) 

 Tightening of the longitudinal connection of the top segment in Q2 direction (top to 

bottom) 

 Tightening of the longitudinal connection of the top segment in Q4 direction (top to 

bottom) 

 Tightening of the longitudinal connection of the bottom segment in Q1 direction (top 

to bottom) 

 Tightening of the longitudinal connection of the bottom segment in Q3 direction (top 

to bottom) 

 Tightening of the longitudinal connection of the bottom segment in Q2 direction (top 

to bottom) 

 Tightening of the longitudinal connection of the bottom segment in Q4 direction (top 

to bottom) 

 Tightening of the longitudinal friction connection according to the scheme of Figure 

3.28. The tightening started always in the middle of each quadrant and it was tightened 

2 - 3 rows from each side every time to try to gradually close the gap 
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Figure 3.27 – Instrumented bolts distribution 
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The time consumption to tighten one bolt is around 20 sec. To tighten all the 412 bolts of this 

specimen took around 6 hours. 

The quality control of the tightening considered in this work was the checking of the marks in, 

at least, one of the bumps in the collar, according to Figure 3.29. 

4

Q1 (0°)

3

Q3 (180°)

1

Q4 (270°)

2

Q2 (90°)

 

Figure 3.28 – Friction connection tightening sequence 

 

 

Figure 3.29 – Marked bumps 

 

Since the bolts were instrumented with calibrated strain gauges, it was possible to estimate the 

applied force. The force values obtained for each bolt during the tightening are presented in 

Annex C. 

In Table 3.6 it is possible to check both the maximum force applied by the wrenching 

machine, as well as the force applied after the uncoupling of the equipment (installed force). 

This last value is the one used as standard and it was compared with the nominal value of the 

installed force for this type of bolts according to the respective pin datasheet (284kN). 

Marked bumps 
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According to the values of Table 3.6, the majority of the results are close or higher than the 

nominal force value. However, the nominal value is given for an ideal condition of connection 

like plan plates with no gap, which in not the case in this test. 

The only bolt under this optimal conditions is Bolt 31 installed in the isostatic specimen and 

which presents a very good result, in accordance to the provided nominal force value. 

Table 3.6 – Bolts tightening forces 

Bolt 
Installed 

Force (kN) 

% of the max. 

force 
Notes Bolt 

Installed 

Force (kN) 

% of the max. 

force 
Notes 

1 327 115   17 207 73   

2 278 98   18 208 73   

3 - - 
SG 

malfunction 
19 287 101   

4 - - 
SG 

malfunction 
20 276 97   

5 - -   21 323 114   

6 309 109   22 211 74   

7 - -   23 399 140   

8 303 107   24 305 107   

9 342 120   25 306 108   

10 273 96   26 376 132   

11 469 165   27 315 111   

12 - -   28 283 100   

13 - -   29 208 73   

14 202 71   30a 
206 73 

Tightened 

in 2 steps 15 222 78   30b 

16 - -   31 310 109   

 

All of the bolts of the friction connection were tightened from the top to the bottom of the 

finger which means from the stiffer to less stiff part of the element. This procedure allows a 

gradually gap closing between the top and the bottom plates. 

This procedure causes a force loss in the pre-tighten bolts after the tightening of the remaining 

bolts of the same row. For instance, take into consideration the example of Figure 3.30, the 

first bolt to be tightened was the bolt 22, followed by 21 and in the end bolt 20. Bolt 22 will 

suffer a force loss (bigger) after the tightening of bolt 21 (adjacent) and a slight force 

reduction after the tightening of 20 (non-adjacent). Bolt 21 will suffer a force reduction after 

the tightening of the adjacent bolt 20. Bolt 20 will suffer no major reductions since it is the 

last one to be tightened in this row. 
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Table 3.7 shows the percentage of force loss in comparison with the installed force in each 

bolt. 

According to the results of Table 3.7, it is possible to obtain a mean value of 7% for the force 

loss after the tightening of the adjacent bolts (mean value of 8% of loss in the top bolts and 

6% in the middle bolts) and a mean value of 1% for the force loss after the tightening of the 

non-adjacent bolts (applicable only for the top bolts) which is in good agreement with the 

corresponding values obtained for prototype 1. 

22

21

20

 

Figure 3.30 – Friction connection (“finger” configuration example) 

 

The idea of the long term monitoring carried out in the prototype 2 is to estimate the clamp 

forces in the bolts. This analysis should be made by removing the temperature effect in the 

force variation as presented in Figure 3.18. To obtain the independent force results, the 

nonlinear Hammerstein-Wiener model is defined. 

The Hammerstein-Weiner model can be used as a black-box model structure to obtain the 

physical information and characteristics of the procedure (Figure 3.31). For instance, the non-

linear temperature deviation represents the physical knowledge as an input and from the force 

the characteristics of the process can be found. 

 

Figure 3.31 - Hammerstein-Weiner Block Diagram (The MathWorks Inc., 2010) 

 

where:  

w(t) = f(u(t)) is a nonlinear function transforming input data u(t).  

x(t) = (B/F)w(t) is a linear transfer function. Where B and F are polynomials in the linear 

output-error model. The Output-Error model uses time or frequency domain data to estimate 
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the corresponding polynomial of the model. The polynomial can be represented by equation 

3.2 (Guo, 2004): 

)()()()()( tenktuqFqBty   (3.2) 

 

where y(t) is the output, the u(t) is the input, and the e(t) is the error. 

For a set of input and output in order of n the polynomials are defined as Bj,i(q)/ Fj,i(q), where 

j=1,2,…n, and i=1,2,…,n. y(t)=h(x(t)) is a nonlinear function that maps the output of the 

linear block to the system output and w(t) and x(t) are internal values which are defined in the 

input and output of the model respectively. 

The Hammerstein-Wiener model computes the output y in three stages (Wills et al., 2013).  

 Computes w(t)=f(u(t)) from the input data regarding the linear transfer function B/F. 

The input nonlinearity is a static function, which means the value of the output a given 

time ‘t’ depends only on the input value at time ‘t’. It is possible to configure the input 

nonlinearity as a sigmoid network, wavelet network, saturation, dead zone, piecewise 

linear function, one-dimensional polynomial, or a custom network or simply the input 

nonlinearity can be removed; 

 Computes the output of the linear block using w(t) and initial conditions: 

x(t)=(B/F)w(t). You can configure the linear block by specifying the numerator B and 

denominator F orders; 

 Compute the model output by transforming the output of the linear block x(t) using the 

nonlinear function h: y(t)=h(x(t)). Similar to the input nonlinearity, the output 

nonlinearity is a static function. Configure the output nonlinearity in the same way as 

the input nonlinearity. You can also remove the output nonlinearity, such that 

y(t)=x(t). 

 

A simple mechanical model is assumed for the isostatic bolt in order to assess bolt preload 

variation induced by temperature. In Figure 3.32, the structure of the bolt is illustrated and the 

possible force variation is calculated based on the possible young modulus, thermal expansion 

coefficient and cross section area. 

The structure of the connection is shown in Figure 3.32. The nut is not normal nut but a collar 

smashed against the bolt and the connected plate according to the tightening procedure 

reported previously. 
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Table 3.7 - Percentage of force loss after tightening of adjacent and non-adjacent bolts 
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Figure 3.32 - Schematic of the friction connection with the preloaded area 

 

The formula (3.3) can be applied to obtain the force variation in consequence of only 

temperature variation. 

)(
)..(

2211

22

1112
AEAE

AE
AEtF t


    

(3.3) 

pt FFF    

 

where ΔF is obtained directly from the measurements in the strain gauges inside the bolts and 

Δt is also measured. In the calculations of force in the bolt using the measured strains, a set of 

tension test has been performed on the bolts and the strain and the force is measured with the 

high accuracy equipment. Through the test results, an experimental ratio between strain and 

force is calculated as a conversion coefficient. The conversion coefficient for the isostatic bolt 

is ΔF=0.11114.εmeasured. 

Ft is not measured and estimation using equation (3.3) is not precise enough, since some of 

the parameters in equation are not known precisely. Fp is the variation of force in the bolt 

independent of the environmental conditions and can be considered as the effective loss of 

preload. This is the quantity of interest but cannot be obtained directly from the 

measurements. However, since Fp is expected to be very low for a short period of time, e.g. 

the last two months of measurements, a good estimation of Ft can be obtained assuming 

that Fp=0 and using the measurements of t and F during that period of time to calibrate a 

mathematical model (e.g. the Hammerstein-Wiener model) and finally establish the equation 

for Ft. In this way, the comparison of the strain measurements with the values predict by 
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the mathematical model when using the measured temperature F will give an estimation of 

Fp at any time. 

For the quick approximation, of highest and lowest possible difference in Young’s modulus 

(200E6 – 210E6) and thermal expansion coefficient (9E-6 – 17E-6) is considered. Moreover, 

in isostatic specimen, the bolt is 1 inch which in metric system is similar to M24 and the 

hole’s diameter for M24 is 27mm and the length of the bolt is equal 50mm.The A1 is the area 

of the bolt cross section and A2 is the cross sectional area of the pressure triangle with 45˚ 

angle as it is shown in Figure 3.32. The distance of boundary of pressure angle from the bolt 

is varying so the A2 can vary related to maximum and minimum value of pressure triangle 

around the bolt.  Therefore, A1 is 575.55mm2 and the maximum for A2 is 1390mm2 and in 

average is 1164.156mm2. After calculation regarding the mentioned equation, the maximum 

force variation of 30kN is obtained. 

In a situation where the bolts are free of any kind of constraints, the effect of temperature 

variation in the elongation of bolts is included in the measurement obtained with the strain 

gauges and can be estimated as αΔt where  is the thermal expansion coefficient. Therefore, 

the variation in isostatic bolt force must take this effect into account providing 

ΔF=0.11114.(εmeasured-αΔt). 

For strain gauge measurement, the Wheatstone bridge circuit is used to convert resistance 

change of the strain gauge into voltage output. Nevertheless, a 2-wire leadwire is used for 

connecting the strain gauge to the instrument in the experimental setups. Furthermore, if the 

temperature of the leadwire changes, thermal output of the bridge is caused even if there is no 

change in actual strain. Therefore, the quarter bridge 2-wire method should be corrected due 

to the length and resistance of leadwire. 

In quarter bridge 2-wire method changes in leadwire temperature cause changes in the lead 

wire resistance, which result in thermal output. The equation (3.4) is used to compensate for 

the thermal output. 

 LrRK

TLr
L

..

...







  (3.4) 

 

Where εL is leadwire thermal output, K is gauge factor, α is thermal coefficient of the 

leadwire (0.004 1/˚C for cupper), r is total resistance of the leadwire per meter, L is lead wire 

length (In the experiment setup it is between 2.5 and 3 meter) and ΔT is the temperature 

change of the lead wire. It should be noted that the temperature changes is considered uniform 

along the leadwire. 
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All sampling rate of the measured data are harmonized in 50s, then Hammerstein-Wiener 

model is estimated for isostatic bolt with 4 round of estimation. The fitness precision 

threshold of all models is set to convergence be more than 80%.  Moreover, based on block-

diagram method and using Simulink, the model is validated for same temperature profile 

(measured temperature). At the end, a range of temperature between minimum measured 

temperature of 10˚C and maximum measured temperature of 30˚C is investigated to 

understand the behaviour of loss force due to temperature. 

The first bolt to be analysed is the isostatic. The maximum applied force is 396kN, the force 

after uncoupling is 315kN, and the installed force is 310kN. The tightening is performed at 20 

˚C. The predicted force is compared to the measured force on the bolt and the error is 

displayed in Figure 3.33 and Figure 3.34 respectively. 

 

Figure 3.33 – Comparison between measured and identified force – isostatic bolt  

 

Figure 3.34 – Error of identification – isostatic bolt  

 

An identification of force loss in constant temperature is made for measurement period using 

the Hammerstein-Wiener model. Moreover, an estimation of 20 years of life time loss is 

simulated to find out the total loss of the isostatic bolt in the system, considering a logarithmic 
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curve fitting on the data of the first year. The regression functions are presented in equation 

(3.5) as function of the time (X) and for constant temperatures. 

31.329)log(123.3)º10(  XCy  

62.336)log(174.3)º15(  XCy  

95.340)log(158.3)º20(  XCy  

48.338)log(597.2)º25(  XCy  

40.311)log(015.0)º30(  XCy  

(3.5) 

 

Figure 3.35 and Figure 3.36 show the identification of constant temperature for a year and the 

estimation of lifetime loss respectively. Table 3.8 shows the obtained values for the force 

losses with constant values of temperature. 

 

Figure 3.35 - Force time series in 1 year for constant temperature – isostatic bolt 

 

 

Figure 3.36 - Force loss estimation in constant temperature for 20 years - isostatic bolt 
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Table 3.8 – 20 years load loss in isostatic specimen 

Constant Temp. (°C) Loss (%) Remaining preload (kN) 

30 0.0 310.0 

25 4.1 297.5 

20 (tightening) 5.3 293.5 

15 7.2 287.5 

10 9.6 280.0 

 

The estimations of force loss in 20 years from both methods are compared in Figure 3.37. The 

first 300 days of both curves are the measured data and are used in both Hammerstein-Weiner 

and logarithmic fitting. Therefore, they fit on each other. 

A similar analysis was conducted for a bolt in the overlapping connection (bolt 8). The 

obtained error between the measured and estimated forces are located in between ±2% for this 

analysis for a 3m long leadwire. 

The 20 years force loss estimated for the same constant temperatures is presented in Figure 

3.38 and the obtained values are presented in Table 3.9. 

Besides the slip resistance of the connection that was addressed before, it should also be 

estimated the buckling resistance and the yield resistance of the “finger” elements as in other 

plate elements. The spacing between bolt rows is also something that should be taken into 

account in the design of the connection. 

 

Figure 3.37 - Logarithmic curve fitting vs Hammerstein-Weiner identification – isostatic bolt 
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Figure 3.38 - Force loss estimation in constant temperature for 20 years - overlapping bolt 8 

 

Table 3.9 – 20 years load loss in overlapping connection 

Constant Temp. (°C) Loss (%) Remaining preload (kN) 

30 1.7 255.5 

25 6.0 244.3 

20 (tightening) 11.5 230.2 

15 17.1 215.5 

10 24.2 197.4 

 

3.4. Final comments 

The increase in height of the towers raises problems that must be overcome. In order to solve 

those problems, some structural solutions have been presented. The most relevant problems 

related with the increase in height of the tower are the transportation of the elements on public 

roads (maximum diameter allowed of 4.5m), fatigue problems in the connections and 

behaviour of the foundation systems. 

In order to overcome the transportation problems, the idea of the modularized construction of 

the tower for shell structures (steel or concrete) is presented as a viable solution to overcome 

this problem. This modularized system was the focus on a feasibility study on the 

manufacturing and assembly and it concluded that it is a valid solution. Some other solutions 

are already in the market and some new options are also under development. 

The problem of the fatigue is more prominent in steel structures, especially in the connection 

of the segments. A new friction connection is proposed and presented to overcome this fatigue 

problem. There are some specifications and singularities related with this connection which is 
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dependent on the slip resistance. This connection requires the use of bolts that allow the 

tightening of only one side (inner side of the tower) and their long-time behaviour is a 

governing parameter in the resistance. 

The experimental tests on BobTail bolts presented that losses during the tightening were 

around 7% for adjacent bolts and 1% in non-adjacent bolts, for bolts in the same row and for 

rows with 3 bolts. The clamp forces provided by the manufacturer were achieved in the 

experiments. 

The long term monitoring showed a stabilization of the BobTail bolt losses for a time of 

around 1000 days (about 3 years) after the installation in the case of the isostatic bolt and 

around 500 days (about 1.5 years) for the overlapping bolt. For the isostatic bolt it was 

obtained a loss of 3.8% in the first year (310kN to 298kN) while for the 20 years it was 

obtained a loss of 5.3%. It was observed also higher losses for lower working temperatures 

and lower losses for higher working temperatures. About bolt 8 (overlapping connection) it 

11.5% in the end of 20 years. 

This values of force losses obtained for the long term monitoring were obtained using a 

properly calibrated Hammerstein-Weiner model with an error of less than ±2% between the 

measured and the estimated bolt forces. 

The problems of the behaviour of the foundations will be thoroughly addressed in the 

following chapters with a detailed analysis on the behaviour of micropiles to be used as 

reinforcement of hybrid foundations. 
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4. FOUNDATION SOLUTIONS FOR ONSHORE WIND TOWERS 

4.1. Introduction 

According to the information presented in chapter 3, the behaviour and design of the 

foundation systems for the new generation (higher) wind towers is one of the most important 

problems that should be considered and improved. 

The average diameter of a circular shallow foundation for a current 80m high steel wind tower 

based on a soil with good mechanical properties is about 17m with a concrete volume of close 

to 400m3 and represents approximately 20% of the full tower budget (IRENA, 2012). 

Doubling the tower height leads to about three times the concrete and excavation volumes 

needed to build the foundation. Therefore, alternative solutions should be considered for the 

foundations of the new generations of wind towers. 

In this chapter a state of-the-art foundation solution will be presented and analysed for higher 

wind towers. This system is composed by a shallow foundation reinforced with steel 

micropiles and allows the improvement of the overturning resistance and soil stiffness along 

with the reduction of the applied stresses to the soil, potentiating also the construction of wind 

turbines in soils with poor resistant properties such as sandy soils due to the side friction load 

transfer provided by the micropiles. According to Moayed and Naeini (2012), the response of 

the considered loose sand under surface loading was significantly improved, the bearing 

capacity and the stiffness increased, and the settlements of the foundation reduced for 

foundations reinforced with micropiles and installed in loose sandy soils. 

Micropiles are a deep foundation solution system with reduced diameter (usually smaller than 

300 mm) used both in new structures as well as in retrofitting. They are commonly used as 

foundation support, seismic retrofitting of bridges, slope stabilization and earth retention. 

Micropiles are usually classified according to the type of grouting: gravity grouting (type A), 

pressure through caging (type B), single global postgrout (type C or IGU) and multiple 

repeatable postgrout (type D or IRS) (FHWA, 2005). 

The advantages of this alternative solution will be highlighted in comparison with the 

standard shallow foundation solution in terms of structural performance, costs and potential 

environmental impacts using Life Cycle Analysis. Comprehensive design examples of the two 

foundation systems (shallow and hybrid) will be presented for 3 different tower heights/rated 
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power (80m/2MW, 100m/3.6MW and 150m/5MW) and for 3 different tower solutions (steel, 

concrete and hybrid steel-concrete). For the sake of comparison, generic parameters will be 

considered for the micropile and for the soil properties. This solution using micropiles is more 

viable for soils with good mechanical properties where the bearing capacity is not the 

governing situation. Therefore in this analysis a soil with good mechanical properties was 

considered where the overturning capacity is the governing case and the improvement gained 

by the introduction of the micropiles is more evident. 

The micropile properties inputted in the numerical model are in accordance with high quality 

grouting techniques like IRS or IGU that allow the mobilization of higher grout-to-ground 

shear strength. In chapter 6 it will be presented some updated design examples of the hybrid 

foundation system taking into account the micropile properties estimated for the installation 

technique of the experimental tests presented in chapter 5. 

The use of micropiles in the reinforcement of the shallow wind tower foundations has been 

referred by several authors and some practical solutions have been provided by companies. 

For instance, the manufacturers Patrick & Handerson (Earth Systems Global Inc., 2009) 

propose a commercial solution idealized for rocky ground which is based on the use of 

anchors similar to micropiles as shown in Figure 4.1. 

 

Figure 4.1 - Patrick and Handerson deep foundation solution (Earth Systems Global Inc., 

2009) 

 

According to Khatri (2010), the foundation solution is forecasted to be economically feasible 

when compared with other commercial solutions as presented in Figure 4.2 and the 

conclusions (advantages and disadvantages) about the comparison between shallow and 

hybrid foundations are presented in Table 4.1. According to the referred study, the use of 

reinforcement with micropiles for the foundation system could be favourable in some 

conditions namely for higher steel towers where a larger footprint is required for direct 

foundations. 
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The cost comparison presented by Khatri (2010) was performed for a determined geometry 

taking as base a reduction of the actual geometry of the direct foundations and applying some 

vertical micropiles in the extremities of the slab. This solution was not optimized by 

considering different diameters of micropiles (allowing the reduction of the material used in 

the slab) and/or using groups of inclined micropiles (pali radice). 

 

Figure 4.2 – Foundation typologies considered (Khatri, 2010) 

 

The use of deep foundations elements for the reinforcement of shallow foundations of wind 

towers has also been proposed by some other authors such as Svensson (2010) who cited a 

work conducted by Ruukki, who analysed the impact of the reinforcement of a shallow 

foundation using eight steel pipe piles with 600mm of diameter, drilled for 10m to the 

bedrock and extended with smaller diameter pipes, injected in the bedrock for a few meters 

and observed a reduction of 1/3 in the concrete volume when compared with the equivalent 

shallow foundation with the same resistance properties. The cost of the reinforced foundation 

was reduced for about 10%. Aschenbroich (2010) proposed the use of micropiles or post-

tensioned ground anchors as shown in Figure 4.3 and achieved reductions of 75% on the 

foundation area, 40% on the concrete volume and 70% on reinforcing steel volume leading to 

an estimated reduction of 20% to 30% in the foundation cost.  

The wind towers foundations are constantly subjected to cyclic loading due to the wind 

induced vibrations and therefore the estimation of the cyclic behaviour of the system is 

relevant.  

The effect of the cyclic loading induced on the foundation reinforced with micropiles has also 

been a subject of study by Kirsch and Richter (2011) who observed a reduction on the pile 

A. Conventional 

spread footing 
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footing 

C. Cap with large diameter piles D. Con-tech with micro piles E. Cap with small diameter piles 
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axial capacity for cyclic load amplitudes above 10% of the static capacity of the pile. Cerato 

and Victor (2008; 2009) observed that high cyclic loads may increase the uplift capacity and 

minimize long-term creep and that the water table fluctuations after the installation can affect 

short and long-term uplift capacity of helical anchors, used as foundations of wind tower guy 

cables. Buhler and Cerato (2010) stated that these helical anchors, when subjected to large 

span dynamic loading, experienced reductions of their uplift capacity and that the value of the 

loading span had greater effect on the pile performance than the maximum load applied. The 

increase in the number of helix improved the behaviour of this foundation system. 

Table 4.1 – Shallow and hybrid foundation comparison (Khatri, 2010) 

 Advantages Disadvantages Cost factors Soil issues 

Conventional 

spread 

footing 

Industry convention; 

can be designed to 

accommodate any 

tower height; no 

special approvals 

necessary; may be 

designed by any 

qualified engineering 

firm 

Material quantities 

are excessive (steel + 

concrete); labor 

intensive; large 

footprint requiring 

excavation; becomes 

uneconomical 

beyond 30mx30m 

Spread footings 

become 

expensive once 

they pass 20 m 

dimension, and 

the construction 

time is another 

parameter; 

difficult to 

construct in hilly 

terrain 

Applicable for 

soils with 

reasonable 

bearing 

capacities; 

dynamic and 

frequency issues 

could be a 

problem 

Cap with 

micropiles 

Capacity is derived 

from the micropiles 

and groutable void 

form system; 

micropiles can be 

placed in practically 

any soil condition; 

small footprint and 

can be designed to 

accommodate any 

tower height; no 

shipping issues or 

site access problems 

As the pile cap 

increases, so do the 

number of 

micropiles, and this 

become cost 

prohibitive; 

availability of 

materials could be an 

issue; requires a 

special patent 

permission from the 

developer and 

specialized crew for 

installation 

Very competitive 

and may be 

installed in 

difficult site 

conditions; small 

footprint and 

equipment access 

is an advantage to 

the contractor 

This option can 

be used in a 

variety of soils 

and deep piles 

can work on 

many site 

conditions; hard 

rock sites are not 

a problem 

because 

micropiles may 

be drilled through 

mast rock 

 

Another way to improve the foundation geometry and their economic feasibility is to improve 

the shallow portion of the foundation. The use of hollow systems for foundations (filled with 

soil) or the adoption of low budget materials (ballast or levelling concrete) in non-resistant 

areas can be a solution to make the system less expensive but at the same time with a similar 

dead weight. As example, some manufactures propose the use of a precast concrete 

foundation as presented in Figure 4.4 with a cast in place concrete slab and central pedestal 
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with horizontal reinforcement and a plurality of radial reinforcing ribs extending radially 

outwardly from the central pedestal. Since most parts of the wind towers foundations are 

governed by the overturning resistance, unless the consideration of seismic loading that may 

become governing for concrete and hybrid towers, a solution consisting in the use of a 

shallow foundation with a hollow core and larger diameter is also presented as an economic 

viable solution due to the reduction of the concrete volume required. 

 

 

Figure 4.3 - Micropile application on wind turbine foundations (Aschenbroich, 2010) 

 

 

Figure 4.4 – Star foundation system (Phuly, 2011) 

 

The design of shallow foundations for WT is highly dependent on the superstructure self-

weight and, therefore, on the structural solution for the tower, mainly made of steel, concrete 

or hybrid steel-concrete. The vertical load eccentricity, resulting from the imposed horizontal 

loading from wind at hub height and from earthquake, is decisive for the design. In order to 
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cover a feasible range of turbine power and tower height three different combinations were 

considered. Therefore, hub heights of 80, 100 and 150 meters supporting multi-megawatt 

turbines of 2, 3.6 and 5MW respectively were considered for the design of the foundations. 

The tower in each of the three cases is considered to be built using either concrete, steel or 

hybrid steel-concrete tubular shell. The design of the towers is not addressed in this study. A 

description of the tower design and the loads at towers’ base including the self-weight of the 

tower, which are used to design the case studies hereafter, are obtained from Rebelo et al. 

(2014). A detailed evaluation of the environmental impact of those tower solutions can be 

found in Gervásio et al. (2014). 

4.2. Design of hybrid foundations 

4.2.1. Description of the case studies 

4.2.1.1. Geometry and materials 

For each of the nine study cases current octagonal shallow foundations with and without 

micropiles are designed using the geometry sketched in Figure 4.5. In the design, equivalent 

circular foundations, with diameter Beq, are considered. The materials adopted are concrete 

class C30/37, steel grade A500 for rebars and N80 steel grade for the micropile tubes. 

 

Figure 4.5 - Geometry of the octagonal foundation 
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The mechanical properties considered for the soil are: friction angle (ϕ'k), cohesion (c’k), unit 

weight (γ) and the low strain (dynamic) elastic modulus (Es). The characteristic values are 

given in Table 4.2 and comply with ground type B for the seismic analysis according to 

Eurocode 8 (EN 1998-1, 2004) which represents a high density sand with good mechanical 

properties and where the equilibrium limit state is forecasted to be the design driving. 

Table 4.2 - Soil properties 

ϕ´k [º] c´k [kPa] γ [kN/m3] Es [MPa] 

42 0 18 675 

 

4.2.1.2. Loading 

Wind tower foundation loading is bound to the turbine type and power, to the dynamic 

characteristics of the tower (Rebelo et al., 2014) and to the load situations defined in the 

standard according to which the wind turbine is certified, e.g. IEC standards (IEC 61400-1, 

2005). However, WT producers have restrict policies for the public use of proprietary loads to 

be used in structural design. In order to maintain the validity and generality of the present 

study the load calculation methodology proposed by LaNier (2005) was followed and the 

wind loads acting on the rotor and along the tower were obtained accordingly (Rebelo et al., 

2014). Therefore, four different load situations are considered for the design of the 

foundations: i) extreme wind load in non-operating condition (EWM), ii) extreme wind load 

in operating condition (EO), iii) earthquake load (EQ) and iv) damage equivalent loads (DEL) 

for fatigue design. 

Extreme wind load in operation or in non-operation includes loads on top of tower and wind 

load distributed along the tower height. Although both load situations have been evaluated for 

all case studies, only the EWM load case revealed to be design driving for the foundations. In 

this load case the turbine is in parked position and the steady wind speed at hub height is 

Vref=42.5m/s, according to the definition of turbine class II (IEC 61400-1, 2005). The wind 

loads are calculated based on information collected from Veljkovic et al. (2012) for the 

2.0MW/80m towers and extrapolated from simulations reported by LaNier (2005) for the 

3,6MW/100m and 5,0MW/150m towers.  

Seismic loading is defined using the response spectrum given in Eurocode 8 (EN 1998-1, 

2004) for a region complying with the 475 years return period and peak ground acceleration 

of 0.25g. Behaviour factor was considered as q=1 for all towers, terrain type B, 2% damping 

for steel towers, 3% damping for hybrid and 5% for concrete towers. The load combination 

that includes earthquake (EQ) is approximated through superposition of the effect of this 

seismic load with 30% of determinant wind load on tower base calculated for operating 

condition. 
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Wind towers and respective foundations are prone to fatigue damage and must be checked for 

fatigue limit state. In general, the loading associated with this condition is based on S-N 

spectra describing the number of cycles N for each load effect range S, which are calculated 

according to the relevant load cases defined in IEC 61400-1 (2005). For the structural design 

of the foundation the fatigue loading considered consists on the approximation given by the 

concept of Damage Equivalent Load (DEL). This DEL induces in the structure the same 

damage as the S-N spectrum would induce and is obtained from the equation (4.1). 

m

n
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ref
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1 
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
  

 (4.1) 

 

where Rangei refers to the value of a certain load effect, e.g. bending moment, corresponding 

to Ni number of cycles in the fatigue spectrum. The parameters used in the calculation are 

m=5 and Nref=2x106 cycles, which are compatible with those values defined for the fatigue 

resistance of the steel rebars and micropiles. 

In Table 4.3 the load values are given for the design driving extreme loads and for the damage 

equivalent loads for fatigue design considering 20 years lifetime. The resultants at the base of 

the foundation are the horizontal force (FH) and the bending moment (M), independent of the 

foundation type (hybrid or shallow foundation). The design governing extreme loading is the 

wind loading (EWM) for steel towers and the earthquake loading (EQ) for concrete and 

hybrid towers. The vertical forces (Fz) depend on the tower and foundation types since they 

are mostly due to the self-weight. The torsional moment (Mz) is taken into account in the 

interaction with the other load resultants following the methodology proposed by Hansen 

(1978) (cit. DNV/Risø (2002)). The DEL loads are given for predominant cyclic load effects 

which are the overturning moments (Rebelo et al., 2014). 
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Table 4.3 - Load resultants on the foundation base 

 Load  
2.0MW 

80m 

3.6MW 

100m 

5.0MW 

150m 

Design driving forces 

from extreme loading: 

EW, EO and EQ 

FH [kN] – Steel (EWM) 871 1728 1515 

FH [kN] – Concrete (EQ) 2802 6047 6256 

FH [kN] – Hybrid (EQ) 1979 3678 4182 

FZ [kN] – Steel (Shallow) (EWM) 13699 29934 44347 

FZ [kN] – Concrete (Shallow) (EWM) 23635 56508 98073 

FZ [kN] – Hybrid (Shallow) (EWM) 19025 42090 74987 

FZ [kN] – Steel (Micropiles) (EWM) 6702 14545 30786 

FZ [kN] – Concrete (Micropiles) (EWM) 17104 44432 93963 

FZ [kN] – Hybrid (Micropiles) (EWM) 14015 30055 65731 

M [kN.m] – Steel (EWM) 63633 152598 266777 

M [kN.m] – Concrete (EQ) 178533 494790 803576 

M [kN.m] – Hybrid (EQ) 131191 324291 600570 

Mz [kN.m] – All types (EWM) 1218 5961 5834 

Damage equivalent 

overturning moments for 

m=5 and Nref=2x106 

M [kN.m] – All types (DEL) 19853 80684 187859 

 

4.2.2. Foundation design criteria 

4.2.2.1. Reliability concepts and design standards  

The design of the supporting structures requires the application of different standards. 

Usually, the IEC 61400-1 (IEC 61400-1, 2005) is used to define load case sets and national 

standards (e.g. DIN, DNV) or CEN (Eurocodes) standards are used to assess resistances. The 

general principles of structural reliability provided by the Eurocodes (EN 1990, 2002) are in 

agreement with ISO 2394 (2015) which is also the reliability reference adopted by the IEC 

61400-1 (2005) standard for the structural analysis of wind turbines. In most European 

countries the referred building codes are mandatory when design calculations are to be 

submitted for approval by local authorities, which is usually the case of wind towers 

foundation design. Furthermore, the procedure is also allowed by the IEC standard given that 

the reliability level is not lower than the one imposed by this standard, which is controlled by 

the safety factors applied to loads and resistances.  

The design of the foundations is performed according to the concept presented above using 

the rules prescribed in Eurocode 7 (EN 1997-1, 2004) for geotechnical design, in Eurocode 8 

(EN 1998-5, 2004) for geotechnical design under seismic loading, in Eurocode 2 (EN 1992-1-

1, 2004) for reinforced concrete design and in Eurocode 3 (EN 1993-1-1, 2005) for steel 

micropiles design. The partial factors on actions (F) and materials (M) considered for the 

geotechnical design of the foundation (equilibrium and bearing capacity) are defined in EN 

1997-1 (2004) and presented in Table 4.4. The comparable partial factors of EN 1997-1 
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(2004) are higher or equal to the specified by IEC 61400-1 (Table 4.5), therefore abiding to 

the recommendations of the later norm. 

Table 4.4 - Partial factors on actions (F) and soil parameters (M) (EN 1997-1, 2004) 

Combination Source of loading 
Unfavourable 

loads 

Favourable 

loads 
tgØ’ 

Bear 1 
Permanent 1.35 1.00 1.00 

Variable 1.50 0.00 1.00 

Bear 2 
Permanent 1.00 1.00 1.25 

Variable 1.30 0.00 1.25 

Overturning 

(EQU) 

Permanent 1.10 0.90 - 

Variable 1.50 0.00 - 

Seismic - 1.00 1.00 1.10 

 

Eurocode 7 refers to three possible design approaches for bearing capacity verification. 

Design approach 1 forces the designer to perform safety verifications for two sets of load 

combinations. The first set (Bear 1, in Table 4.4) uses the same (or higher, in the present case) 

partial factors that are used in the structural design of the structure (tower), the second set of 

partial factors (Bear 2, in Table 4.4) conditions the geotechnical design, thus the sizing of the 

footing. All three design approaches have similar structural reliability levels and in the present 

work design approach 1 was chosen. This design approach requires the use of two sets of 

combinations. 

Fatigue may be the critical limit state for the internal (structural) design of the tower and 

foundation. It is explicitly considered in the structural design of the tower and the foundation 

using Eurocode requirements for steel and reinforced concrete structures (EN 1992-1-1, 

2004), (EN 1993-1-9, 2005). But when it comes to the geotechnical design, the fatigue 

damage calculation for the soil is not performed explicitly. The same happens for the bond 

strength between the micropile grout and the surrounding soil. Neither IEC 61400 nor EC7 

provide guidance on the geotechnical consideration of fatigue on the ground conditions. Even 

in the IEC 61400-1 addendum (IEC 61400-1/AMD1, 2010) there is not any fatigue design 

consideration. 

The addendum only includes three paragraphs dealing with gravity foundations stating that a 

recognized standard shall be used for the limit states of overall stability and bearing capacity 

of soil and foundation. Eurocode 7 is one of such standards. It refers the partial safety factors 

for loads to be applied on the overall stability (which is the EQUilibrium limit state from 

EC7) and bearing capacity verifications. For overall stability (EQU), the addendum specifies 
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partial safety factors equal to F=1.1 for unfavourable permanent loads and F=0,9 for 

favourable permanent loads. These are equal to what is specified by EC7. The partial factors 

of safety for unfavourable variable (Normal) loads are equal to 1.35 in IEC 61400 and 1,50 in 

EC7. 

Regarding bearing capacity, the factor of safety for permanent unfavourable and favourable 

loads is 1.0, if the weights and densities are estimated using the 5% and 95% fractiles. That 

same approach is followed in EC7 (Bear 2). The load factor to be applied for unfavourable 

variable (Normal) loads is 1.35 in IEC 61400 and 1.30 In EC7 (Bear 2), which is slightly less. 

In the case where recognized design codes are available, such as the Eurocodes, IEC 61400 

states that the combined partial safety factors for loads, materials and the consequences of 

failure, γF, M and γn, shall not be less than those specified on IEC 61400.  It should be noted 

that IEC 61400 does not provide partial safety factors specific for ground materials and the 

default value for materials (γM=1.1) is clearly lower than the 1.25 specified by EC7 for Bear2 

and equal to what is specified by EC8.  

The partial factors on actions (γF) used for the structural design of the reinforced concrete 

foundation are defined in IEC 61400-1 (2005) and are presented in Table 4.5. The partial 

factors on materials (γM) for resistance and fatigue analysis are given in Eurocodes 2 and 3 

(EN 1992-1-1, 2004; EN 1993-1-9, 2005). 

Table 4.5 - Partial factors on actions (F) (IEC 61400-1, 2005) 

Unfavourable loads 

Type of design situation Favourable loads 

All design situations 
Fatigue 

Normal 

(N) 

Abnormal 

(A) 

Transport and erection 

(T) 

1.35 1.1 1.5 0.9 1.0 

 

For fatigue verification of the reinforced concrete components the partial factors for materials 

recommended by the Eurocode 2 are the same as those used for persistent design situations in 

ultimate limit states, i.e. 1.5 for concrete and 1.15 for steel rebars.  

For fatigue verification of the steel micropiles the damage tolerant method may be applied 

since in the event of fatigue damage occurring in one pile a load redistribution between 

micropiles can occur. On the other hand, the consequence of failure is considered high and, 

therefore safety factor γMf=1.15 (EN 1993-1-9, 2005) for the partial factor to be applied to the 
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nominal stress ranges of steel resistance c defined for the reference number of cycles 

Nref=2x106. 

4.2.2.2. Shallow foundation 

For the design of the shallow foundations the following cumulative verifications concerning 

stability and resistance must be performed. A detailed example of the application of this 

analytical design procedure considered for all cases considered is presented in Annex F of this 

document within the section regarding the shallow portion design. 

 maximum applied stress in the base of the foundation for non-factored loads; 

o in this point it is considered a rectangular equivalent foundation with an 

effective area (Aeff), due to load excentricity, to determine the average 

stress in the bottom of the foundation (σmed) and the maximum 

applied stress (σmax) which is function of K obtained with the 

reference graph presented in Figure 4.6 

 

Figure 4.6 – Stress distribution in the foundation base 

 

 effectively compressed area for characteristic wind loading where at least 50% 

of the base area must be under compression, which can be fulfilled imposing 

a limit for the load eccentricity e<0.59R, where R is the foundation radius; 

 limit state of equilibrium according to Eurocode 7 (EN 1997-1, 2004) where 

the equilibrium of the foundation when subjected to the overturning moment 

is verified; 

o comparison between the applied destabilising moment and the 

stabilising moment due to the vertical forces  
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 soil bearing capacity according to Eurocode 7 (EN 1997-1, 2004) where the 

maximum applied pressure in the foundation base is checked for three types 

of load combinations: ULS-GEO, ULS-STR and accidental combination for 

seismic loads; 

o definition of an effective rectangular foundation area and determination 

of the bearing capacity factors (Nq, Nc and Nγ), shape factors (sq, sc 

and sγ), factors for the inclination of the foundation base (bq, bc and 

bγ) and inclination factors for the load (iq, ic and iγ) according to 

Annex D (D.4) of Eurocode 7 (EN 1997-1, 2004) 

o The bearing resistance for drained conditions is given by the expression 

(4.2) from Annex D (D.4) of Eurocode 7 (EN 1997-1, 2004) 

 isbNBisbNqisbNc
A

R
qqqqcccc ''5.0''

'
  (4.2) 

 

 bearing capacity according to Eurocode 8 (EN 1998-5, 2004) – in Annex F of 

EN 1998-5 it is presented a formulation for the assessment of the foundation 

stability taking into account the soil inertia (kinematic effect). This is 

particularly relevant for cohesionless soils, as found by Pender (2010), since 

their bearing capacity is more sensitive to the effect of inertia loading than in 

the case of cohesive soils; 

o application of general expression (4.3) for stability against seismic 

bearing capacity failure given by Annex F of Eurocode 8 (EN 1998-5, 

2004) 
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o the parameters in the expression are presented in Annex F of Eurocode 

8 (EN 1998-5, 2004) and in table F.1 for cohesionless soils 

 additional soil bearing capacity verification for extremely eccentric loading 

(e>0.3B) according to DNV/Risø (2002) which reflects the failure of the soil 

under the loaded part of foundation (Rupture 2 according to DNV/Risø 

(2002)); 
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o general expression for bearing capacity according to (4.4) presented in 

point 8.2 of DNV/Risø (2002)) for extremely eccentric loading. Same 

shape and capacity factors as determined for the determination of 

bearing capacity according to Eurocode 7 (EN 1997-1, 2004) but with 

different inclination factors for loading presented in the same point 

  

3
tan05.1'  cccdeffd isNcisNbq  (4.4) 

 

 sliding ultimate limit state where the friction resistant forces under the 

foundation base are checked against the horizontal force and contribution of 

torsional moment Mz. 

o estimation of the horizontal force on the most loaded portion of the 

foundation (including torsional moment) and comparison with the 

resistant forces considering a sliding resistant angle =2/3.Ø’ 

4.2.2.3. Hybrid foundation 

The design of the hybrid foundations taking into account the contribution of the micropiles 

behaviour was carried out using a finite element model with shell elements considered for the 

modelling of the shallow portion of the foundation supported by bilinear springs to simulate 

both soil and micropiles. The soil bearing capacity according to EN 1997-1 (2004), EN 1998-

5 (2004) and DNV (2002) was estimated by determining the percentage of load transferred by 

the active part of the shallow foundation and by the micropile elements. 

This is a simplified method for the estimation of the foundation system behaviour, however a 

more accurate method involving a 3D simulation of both shallow and micropiles must be 

considered in order to obtain more realistic bearing capacity results and to proper simulate the 

changes of the stress state in the soil due to the load transfer caused by the micropiles. 

For the internal resistance, considering an outer diameter of 88.9mm and thickness of 9.5mm 

pipe micropile (As=2370mm2), of N80 steel (fy=562MPa), the structural design resistance in 

tension is equal to 1066kN and in compression is 1550kN considering a borehole diameter of 

200mm and fck,grout=25MPa. 

The micropiles’ external (geotechnical) resistance is checked considering Eurocode 7 (EN 

1997-1, 2004) design approach 1 (D.A.1). The resistance’s design values are computed with 

expressions (4.2) for compression and (4.3) for tension: 
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where qs is the ultimate grout-to-ground shear resistance, Db is the diameter of the bond 

length Lb, s and s;t are the partial factors for the shear resistance in compression and tension 

(see Table 4.6) and Rd=1.5 is the model factor (used to consider the uncertainty in the 

resistance model). Eurocode 7 does not define partial factors specific for micropiles, thus the 

values defined for driven piles were adopted. Boreholes with 200mm diameter, 12m bond 

length. The considered ultimate grout-to-ground shear resistance of 300kPa comply with soil 

dense sand type B (NSPT>50) using IRS or IGU grouting techniques (Bustamante and Doix, 

1985). For EQUilibrium and Combinations type 1 the compression resistance is 1508kN and 

1206kN for the tension resistance. For Combinations type 2 the compression resistance value 

is 1160kN and the tension resistance is 942kN. In Seismic combination the compression 

resistance is 1311kN and the tension resistance 1160kN. 

Table 4.6 - Partial resistance factors (S) for driven piles (EN 1997-1, 2004) 

 
 

Symbol 

EQU 

Comb.1 

R1 

 

 

R2 

 

 

R3 

 

Comb.2 

R4 

Seismic 

Side resistance (compression) s 1.00 1.10 1.00 1.30 1.15 

Side resistance (tension) s;t 1.25 1.15 1.10 1.60 1.30 

 

Two additional verifications were performed in the case of the hybrid foundations: the limit 

state of equilibrium of the foundation that was fulfilled if the applied forces to the micropiles 

never surpassed the resistant capacity and the spacing between adjacent micropiles, which 

should be higher than 3 times the micropiles diameter in order to reduce group effect 

phenomena (FHWA, 2005). The effect of the micropiles was neglected for the base sliding 

verification, since it was ensured that the base of the shallow foundation resisted the applied 

horizontal forces. 

4.2.3. Foundation design 

4.2.3.1. Numerical model for hybrid foundation 

The finite element model (Figure 4.7) was developed in Autodesk Robot (Robot, 2015) 

considering shell elements with a behaviour of elastic foundation underneath (soil spring 

modelling) and the micropiles were modelled using spring supports in vertical direction with 
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different behaviour for tension and compression. These springs with a bi-linear behaviour 

condensate the micropile-soil interaction which is a simpler approach than the consideration 

of the full micropile model with skin friction and tip resistance springs. 

 

Figure 4.7 - Numerical model example - top view 

 

Figure 4.8a presents the spring force-displacement behaviour with plateaus defined by the 

maximum resistance in tension and in compression according to what was described in the 

previous section. The spring stiffness was defined considering that a displacement of 

u=20mm would be required to mobilize 1000kN, for both compression and tension forces, 

with the resulting spring stiffness equal to Kz=50MN/m. 
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a. micropiles springs b. soil springs 

Figure 4.8 - Spring models 

 

As described in Figure 4.8b, the soil-springs where defined as compression-only, linear-

elastic, with a coefficient of vertical reaction computed with Es=675MPa and ν=0.30, 

resulting on different kz for each foundation dimension according to expression (4.4) (Vesic, 

1961), where Ef and If are the foundation modulus and inertia, respectively. 
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The value considered for the soil elastic modulus will influence the size of the foundation 

since it will be related with the percentage of force that is supported by the micropiles. The 

lower the elasticity modulus the higher the forces that are supported by the micropiles and 

therefore the higher the number of micropiles required and/or higher the shallow portion 

dimensions. 

The loads applied in each model were presented in Table 4.3 and the micropiles were 

positioned at 0.5 m from the edge of the foundation. The inner line of micropiles was spaced 

1m from the outer line (when applicable). 

A design example of the application of the described numerical model is presented in Annex 

F where the obtained results can be found in the topic Numerical Results – micropile forces. 

By the model results presented in Annex F it is possible to observe that the soil springs are 

modelled to be activated only in compression (bending moment reactions) and by the 

reactions on the micropiles it is possible to conclude that the maximum allowed forces in the 

micropiles are never surpassed for the example considered. 

This model allows the estimation of the percentage of forces (vertical axial force and bending 

moment) withstand by the micropiles while the remaining forces are to be withstand by the 

shallow portion of the foundation according to the procedure presented in section 4.2.2.2. 

In order to respect the minimum center to center spacing of micropiles, four typologies of 

micropile row positioning were considered. The number of micropiles used was 32, 64 or 96. 

Figure 4.9 shows the arrangement (and the position of the micropile springs in the model) of 

each set of micropiles in the foundation geometry. 

The resultant loads from the tower were applied in the central node of the foundation while 

the foundation weight was automatically considered equally distributed along the foundation 

and ballast weight is added over foundation surface. The model allows the verifications of 

bearing capacity of soil, overturning and rotational stiffness. The effect of the horizontal force 

on the sliding resistance was not considered. 
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a. 32 micropiles b. 64 micropiles 

  

c. 32+32 micropiles d. 64+32 micropiles 

Figure 4.9 - Micropile locations 

4.2.3.2. Design results 

The design results obtained for dimensions and geometry of the foundations are presented in 

Table 4.7 and Table 4.9 for octagonal shallow and octagonal hybrid foundations respectively. 

It was observed, as expected, that the governing load case for the hybrid and concrete towers 

is the earthquake, independently of the type of foundation considered and height of the tower, 

because the mass of the system is much higher in those two cases. In the case of the steel 

tower, the governing load case is always the extreme wind. A detailed design example of the 

procedure considered is presented in Annex F. 

Due to this fact, the foundation dimensions for the steel towers are always smaller than the 

other cases. Reductions between 27% and 54% on the concrete consumption were observed 

for the steel towers in comparison with the other structural solutions. 

On the other hand, the concrete towers are, for all the cases, the most susceptible structures to 

earthquake loading since they have more mass than the other towers and consequently they 

present the largest foundation dimensions. 

The hybrid foundations solutions required smaller dimensions and lower material 

consumption (concrete and rebar) however they required the use of micropiles tubes and 

grout. 
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Table 4.7 - Shallow foundations 

Tower Type 

80m 

2.0MW 

100m 

3.6MW 

150m 

5.0MW 

Steel Concrete Hybrid Steel Concrete Hybrid Steel Concrete Hybrid 

Hf (m) 2.00 2.50 2.50 3.00 3.50 3.50 3.50 4.50 4.50 

Governing 

 load case 
EWM EQuake EQuake EWM EQuake EQuake EWM EQuake EQuake 

Governing 

design 

criteria 

 

EQU  

H1 (m) 0.95 0.95 0.95 1.20 1.20 1.20 1.20 2.00 2.00 

H2 (m) 2.00 2.50 2.50 3.00 3.50 3.50 3.50 4.50 4.50 

H3 (m) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 

I (m) 7.04 7.04 6.21 8.28 9.11 7.87 8.70 9.53 8.28 

Beq (m) 17.46 17.46 15.41 20.55 22.60 19.52 21.57 23.63 20.55 

B (m) 17.00 17.00 15.00 20.00 22.00 19.00 21.00 23.00 20.00 

B0 (m) 5.60 8.00 7.20 8.00 11.00 10.80 11.00 14.00 13.80 

C (m) 18.40 18.40 16.24 21.65 23.81 20.57 22.73 24.90 21.65 

Concrete (m3) 359.0 458.9 373.6 729.3 1058.6 831.4 981.9 1664.1 1324.0 

Rebar (Ton.) 30.5 54.4 44.35 53.0 114.0 62.7 65.4 152.6 62.8 

Excavation 

(m3) 
394.9 504.8 410.9 802.2 1164.4 914.5 1080.0 1830.6 1456.4 

 

In this design, the position of the ground water table was considered to be below the depth of 

influence regarding bearing capacity, and the sand’s dry unit weight was used in the 

calculations.  The ratio between applied load and resistance obtained both for equilibrium and 

bearing capacity obtained by applying the design procedure of Annex F are presented in Table 

4.8 for the shallow foundations examples. 

Table 4.8 - Shallow foundations design ratio 

Tower Type 

80m 

2.0MW 

100m 

3.6MW 

150m 

5.0MW 

Steel Concrete Hybrid Steel Concrete Hybrid Steel Concrete Hybrid 

EQU 0.91 0.89 0.92 0.83 0.80 0.87 0.92 0.71 0.85 

Bearing 0.11 0.51 0.79 0.09 0.20 0.43 0.15 0.13 0.40 

 

The consideration of the ground water table at the surface would lead to a reduction in the 

sand self-weight and consequently to a reduction in the bearing capacity of the soil. Given the 

values presented in Table 4.8, the ratio of the mobilization of the bearing capacity are low 

except for concrete and hybrid towers of 80m. The application of the design procedure 

described in the chapter and presented in Annex F showed that in only these two cases, the 

consideration of the water table at the ground surface would exceed the allowed bearing 
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capacity of the soil. For the hybrid towers with 100m and 150m the consideration of the water 

table level at the surface would make the bearing capacity the governing design criteria, 

however still within admissible values. 

Table 4.9 - Hybrid foundations 

Tower type 

80m 

2.0MW 

100m 

3.6MW 

150m 

5.0MW 

Steel Concrete Hybrid Steel Concrete Hybrid Steel Concrete Hybrid 

Hf (m) 2.00 2.50 2.50 3.00 3.50 3.50 3.50 4.50 4.50 

Governing 

load case 
EWM EQuake EQuake EWM EQuake EQuake EWM EQuake EQuake 

Typology 

(according to 

Figure 4.9) 

a b a c b b b d b 

H1 (m) 1.59 1.81 1.74 2.40 2.25 1.95 2.58 2.83 2.69 

H2 (m) 2.00 2.50 2.50 3.00 3.50 3.50 3.50 4.50 4.50 

H3 (m) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 

I (m) 4.14 4.97 4.56 4.97 7.04 5.80 6.21 8.28 7.04 

Beq (m) 10.27 12.33 11.30 12.33 17.46 14.35 15.41 20.55 17.46 

B (m) 10.00 12.00 11.00 12.00 17.00 14.00 15.00 20.00 17.00 

B0 (m) 5.60 8.00 7.20 8.00 11.00 10.8 11.00 14.00 13.80 

C (m) 10.82 12.99 11.91 12.99 18.4 15.15 16.24 21.65 18.40 

Concrete (m3) 164.8 297.9 246.9 360.9 707.4 497.0 655.5 1410.6 1067.5 

Rebar (Ton.) 14.1 19.2 13.8 20.3 56.3 21.0 30.7 66.3 31.2 

Micropiles 

Steel (Ton.) 
7.14 14.29 7.14 14.29 14.29 14.29 14.29 21.43 14.29 

Micropile 

Grout (m3) 
11.17 22.34 11.17 22.34 22.34 22.34 22.34 33.50 22.34 

Excavation 

(m3) 
181.3 327.7 271.5 397.0 778.1 546.7 721.1 1551.6 1174.3 

 

The definition of the dimensions of the shallow part of the hybrid foundations is governed by 

the maximum allowable loads transferred to the micropiles. Both the equilibrium and bearing 

capacity mobilization coefficients are lower than the values obtained for the shallow 

foundation design (Table 4.8) according to the results obtained with the analytical procedure 

presented in Annex F and so the consideration of the water table level in ground surface is 

expected not to affect the presented design. 
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4.3. LCA and LCC analysis of hybrid foundations 

4.3.1.1. Life cycle environmental analysis 

A comparative Life-Cycle Analysis (LCA) was carried out in order to assess the potential 

environmental benefits of hybrid foundations in relation to shallow foundations. 

LCA is the process of evaluating the potential environmental impacts of a given product in 

terms of material manufacturing, assembling/construction, maintenance and end-of-life 

(Gervásio et al., 2014). 

The LCA presented in this section focuses on the foundations; it does not include the 

supporting structure of each tower. However, it is noted that foundations have usually a major 

contribution in the outcome of a complete LCA of a wind tower (i.e., foundations and 

supporting tower), particularly when seismic load is the governing load case (Gervásio et al., 

2014). 

The materials considered for the foundations are listed in Table 4.7 and Table 4.9, 

respectively for the shallow foundations and for the hybrid foundations. 

A model for the LCA was developed in order to compare the two alternative type of 

foundations, i.e. simple shallow foundation and hybrid foundation, which includes micropiles, 

taking into account a lifespan of 20 years. The analysis was performed by the software GaBi 

(2012). The initial stage of the Life-Cycle Assessment includes the production of materials for 

the foundations, their transportation to the construction site, the excavation of soil for the 

foundations and its deposition into a landfill. For the hybrid foundations, the use of the 

drilling equipment and respective fuel consumption were also taken into account. Based on 

the information provided by a contractor, a drilling rate of 6 m/hour and a fuel consumption of 

8 l/hour were considered. 

During the service life of each tower, no maintenance is needed for the respective foundation. 

Therefore, in this stage no additional impacts were considered in the analysis.  

Furthermore, in the end-of-life stage two scenarios were taken into account: in the 1st scenario 

it was assumed that the foundations of the towers are left in the ground, and in the 2nd scenario 

it was assumed that the foundations are demolished and demolition waste is recovered for 

recycling (for the hybrid solutions it was considered that the piles are not recovered since they 

are buried underground). 
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Hence, in the 1st scenario no materials are recovered for recycling or reuse and thus, no 

further emissions are considered due to the demolition process.  

In the second scenario, the materials recovered from the demolition are recycled and credits 

are obtained since the recycled materials avoid the need to produce new ones from raw 

materials. The recycling rates for concrete and steel reinforcement were assumed to be 80% 

and 70%, respectively. All remaining materials were assumed to be sent to a landfill of inert 

materials. Apart from the credits obtained from the recycling process, this scenario takes into 

account the burdens due to the process of demolition and the transportation of materials to 

their final destination. 

For the transportation of materials, a sensitivity analysis was performed in order to assess the 

importance of this process. A default distance of 100 km was initially considered for the 

transportation of materials to the construction site and from the construction site to the final 

destination of each material. By varying in ±50% the transportation distances, a variation of 

±12% was obtained for the impact category of eutrophication and less than 10% for the 

remaining categories. Therefore, given the negligible importance of the process, the 

transportation distances were considered to be 100 km for all cases. 

The life cycle analysis was carried out according to ISO standards 14040 (2006) and 14044 

(2006). The CML methodology (Guinée et al., 2002) was used for the quantification of the 

following environmental categories: acidification potential, eutrophication potential, global 

warming potential, ozone depletion potential and photochemical ozone creation potential. In 

addition, an indicator expressing the total primary energy demand was considered. Hence, the 

environmental categories selected for the analysis are summarized in Table 4.10. 

Table 4.10 - Environmental indicators considered for LCA 

Indicator Unit 

Acidification Potential (AP) kg SO2-Equiv. 

Eutrophication Potential (EP) kg Phosphate-Equiv. 

Global Warming Potential (GWP) kg CO2-Equiv. 

Ozone Layer Depletion Potential (ODP) kg R11-Equiv. 

Photochem. Ozone Creation Potential (POCP) kg Ethene-Equiv. 

Primary energy demand (PED) MJ 

 

The results of the life cycle analysis, taking into account the environmental categories in 

Table 4.10 and both end-of-life scenarios, are indicated in Table 4.11 and Table 4.12 for the 

shallow and hybrid foundations, respectively. The lower values of Table 4.11 and Table 4.12 

are highlighted in bold, for each environmental category and for each type of tower (80m, 

100m and 150m). 
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It is observed from Table 4.11 and Table 4.12 that the difference between the results of the 

analysis, taking into account the 1st or the 2nd end-of-life scenarios, are negligible. This can be 

explained by the fact that the credits from the recycling of materials counterbalanced the 

burdens due to demolition and transportation processes. The main variations are for the 

impact categories of Eutrophication and Photochemical Ozone Creation. In the former 

category the results taking into account the 2nd scenario are increased in less than 20%; while 

in the latter the results are reduced in percentages up to 35% for the higher towers. 

Due to the lightness of steel towers in comparison with the other towers and consequently the 

lower requirement in terms of materials, the shallow foundation of the steel towers achieved 

the best performance in most environmental categories (see Table 4.11), independently of the 

height of the tower. The only exception is for the tower with 150 m for the environmental 

category of Ozone Depletion (ODP). 

Table 4.11 - Results of the environmental analysis for the shallow foundations 

    

 AP [kg 

SO2-Eq.] 

EP [kg 

PO4-Eq.] 

GWP [kg 

CO2-Eq.] 

ODP [kg 

R11-Eq.] 

POCP [kg 

C2H4-Eq.] 

PED        

(MJ) 

Tower 

80 m 

Steel 

tower 

1st 2.78E+02 3.82E+01 1.39E+05 3.83E-04 2.72E+01 1.18E+06 

2nd 2.82E+02 4.45E+01 1.42E+05 4.37E-04 1.86E+01 1.20E+06 

Concrete 

tower 

1st 4.16E+02 5.37E+01 1.99E+05 6.79E-04 4.40E+01 1.80E+06 

2nd 4.19E+02 6.18E+01 2.03E+05 7.75E-04 3.26E+01 1.83E+06 

Hybrid 

tower 

1st 3.39E+02 4.37E+01 1.62E+05 5.54E-04 3.59E+01 1.47E+06 

2nd 3.42E+02 5.03E+01 1.65E+05 6.32E-04 2.66E+01 1.49E+06 

Tower 

100 m 

Steel 

tower 

1st 5.30E+02 7.47E+01 2.69E+05 6.67E-04 4.98E+01 2.22E+06 

2nd 5.37E+02 8.75E+01 2.76E+05 7.62E-04 3.26E+01 2.27E+06 

Concrete 

tower 

1st 9.15E+02 1.20E+02 4.44E+05 1.43E-03 9.46E+01 3.93E+06 

2nd 9.23E+02 1.39E+02 4.52E+05 1.63E-03 6.87E+01 4.00E+06 

Hybrid 

tower 

1st 6.13E+02 8.59E+01 3.10E+05 7.89E-04 5.82E+01 2.57E+06 

2nd 6.22E+02 1.01E+02 3.18E+05 9.01E-04 3.84E+01 2.63E+06 

Tower 

150 m 

Steel 

tower 

1st 6.90E+02 9.87E+01 3.54E+05 8.25E-04 6.35E+01 2.87E+06 

2nd 7.01E+02 1.16E+02 3.63E+05 9.42E-04 4.04E+01 2.95E+06 

Concrete 

tower 

1st 1.33E+03 1.81E+02 6.60E+05 1.91E-03 1.33E+02 5.67E+06 

2nd 1.35E+03 2.10E+02 6.74E+05 2.18E-03 9.26E+01 5.78E+06 

Hybrid 

tower 

1st 8.30E+02 1.25E+02 4.42E+05 7.99E-04 7.03E+01 3.38E+06 

2nd 8.47E+02 1.48E+02 4.55E+05 9.14E-04 3.98E+01 3.50E+06 

 

In relation to the hybrid foundations, the environmental results for each type of tower are 

indicated in Table 4.12. Likewise, the hybrid foundation of steel towers achieved the best 

performance in all environmental categories, independently of the height of the tower. This is 

due to the same reason referred before, that is, the lightness of the steel towers in comparison 

with the other towers. 



 

102                                                     4. FOUNDATION SOLUTIONS FOR ONSHORE WIND TOWERS   

  

 

 

The global warming potential (GWP) aims to quantify the emission of greenhouse gases, such 

as CO2 and CH4, to the atmosphere. Due to its major influence in climate change, the results 

for the life cycle analysis, focusing on global warming, are illustrated in Figure 4.10 for the 

shallow foundations and for the hybrid foundations, considering the three types of towers 

(steel (S), concrete (C) and hybrid tower (H)) and for the three heights (80m, 100m and 

150m). 

Table 4.12 - Results of the environmental analysis for the hybrid foundations 

    

 AP [kg 

SO2-Eq.] 

EP [kg 

PO4-Eq.] 

GWP [kg 

CO2-Eq.] 

ODP [kg 

R11-Eq.] 

POCP [kg 

C2H4-Eq.] 

PED        

(MJ) 

Tower 

80 m 

Steel 

tower 

1st 2.20E+02 2.69E+01 9.73E+04 1.46E-03 2.46E+01 8.87E+05 

2nd 2.21E+02 2.98E+01 9.87E+04 1.49E-03 2.06E+01 8.99E+05 

Concrete 

tower 

1st 3.90E+02 4.84E+01 1.73E+05 2.81E-03 4.30E+01 1.55E+06 

2nd 3.94E+02 5.36E+01 1.76E+05 2.85E-03 3.60E+01 1.57E+06 

Hybrid 

tower 

1st 2.55E+02 3.33E+01 1.19E+05 1.46E-03 2.64E+01 1.02E+06 

2nd 2.58E+02 3.76E+01 1.21E+05 1.49E-03 2.07E+01 1.04E+06 

Tower 

100 m 

Steel 

tower 

1st 4.22E+02 5.38E+01 1.92E+05 2.83E-03 4.52E+01 1.67E+06 

2nd 4.27E+02 6.01E+01 1.95E+05 2.87E-03 3.68E+01 1.70E+06 

Concrete 

tower 

1st 7.17E+02 9.27E+01 3.35E+05 3.28E-03 7.54E+01 2.93E+06 

2nd 7.24E+02 1.05E+02 3.41E+05 3.38E-03 5.85E+01 2.99E+06 

Hybrid 

tower 

1st 4.85E+02 6.48E+01 2.29E+05 2.84E-03 4.89E+01 1.91E+06 

2nd 4.92E+02 7.35E+01 2.34E+05 2.88E-03 3.75E+01 1.95E+06 

Tower 

150 m 

Steel 

tower 

1st 5.93E+02 8.05E+01 2.85E+05 2.96E-03 5.87E+01 2.36E+06 

2nd 6.01E+02 9.19E+01 2.92E+05 3.02E-03 4.36E+01 2.41E+06 

Concrete 

tower 

1st 1.16E+03 1.61E+02 5.70E+05 4.70E-03 1.11E+02 4.62E+06 

2nd 1.18E+03 1.86E+02 5.84E+05 4.82E-03 7.82E+01 4.75E+06 

Hybrid 

tower 

1st 7.76E+02 1.13E+02 3.96E+05 2.98E-03 6.91E+01 3.04E+06 

2nd 7.91E+02 1.32E+02 4.07E+05 3.04E-03 4.50E+01 3.14E+06 

 

It is observed from Figure 4.10 that hybrid foundations achieve a lower value for the global 

warming potential, independently of the type and height of the tower. This was already 

expected from the comparison between Table 4.7 and Table 4.9, where the reduction of the 

mass achieved by hybrid foundations is evidenced. Although in the case of the hybrid 

foundations, additional equipment is necessary, as described before, the corresponding 

additional impacts are not enough to compensate the reduction of impacts due to the lower 

mass of the hybrid foundations. 
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Figure 4.10 - Comparison of global warming potential (GWP) for shallow and hybrid 

foundations 

 

In the case of Figure 4.10, the reduction of global warming potential for hybrid foundations 

varies from 10% to 30%, for the hybrid tower with a height of 150m (H150) and for the steel 

tower with a height of 80m (S80), respectively. 

In addition, the comparative analysis between shallow and hybrid foundations, in terms of the 

total primary energy demand, is indicated Figure 4.11. Likewise, it is observed from Figure 

4.11 that hybrid foundations achieve a lower value for the primary energy demand, 

independently of the type and height of the tower. 
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Figure 4.11 - Comparison of primary energy demand (PED) for shallow and hybrid 

foundations 

 

In this case, the reduction of primary energy demand for hybrid foundations varies from 9% 

to 25%, for the hybrid tower with a height of 150m (H150) and for the concrete and hybrid 

towers with a height of 100m (C100 and H100), respectively. 
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It may be concluded from this analysis that by reducing the amount of materials for the 

foundation, hybrid foundations provide a better environmental performance, despite the need 

of additional material and construction equipment for the micropiles.  

4.3.1.2. Life cycle cost analysis 

The Life Cycle Cost (LCC) analysis of hybrid and shallow foundations takes into account the 

construction of the foundations and the demolition in year 20. Unit costs relative to the 

materials and construction processes are provided in Table 4.13. 

Table 4.13 - Unit costs for the construction of hybrid and shallow foundations (prices valid 

for Portugal in year 2014) 

Description Unit Unit cost (€) 

Excavation in soil for foundations, including excavation, loading, 

transportation, unloading and levelling 
€/m3 6 

Pipe micropiles (O.D. 88,9mm, t=9,5 mm) including steel supply, loading, 

transportation, unloading, placing with borehole drilling in rock 
€/m 120 

Provision and placing of levelling concrete on foundation base, including 

materials supply and transportation, preparation, loading, transportation, 

unloading, placing, vibration and cure 

€/m3 70 

Provision and placing of concrete (C30/37) on foundation, including 

materials supply and transportation, preparation, loading, transportation, 

unloading, placing, vibration and cure 

€/m3 140 

S500 reinforcing steel (S500), including steel supply and transportation, 

bending, assembly, connections, loading, transportation, unloading and 

placing 

€/kg 1.2 

Formwork for concrete modelling, including material supply, loading, 

transportation, unloading and assembly 
€/m2 15 

Ballast on top of the footing, including materials supply, loading, 

transportation, unloading and placing 
€/m3 25 

Demolition with the use of a backhoe loader with hammer and transportation 

of debris 
€/m3 175 

 

The compilation of costs for the construction of shallow and hybrid foundations and 

respective demolition is illustrated in Figure 4.12. It is noted that the analysis was made based 

on current Portuguese unit costs, in year 2014. For hybrid foundations only the concrete cap 

was assumed to be demolished and transported to final destination. 
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Figure 4.12 - Construction and demolition costs of shallow and hybrid foundations 

 

It is observed from Figure 4.12 that the construction cost of hybrid foundations in comparison 

with shallow foundations, for the same tower, is in general lower, although the difference is 

not significant. The cost reduction in hybrid foundations enabled by the smaller dimensions is 

compensated by the cost of the micropiles. In all cases, the difference was below 15% and 

only in two cases (C80 and H150) the construction of the hybrid foundation was higher than 

the shallow foundation. In relation to the demolition, it may be concluded from Figure 4.12 

that the costs for shallow foundations are generally higher than the costs for hybrid 

foundations, obviously because of smaller volume of concrete in hybrid foundation. It is also 

observed that the difference is reduced with the height of the tower. For the group of towers 

80 m high the major difference is for the steel tower (S80) with a reduction of about 23%; 

while, for the group of towers 150m high the major difference is for the steel tower (S150) 

with a reduction of about 14%. 

Finally, the results of the LCC are represented in Figure 4.13. In this case, the total present 

value of each foundation was quantified by discounting future costs (i.e. demolition costs) to 

the base year of the analysis with a discount rate of 2%. From Figure 4.13 it is observed that 

hybrid foundations are generally more beneficial than shallow foundations; although, even in 

the best cases (S80 and H100), the difference is lower than 25%. In addition, it may be 

concluded that the major differences are for the steel towers, independently of the height. On 

the other hand, smaller differences are observed for the concrete towers. 
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Figure 4.13 - Total present value (in €) of each foundation 

 

4.4. Final comments 

The expected increase in the height of the wind towers will consequently lead to an increase 

in the foundations diameter. The same influence is expected when additionally, to wind also 

seismic loading is considered in the design and becomes design driving. Hence an 

improvement in the foundation system was proposed and analysed in this paper and a 

feasibility assessment regarding the use of micropiles as a reinforcement of the actual shallow 

foundations of wind towers was performed. 

Foundation design is based on typical wind loading defined for standard wind turbine class II 

as defined in IEC (IEC 61400-1, 2005) and moderate seismicity considering 0.25g peak 

ground acceleration as defined in Eurocode 8 (EN 1998-1, 2004). Nevertheless, conclusions 

can be considered also valid for lower seismicity regions, given that seismic forces do not 

condition the design. This is in general true for all the steel towers foundations considered. 

For concrete and hybrid towers there is a significant influence of the seismic forces in the 

dimensions of the foundations (Rebelo et al., 2014). Therefore, extrapolation to low or very 

low seismicity regions should be made with caution for those type of towers. 

The results of the shallow and the hybrid foundations designs showed that the micropiles 

reinforcement is a very satisfactory solution both in terms of material consumption and in 

terms of potential environmental impacts, according to the presented LCA. In terms of costs, 

hybrid foundations may be beneficial when demolition costs are taken into account. 

In relation to concrete consumption, it was observed that in the case of the hybrid foundations, 

a reduction between 15% and 54% was achieved when compared with the correspondent 

shallow foundations. The reduction in terms of steel reinforcement is between 50% and 69% 

(disregarding the micropile tube as rebar) and 30% to 53% (considering the micropile tube as 
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rebar). It is noted that in the case of the hybrid foundations, the materials related to the 

micropiles installation (micropiles and grout) were also considered in the analysis. 

The results provided by the LCA pointed for a lower environmental impact in hybrid 

foundations in comparison with the correspondent shallow foundations, for every structure 

geometry and typology and for every environmental indicator considered in the analysis.  

A reduction of 10% to 30% of the global warming potential was achieved by hybrid 

foundations in relation to shallow foundations, while for the primary energy demand a 

reduction of 9% to 25% was obtained. The main reason for the better environmental 

performance is due to the reduction of the mass achieved by hybrid foundations, in spite of 

the use of additional equipment. 

The LCC showed that in terms of construction costs hybrid foundations and shallow 

foundations do not differ significantly. However, when demolition costs are considered, 

hybrid foundations became clearly more beneficial with a cost reduction of up to 25%. 
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5. HYBRID FOUNDATIONS – EXPERIMENTAL TESTS ON MICROPILES 

5.1. Introduction 

In order to analyze the improvement caused by the addition of micropiles to a shallow 

foundation in a foundation system as presented in chapter 4, load tests on steel pipe 

micropiles, installed in loose sand, were performed under controlled conditions, to access 

their resistance and stiffness. 

The tests described in this chapter focus on the monotonic and cyclic behavior of the 

micropiles, both isolated and in groups, ungrouted and with pressure grout injection. The 

grouted micropiles considered in these tests are classified as type B according to FHWA 

(2005) according to the illustration of Figure 5.1. Schlosser and Frank (2004) propose an 

equivalent classification related to the grouting technique described as: 

 Micropile type I: The micropile may or not be equipped with reinforcement and is 

filled with mortar placed with a guide pipe. The pipe is then closed at the top and the 

mortar is injected under pressure. The pipe is recovered while pressure is being 

applied. 

 Micropile type II: These micropiles are equipped with reinforcement filled with grout 

injected with a guide tube by gravity or under very low pressure. This type is divided 

into two sub-types described as type IIh (refill of grout from the top) and type IIb (refill 

of grout from the bottom of the pile) 

 Micropile type III: This type is equipped with reinforcement and a tube injection 

system placed inside the grout. The injection is conducted under pressure of at least 

1MPa according to global and unitary injection. 

 Micropile type IV: This type is equipped with reinforcement and a tube injection 

system placed inside the grout. The injection is conducted under pressure of at least 

1MPa according to repetitive and selective injection using a shutter at different levels. 

The so called R-SOL type can be treated as this type.  

The first tests were carried out under increasing monotonic loading, with constant rate of 

displacement until specimen failure. On other tests, quasi-static load cycles were applied prior 
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to the monotonic loading in order to check the influence of the cycle loading on the resistance 

and stiffness of the micropiles. 

 

Figure 5.1 - Micropile Classification System Based on Type of Grouting (FHWA, 2005) 

 

The influence of the grout injection in the resistance of the micropiles was studied. The load 

tests were conducted first on ungrouted specimens which were subsequently injected with 

pressured grout and retested. 

Groups of 2x2 micropiles were also tested. Three layouts were assembled with different 

geometries in order to evaluate the effect of the micropile spacing. 

5.2. Background information 

The first references and studies about the use of micropiles were conducted and presented by 

Lizzi (1978). Most of the experimental data available was obtained with in-situ tests and the 

results achieved with laboratory work are somehow reduced, especially in the scale adopted in 

the present work. 

The most extensive work presented on the behavior of micropiles was carried out in the scope 

of the FOREVER project (Schlosser and Frank, 2004). As examples of the results of this 

project may be cited works such as Francis (1997) and Le Kouby (2003) who thoroughly 

presented the procedure and the results of the tests conducted on a laboratory pressure 

chamber on reduced scale micropiles. 
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These deep foundation elements are sensitive to the type of installation and injection 

procedure. Grouting may be performed under gravity pressure (Type A), low pressure (Type 

B), low pressure followed by a single high pressure phase (Type C or IGU - Injection Globale 

Unitaire) or by multiple high pressure phases (Type D or IRS - Injection Répétitive et 

Séléctive). The value for the unit skin friction is higher for IRS than for IGU as shown by 

Bustamante and Doix (1985). Other authors such as Russo (2004), who conducted 

experimental tests on full-scale micropiles placed in pre-drilled holes in a heterogeneous 

ground, confirmed those conclusions. The maximum values obtained for the unit skin friction 

on specimens injected with both techniques (95kPa for IRS and 69kPa for IGU) were 

comprised inside the boundaries provided by Bustamante and Doix (1985). Schlosser and 

Frank (2004) showed in their studies under the scope of FOREVER project that the side 

friction is largely dependent on the soil grains size, beyond the expected influence of the 

surface rugosity. The ground properties also influence the micropiles behavior since the static 

stiffness and limit loads increase with density index, in sand. 

In the last few years an increase in the use of self-drilling hollow core micropiles has been 

registered. In spite of the hollow core micropile being typically classified as type B according 

to FHWA (2005) guidelines, Elaziz and El Naggar (2012) referred that this classification may 

be conservative and it should be classified as new type E. The reason pointed out by the 

authors is the underestimation of the interface bond strength, in non-reversal axial cyclic load 

tests under compression and tension, on micropiles installed on a stiff silty clay deposit. 

An example of large scale laboratory tests is presented by Schwarz (2000) considering 

specimens with a geometry similar to the adopted in this study (5m long and 130mm of 

diameter) installed in boreholes drilled in sand, pressure grouted and subjected to monotonic 

and cyclic (one and two-way) axial loading. It was found that the cyclic loading tends to 

reduce the bearing capacity in comparison with static loads and it is dependent on the number 

of cycles and load cycle amplitude, in agreement with the works of Chan and Hanna (1980), 

Turner and Kulhawy (1990) and Briaud and Felio (1986) regarding the cyclic behavior of 

other types of deep foundations. The tests were conducted with force controlled cycles, with 

constant amplitude, at a given percentage (18 to 55%) of the tensile capacity. Results showed 

that more than 10000 cycles were required before failure was observed. For the sandy soil 

tested the authors proposed a factor to reduce the allowed peak-to-peak cyclic load range in 

function of the expected number of load cycles.  

Boulon and Foray (1986) studied the behavior of single micropiles in sand, on a pressure 

chamber, under cyclic loading. The loading amplitudes varied between 30% and 45% of the 

monotonic tensile resistance and the results showed that about 25000 cycles were required to 

achieve micropile failure.  
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Cavey et al. (2000) applied reversed loads with increasing amplitude in micropiles installed in 

loose to medium sand and silt, reaching loads higher than the capacity determined by 

Davisson’s method, and found that this capacity was reduced to as low as 60%, after only two 

load cycles. The results are in agreement with the ultimate capacity reduction of drilled shafts 

subjected to two-way cyclic loading observed by Turner and Kulhawy (1990). 

The referred self-drilling hollow core micropiles tested by Elaziz and El Naggar (2012) on a 

stiff silty clay deposit and subjected to a cyclic loading (15 cycles with a half-amplitude of 

about 33% of the micropile design load) presented an increase in the accumulated pile head 

movement between 6 and 18% of the initial displacement throughout the cyclic loading and 

also showed a trend of constant stiffness during the applied cycles. 

Considering the behavior of full scale helical pulldown micropiles, installed in stiff to very 

stiff clayey soils underlain by dense sand, it was observed by El Sharnouby and El Naggar 

(2011; 2012) that the cyclic resistance is very affected on the shaft contributions and the 

displacement during the cyclic loading during 15 cycles of one-way cyclic loading was less 

than 1.8 % of the shaft diameter. Those micropiles also experienced a slightly improvement of 

the ultimate axial stiffness and axial capacity in the cases of one-way cyclic loading with 

average and maximum values higher than 40% and 54% of the ultimate capacity. 

The behavior of multiple micropiles was also studied. Those studies can be divided into two 

sub-groups according to the micropiles installation type: group specimens composed by 

vertical micropiles and reticulated network specimens for inclined micropiles. 

Schlosser and Frank (2004) concluded from monotonic tests that both the limit load for 10 

mm of deformation and the creep load are, in reticulated networks, 2/3 of the load obtained 

for groups. In terms of the initial deformability, it is very similar for all the reticulated 

network specimens but is higher for the groups (about 2 times). The same authors observed 

that the resistance of the groups is 8% to 15% higher than the reticulated networks for the 

same soil confinement, due to the system geometry divergence. Also, the geometry 

(inclination) of micropiles does not present any advantage in terms of vertical loading and 

groups with a small number of piles do not show any significant improvement to the single 

behavior, contradicting the observations in groups with a larger number of micropiles. 

According to Juran et al. (2001) the behavior of reduced scale models micropile groups and 

reticulated networks subjected to dynamic (seismic) loading on centrifuge tests show that the 

dynamic stresses introduced to the micropiles are very low since the inertial forces of the 

superstructure are transferred to the soil through soil-structure interaction due to the flexible 

behavior of the micropiles. The group geometries also presented positive group effect which 

results in smaller bending moments for lower spacings while the reticulated networks resist 
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earthquake loading with higher axial stresses when compared with the group models showing 

also a reduction in pile bending moments and cap displacements. 

One problem related to the current load-controlled testing procedure for micropiles is the 

required testing time. In order to overcome this problem it was proposed, by Juran and 

Weinstein (2009), a new strain-rate-controlled procedure which was compared with some 

model-scale tests conducted in a calibration chamber. The good agreement achieved for both 

monotonic and cyclic tests allows its recommendation for use in larger scale tests, as in the 

case of the current study. 

The behavior of micropiles and piles installed on different grounds and under different types 

of loadings is well documented. However, the behavior of these elements subjected to cyclic 

loading has not been exhaustively presented. The main objective of the experimental program 

is to contribute to a better knowledge of such behavior. 

5.3. Experimental layout and assembly procedure 

A global view of the experimental layout is shown in Figure 5.2. The micropiles were 

installed in a cylindrical soil container with a 2m diameter and 3.5m high. Due to space 

constraints related to the available height inside the laboratory, the placement of the 

micropiles into the experimental layout was carried out before the filling of the container with 

sand. 

 

Figure 5.2 – Test layout 

 

The soil container used for this work is composed by a tower segment (manufactured for 

HISTWIN project (Veljkovic et al., 2012) and improved to be used as a soil container. The 
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tube is composed by two different segments tightened together. The superposition of the 

plates is 0.3m. 

Figure 5.3 shows the production geometry drawings of both sections and Figure 5.4 shows the 

final result of the soil container fully assembled. 

The bottom plate is composed by normal round holes with a total height of 1.3m and a 

diameter of 2m. The steel used in that plate is S355 with a thickness of 14mm. In the bottom 

of this plate is welded a square plate also with a thickness of 14mm with 4 holes to allow the 

discharge of the soil. 

The top plate is composed by long open slotted holes and also presents a 2m diameter and a 

thickness of 14mm with S355 steel. The height of this part is 2.5m. 

The load was applied using a 20 tons Dartec actuator and a steel reaction frame. This actuator 

is provided with 2 unidirectional hinges, one on each end, placed orthogonally in order to 

simulate the behavior of a 3D hinge (see Figure 5.5). 

  

Bottom plate (height: 1.3m) Top plate (height: 2.5m) 

Figure 5.3 - Soil container geometry 

 

The reaction frame considered for this layout is composed by 2 columns with a cross section 

of HEB500 and 6.5m high and a beam with a section of HEB300 with a length of 3.7m. All 

members are reinforced. 
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Figure 5.4 - Soil container 

 

 

Figure 5.5 - 20 tons (200kN) actuator 

 

The assembly procedure consisted on the following steps: 

 Instrumentation of the micropiles (Figure 5.6) and placement of the grout exit holes 

protection rubber ring according to Figure 5.7; 
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Figure 5.6 - Micropile preparation (instrumentation and drilling) 

 

 

Figure 5.7 - Grout exit holes protection (tube à manchette) 

 

 Placement of the micropiles into the soil container according to the positions of Figure 

5.8; 

 

Grout exit holes 

levels 

Strain gauges 

levels 

Protection rings Rubber ring 
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Single layout Group layout 

Figure 5.8 - Micropile positions in layouts – front and top view 

 

The micropiles are placed and leveled into position in order to receive the sand around, into 

the soil container. Figure 5.9 shows the levelling and positioning procedure. 

   

Figure 5.9 - Micropiles placing and levelling system 

 

 Filling of the soil container including registration of the soil weight; 

The sand is placed into the soil container around the pre-positioned micropiles by using 

bigbags to lift it. The bigbags are placed on the top of the soil container and are opened in 

order to allow the soil discharge. 

DMT2 DMT1 and 3 



 

118                                   5. HYBRID FOUNDATIONS – EXPERIMENTAL RESULTS ON MICROPILES   

  

 

 

The weight of the sand placed is known as well as the height of the sand and with it, it is 

possible to estimate the medium value of the soil density. 

Figure 5.10 shows the soil loading procedure. 

 

 

Figure 5.10 - Soil loading process 

 

 Load tests of the ungrouted micropiles; 

After the soil placement, the ungrouted tests are carried out on the placed micropiles. 

The tests are monotonic (compression and tensile) or cyclic (cyclic + compression and cyclic 

+ tension). The loading test apparatus is presented in Figure 5.11. 

 

Figure 5.11 - Loading test apparatus 
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 Grout injection with the use of the prepared pressuring vessel presented in Figure 5.12, 

with injection pressure close to 0.2MPa. The injection process is illustrated by Figure 

5.13; 

 

  

Figure 5.12 - Grout pressure system 

 

 

Figure 5.13 – Grout injection process 

 

 Load tests of the grouted micropiles, 7 days after the grout injection; 

Grout entrance 

valve 

Pressurized air 

valve 

Air exit 

valve 

Grout exit 

valve 
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 Soil discharging and storage for reuse. 

When all the tests are accomplished, the soil is discharged from the soil container. 

It is discharged by using the slab holes placed bellow the layout and then the sand is collected 

to the bigbags. The bigbags are stored into the laboratory and are ready, after the weighing, to 

be used for the sand loading of the soil container for the following layout. 

Figure 5.14 shows one ongoing discharge process and Figure 5.15 illustrates the storage of the 

sand in bigbags in the end of the discharging. 

 

Figure 5.14 – Soil discharging process 

 

 

Figure 5.15 – Soil storing 

 

Figure 5.16 and Figure 5.17 shows a Gant chart showing the duration for the assembly of, 

respectively, single and group tests specimens. 
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Table 5.1 presents a summary of the tests performed according to the type of micropile and 

loading protocol. The loading sequence was similar for each layout. Ungrouted specimens 

were loaded first in compression and then in tension. After the grout was injected, the test 

proceeded in compression followed by tension. In the designations M stands for single 

micropile while G stands for group. The mean index density of the sand was determined for 

each layout considering the measured weight as well as the mean volume occupied and the 

results obtained for each layout are presented in Table 5.2. 

 

Figure 5.16 – Single tests assembly procedure and duration 

 

 

Figure 5.17 - Group tests assembly procedure and duration 

 

In order to compare the behavior of the micropiles under monotonic and cyclic loading, 

micropiles from layout 2 were tested under monotonic conditions and the remaining layouts 

were submitted to cyclic loading with the specimen loaded to failure after the final cycle. The 

loading protocol was based on control of displacements as shown in Figure 5.18. The cycles 

had a period of 800 sec. each and amplitude of ±1mm. Five cycles were applied on all but the 

tests on micropile M8, where 10 load cycles were adopted to evaluate the effects of the 

additional cycles on micropile behavior. In the monotonic tests (or after the cyclic loading) 

the displacement rate was 0.01mm/s for the compression tests and 0.005mm/s for the tensile 

tests. 
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Table 5.1 - Experimental tests description 

Layout Micropile Loading Grout 

2 

M3 

Compression No 

Tension No 

Cyclic + Compression Yes 

Cyclic + Tension Yes 

M4 

Compression No 

Tension No 

Compression Yes 

Tension Yes 

3 

M5 

Cyclic + Compression No 

Cyclic + Tension No 

Cyclic + Compression Yes 

Cyclic + Tension Yes 

M6 

Cyclic + Compression No 

Cyclic + Tension No 

Cyclic + Compression Yes 

Cyclic + Tension Yes 

4 

M7 

Cyclic + Compression No 

Cyclic + Tension No 

Cyclic + Compression Yes 

Cyclic + Tension Yes 

M8 

Cyclic + Compression No 

Cyclic + Tension No 

Cyclic + Compression Yes 

Cyclic + Tension Yes 
 

Layout Group Loading Grout 

5 G1 (3B) 

Cyclic + Compression No 

Cyclic + Tension No 

Cyclic + Compression Yes 

Cyclic + Tension Yes 

6 G2 (4B) 

Cyclic + Compression No 

Cyclic + Tension No 

Cyclic + Compression Yes 

Cyclic + Tension Yes 

7 G3 (5B) 

Cyclic + Compression No 

Cyclic + Tension No 

Cyclic + Compression Yes 

Cyclic + Tension Yes 
 

Single tests Group tests 

 

Table 5.2 - Sand index density 

Layout Sand Weight (kg)  (kN/m3) Index Density (%) 

2 15878 16.2 35.3 

3 15828 16.0 31.8 

4 15791 16.1 33.1 

5 15583 15.9 28.1 

6 15694 16.0 30.8 

7 15953 16.0 31.4 
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Monotonic loading Cyclic+monotonic loading 

Figure 5.18 - Loading protocols 

5.4. Test set-up 

5.4.1. Specimen properties 

In these tests a S355 steel circular tube with 101.6 mm of external diameter and a wall 3.6mm 

thick was used. The top plates for the single tests (layouts 2, 3 and 4) and for the G1 group 

were square, 450mm wide and 30mm thick. The G2 and G3 group top plates were 

600x600x40mm3 and 675x675x30mm3, respectively. 

The grout exit holes position, number and diameter changed between each layout, in order to 

obtain a uniform grout distribution along the micropile wall. The diameter on the lower levels 

was reduced because there was a higher grout flow on those sections. Figure 5.19 and Figure 

5.20 show the considered geometry for each single and group layout, respectively. 
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Figure 5.19 - Single specimens geometry 
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Figure 5.20 - Group specimens geometry 

 

The position of each specimen in each layout as well as the orientation of the strain gauges in 

the correspondent specimen is presented in Figure 5.21. 
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Figure 5.21 – Strain gauges and micropile positions 
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Figure 5.21 – Strain gauges and micropile positions (cont.) 

 

5.4.2. Sand shear behaviour and stress-strain relation and 
experimental physical and mechanical properties 

The soil used in the experimental tests on the micropiles (single and groups) presented in this 

chapter as well as for the numerical analysis of chapter 6, is a poorly graded sand. 

In order to properly understand the behaviour of the micropiles installed in sandy soils it is 

indispensable to properly understand the stress-strain behaviour of the soil. 

The shear strength of the soil can be determined with the well-known the Mohr-Coulomb 

failure criteria. A given point in the soil mass reaches failure when on a plane the shear stress 

τ’f is related to the normal stress σ’f according to the expression (5.1), where c’ is the cohesion 

and φ’ is the angle of shear strength or friction angle. 

'tan'
'  ff c   (5.1) 

 

Expression (5.1) describes the equation of a line tangent to the Mohr circles at failure 

according to Figure 5.22. 

The shear strength of cohesionless soils depends only on the confining stresses and the 

friction angle. It should be pointed that for low confining stresses this angle (inclination of the 

material curve) tends to increase and therefore the proximity between the real envelope and 

the Mohr-Coulomb failure line is lower in the beginning of the curve, as presented in Figure 

5.23. The approximation between the curves should take into consideration the stress range of 

the problem. 
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Figure 5.22 – Mohr-Coulomb failure envelope (Matos Fernandes, 2011) 

 

 

Figure 5.23 – Linear approximation to the rupture envelope (adapted from Matos Fernandes 

(2011)) 

 

The behaviour of sands under shear loading depends of the relative density of the soil and 

consequently of its void ratio. The characteristic curves for dense and loose sand are presented 

in Figure 5.24 in terms of deviatory stress vs. axial strain. Due to the better particle 

arrangements in the dense sand, it is natural to obtain the higher peak strength depicted in the 

figure. 

In the dense sand curve on Figure 5.24, is possible to observe a peak on the deviatoric stress, 

named peak strength. It is due to the higher interlocking of the particles and it is followed by a 

lower strength called residual strength in which the axial strain increases under constant load. 

For the loose sand there is no identified peak and the strength of the sand is similar to the 

residual strength of the dense sand. The strength of the loose sand increases with the increase 

of the axial loading due to the increase in the soil density while for the dense sand there is a 

reduction in the strength due to the “breaking” of the particles arrangement. This comments 

are illustrated in Figure 5.25 for the evolution of the volumetric strain where a small 

contraction can be found in the very beginning of the loading of the dense sample followed by 

a large expansion, while for the loose sample a contraction is found during the entire loading. 
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The void ratio also follows this pattern with a reduction in the loose sand and an increase in 

dense sample until the critical value (ecrit) is reached. 

 

Figure 5.24 – Deviatoric stress evolution in triaxial tests (adapted from Matos Fernandes 

(2011)) 

 

  

Figure 5.25 – Evolution of the volumetric strain and void ratio with the axial strain – drained 

triaxial test (adapted from Matos Fernandes (2011)) 

 

The behaviour represented in Figure 5.25 is related with the fact that the soils present a high 

deformation capacity when subjected to shear loading. This property is named dilatancy (ψ) 

and it is defined as the angle between the displacement vector and the shear plane (positive or 

negative). The definition of the dilatancy angle can be represented by the diagram of Figure 

5.26. 
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Figure 5.26 – Definition of the dilatancy angle (Matos Fernandes, 2011) 

 

The dilatancy effect can be understood with an analogy proposed by Bolton (1986) and 

illustrated by Figure 5.27. 

 

 

Figure 5.27 – Analogy for dilatancy (without and with positive dilatancy) (Bolton, 1986) 

 

The value Ø’cv is the friction angle for constant volume (also known as critical friction angle) 

and it is obtained for the critical void ratio. It is obtained for the sand residual strength. 

According to the model presented in Figure 5.27, the value for the dilatancy is related with 

both friction angles according to expression (5.2). 

cv''    (5.2) 

 

The last relevant parameter to define the behaviour of sands is the elasticity modulus. The 

modulus can be defined as initial tangent (Ei) or at any given point of the curve (Et) and it is 

also common to define a secant stiffness to different stress levels (Es), commonly 50% and 

80% of the maximum stress. The representation of each one of the moduli is presented in 

Figure 5.28. 
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Figure 5.28 – Secant and tangential modulus (Matos Fernandes, 2011) 

 

The Poisson coefficient ν is defined by the ratio between the axial and radial deformations ν=-

δεr/δεa. The relation between the elasticity modulus and the distortion modulus is dependent 

on the Poisson coefficient and it is given by equation (5.3). 

 


12

E
G  (5.3) 

 

The soil used in the tests is a poorly graded sand (SP). The particle size distribution curves, 

obtained for several samples, are shown in Figure 5.29. Minimum and maximum values for 

the unit weight were determined according to ASTM D4253-00 (2000). Specific gravity was 

also determined according to ASTM 854-05 (2005) and NP-83 (1965). The main physical 

properties obtained for the considered sand are presented in Table 5.3 and were determined by 

Coelho (2011). Triaxial tests were conducted by Coelho (2011) and Ferreira (2014) to 

determine the soil mechanical properties, considering four different soil densities and the 

results obtained are presented in Table 5.4 and Figure 5.30, superimposed to Schmertmann’s 

(1978) chart. 

The average density index (Id) of the sand was determined considering the measured sand 

weight used in each layout divided by the correspondent volume occupied taking into account 

an average height of the soil inside the container. The interval confidence for the index 

density presented is ±3% for each test. 
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Figure 5.29 - Sieve analysis curves (Coelho, 2011) 

 

Table 5.3 – Soil physical properties (Coelho, 2011) 

d,min (kN/m3) d,max (kN/m3) min (gr/cm3) max (gr/cm3) emax emin GS 

14.7 18.9 1.50 1.93 0.76 0.37 2.64 

 

Table 5.4 – Friction angle and elasticity modulus (triaxial tests) 

ρ (g/cm3) Ø’ (º) Confining Stress (kPa) Etan (MPa) 

1,58(1) 
 

50 10,26 

33,8 100 18,83 

  200 33,85 

1,63(2) 36,3 

50 22,58 

100 46,74 

200 56,67 

1,73(1) 
 

50 23,41 

37,1 100 51,15 

  200 104,33 

1,75(2) 44,0 

50 37,12 

100 55,02 

200 87,59 

1,88(1) 
 

50 77,70 

44,7 100 94,80 

 
200 158,21 

(1) obtained by Coelho (2011) 

(2) obtained by Ferreira (2014) 
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Figure 5.30 - Friction angle vs. density index (triaxial tests) (adapted from Schmertmann 

(1978)) 

 

Flat Dilatometer Tests (DMT) were performed in three layouts in order to better characterize 

the sand placed in the soil container. Figure 5.31b shows the application of the process on one 

of the layouts tested. The soil parameters estimation based on DMT tests is presented in 

Annex D.   

 

 

a. Flat dilatometer b. Test apparatus 

Figure 5.31 - DMT tests 

 

The DMT1 and DMT2 tests were performed in layouts 7 and 4 respectively, both after the 

grout injection. The DMT3 test was performed on layout 5 after the ungrouted tests on the G1 

group and before grouting took place. 
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From what was observed during the tests and by the analysis of the results presented on 

Figure 5.32, it is possible to state that the sand properties improved after the grouting process, 

due to the increasing horizontal confining pressure. Test DMT3 was performed before 

grouting and presents lower readings (p0 and p1) and soil parameters than DMT1 and 2. 

The DMTs carried out on grouted layouts allowed a measurement of the properties along all 

the height because of the confining pressure caused by the sand in the blade membrane. On 

the ungrouted layout that did not happen. It can be observed in Figure 5.32 that at some soil 

depths it was not possible to obtain readings because of the low confinement obtained. 
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Figure 5.32 - DMT results 
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5.4.3. Grout properties 

For these experimental tests, the grout composition was kept constant between each layout. 

The following mix proportions were adopted, similarly to the composition adopted by Veludo 

et al. (2012): water/cement ratio 0.4, with type II: 32.5N Portland cement, 1% of modified 

polycarboxylate admixture (high range water reducer); and 1% of expansive admixture.  

Tests were carried out in order to control some properties of the grout such as fluidity, 

exudation, volume variation and compression resistance. In Figure 5.33 are presented the 

results obtained for each test performed in each layout as well as the correspondent limit 

provided by the proper standard (NP EN 447, 2008). 
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Figure 5.33 - Grout control tests results 

 

In the fluidity tests it was used the cone method according to EN 445 (2008). From all the 

fluidity tests performed (54 tests), only two of them (one on M5 and another on one micropile 

of G3) presented results higher than 25 sec. (28 sec. and 26 sec. respectively). 

The concept behind the cone test is to evaluate the grout fluidity. It is made using a standard 

funnel (Figure 5.34) and consists in measuring the time that takes to drop 1l of grout. The 

results of those tests are presented on each layout result. It is recommended to obtain a time 

less or equal than 25 sec. 
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Figure 5.34 – Marsh cone standard measures 

 

For the exudation test, a 50 mm diameter beaker was used, as specified by the EN 445 (2008). 

This test was considered only for layouts 3, 4 and 5 and the results were rather different 

between them. The results obtained for layout 3 were unsatisfactory for M5 (3.7%) and 

satisfactory for M6 (1.3%). For layout 4 the results were both satisfactory for M7 and M8 

(1.7% and 1.3% respectively) and for layout 5 was unsatisfactory with 3.3% on the three 

mixtures measured. 

The exudation test consists in measuring the drop of the level of cement related to the water 

for 3h (exudation). For those tests, graduated test tubes are used (in this case with 50mm of 

diameter). The recommended results are less than 0.3% of variation. 

For the exudation tests the percentage of exudation is obtained by h1/h x 100, with h1 being 

the height of the grout after 3h and h the initial height of grout. 

The volume variation was controlled according to EN 445 (2008). The results of this test must 

be comprised between an interval of -1% and +5% according to the stated in EN 447 (2008). 

This test was carried out only on layouts 4 and 5. The results exceed the limits for layout 4 (-

3.4% and -5.4%) and are within the limits for layout 5 (0% for all the 4 mixtures tested). 

The volume variation test consists in measuring the drop of the level of grout for 24h. For 

those tests, some graduated test tubes were used (in this case with 50mm of diameter). The 

recommended results must stay between -1% to +5% variation. 

For the volume variation tests, the percentage is given by (h2-h)/h x 100, with h2 the height of 

the grout after 24h and h the initial height of grout.  
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Figure 5.35 shows a representation of the equipment for exudation and Marsh cone tests. 

 

Figure 5.35 – Grout tests equipment 

 

Finally, the compression resistance was determined, according to EN 447 (2008) and EN 196-

1 (2006), for all the layouts assembled, both for 7 and 28 days after the mixture and injection. 

The results obtained were all satisfactory according to limits imposed by the standard (27 

MPa and 30MPa respectively for 7 and 28 days), apart the results of layout 6 (22.3MPa and 

24.1MPa for 28 days) and in one mixture of layout 7 (22MPa for 28 days). In these two cases 

it was considered the full cross-section of the mold (1600mm2) (Figure 5.36) but the 

exudation was excessive on those specimens which conducted to a considerable soft layer on 

the top of the specimen (see Figure 5.37) which reduced the effective resistant area. 

  

Figure 5.36 – Grout compressive test specimens 

 

Exudation test tubes 

Marsh cone test 
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Figure 5.37 – Grout compression specimen appearance 

 

After the tests, the sand was removed, the micropiles were exhumed and the grout distribution 

was measured and recorded. Similarly to what occurs to production micropiles, there is some 

scatter in the distribution of the grout from test to test. Figure 5.38 and Figure 5.39 shows an 

illustration of the obtained geometries for all the considered specimens. 

  

Layout 2 

 

 

Layout 3 Layout 4 

Figure 5.38 - Single tests grout distribution 

 

Top soft layer 
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Layout 5 (G1) Layout 6 (G2) 

 

Layout 7 (G3) 

Figure 5.39 - Group tests grout distribution 

 

It was observed that the grout did not come out of the tube in a uniform way. This happened 

because the sand is so loose that the grout spread more horizontally than vertically along the 

tube walls, as preferable. In Figure 5.38 and for layout 2, it is also possible to observe a 

horizontal grout plate that was formed between the two single micropiles. 

By the end of the grouted tests and after the disassembling of the layouts, in some cases it was 

measured the grout placed around the micropile specimens. Table 5.5 resumes the results 

obtained both in terms of medium diameter for the grouted areas, as well as the total grouted 

length and the percentage of the grouted length related to the embedded length presented for 

each specimen before the pressure grouting. 
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Table 5.5 – Grout geometry 

Specimen 
Medium grout 

diameter (mm) 

Grouted 

length (mm) 

Embedded 

length (mm) 

Grouted 

length (%) 

M5 163 1010 2740 37 

M7 158 1010 2670 38 

M8 146 850 2700 31 

G1 (3B) 140 725 2690 27 

G2 (4B) 147 1123 2690 42 

G3 (5B) 142 960 2700 36 

 

5.5. Experimental results 

5.5.1. Overview 

The experimental results presented here correspond to the force-displacement curves, the 

resistance and the stiffness measured in each test, both cyclic and static/post-cyclic. 

The test sequence was kept unchanged in all layouts prepared. All specimens were tested first 

without grout in compression (monotonic or cyclic+monotonic) and after in tension 

(monotonic or cyclic+monotonic). After that sequence, the pressured grout was applied and 

then compression tests with grouted specimens (monotonic or cyclic+monotonic) were carried 

out, followed by tension tests (monotonic or cyclic+monotonic). 

As it may be observed in Figure 5.19 and Figure 5.20, most of the specimens assembled were 

instrumented with strain gauges, placed in 4 levels. The results obtained were not satisfactory 

because the induced strain level was low if compared with the noise level. Due to this fact, the 

strain results are not used in this analysis. 

For the sake of results comparison, it was considered that the failure displacement was 10% of 

the micropile diameter (10.16mm) for tension tests and 20% of the pile diameter (20.32mm) 

for compression tests. The difference of the failure displacements is related to the shape of the 

force-displacement curves where it can be checked that for 10mm of displacement, the tensile 

capacity is basically fully mobilized while for the compression cases the full mobilization 

occurs for higher displacements, in the neighborhood of 20mm, due to the influence of the 

end bearing. 

5.5.2. Resistance 

Figure 5.40 and Figure 5.41 present, respectively, the global and the cyclic portion of the 

force-displacement curves obtained for the grouted and ungrouted compression tests. 
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Similarly, Figure 5.42 and Figure 5.43 show the global and the cyclic portion of the force 

displacement curves of the tensile tests. It may be clearly observed that the load amplitude 

during the cyclic phase of the loading is larger for the grouted micropiles which shows the 

benefit and the improvement due to the grout injection. 
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Figure 5.40 - Force-displacement curves (single tests – compression) 
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Figure 5.41 - Cyclic detail (single tests – compression) 
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Figure 5.42 - Force-displacement curves (single tests – tension) 
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Figure 5.43 - Cyclic detail (single tests – tension) 

The global and the cyclic portion of the force-displacement curves of the tests on group 

specimens are respectively presented on Figure 5.44 and Figure 5.45. The beneficial effects of 

the grouting may be observed, as the load amplitude during the cycles is, once again, higher 

for the grouted micropiles. 
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Figure 5.44 - Force-displacement curves (group tests) 
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Figure 5.45 - Cyclic detail (group tests) 
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The results obtained, in terms of resistance and static (or post-cyclic when applicable) 

stiffness are presented in Table 5.6 and Table 5.7, respectively, for single and group tests. The 

resistance corresponds to the force obtained for the limit displacement considered for each test 

according to Figure 5.40, Figure 5.42 and Figure 5.44. 

Table 5.6 – Single tests resistance and static/post-cyclic stiffness 

Layout Micropile Loading Grout Resistance (kN) Stiffness (kN/m) 

2 

M3 

Compression No -4.04 662 

Tension No 2.28 1053 

Cyclic + Compression Yes -17.37 8333 

Cyclic + Tension Yes 2.66 7692 

M4 

Compression No -2.92 114 

Tension No 2.53 1220 

Compression Yes -22.07 885 

Tension Yes 7.34 1176 

3 

M5 

Cyclic + Compression No -5.66 1724 

Cyclic + Tension No 3.58 2273 

Cyclic + Compression Yes -42.91 14286 

Cyclic + Tension Yes 6.02 20000 

M6 

Cyclic + Compression No -5.82 806 

Cyclic + Tension No 7.68 3571 

Cyclic + Compression Yes -21.87 6250 

Cyclic + Tension Yes 2.29 3448 

4 

M7 

Cyclic + Compression No -4.73 1136 

Cyclic + Tension No 5.17 495 

Cyclic + Compression Yes -34.63 6667 

Cyclic + Tension Yes 11.47 7692 

M8 

Cyclic + Compression No -6.68 1667 

Cyclic + Tension No 5.49 1053 

Cyclic + Compression Yes -31.81 9091 

Cyclic + Tension Yes 8.99 7143 

 

According to Table 5.6, the comparison between the grouted and ungrouted specimens shows 

a substantial improvement on the resistance between 280% and 660% for compression tests 

on single micropiles. For the tension tests the improvement varies between 20% and 190% of 

the resistance found on the ungrouted tests (excluding micropile M6, where both the tensile 

resistances, ungrouted and grouted, are unreasonably different than expected). 
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Table 5.7 – Group tests resistance and static/post-cyclic stiffness 

Layout Group Loading Grout Group resistance (kN) Stiffness (kN/m) 

5 G1 

Cyclic + Compression No -26.26 11111 

Cyclic + Tension No 6.67 12500 

Cyclic + Compression Yes -145.96 17544 

Cyclic + Tension Yes 14.24 16129 

6 G2 

Cyclic + Compression No -23.91 20000 

Cyclic + Tension No 6.36 20000 

Cyclic + Compression Yes -145.47 50000 

Cyclic + Tension Yes 21.42 12500 

7 G3 

Cyclic + Compression No -26.14 10000 

Cyclic + Tension No 6.54 7143 

Cyclic + Compression Yes (higher than) -177.35 50000 

Cyclic + Tension Yes 37.57 50000 

 

In the case of the group tests, the improvement on the resistance due to the grouting, varies 

between 460% and 580% for compression tests while for tension tests the improvement goes 

between 110% and 470% as it may be seen in Table 5.7. 

Apart from M7 single specimen whose compression resistance is unreasonably low and M6 

whose tension resistance is unreasonably high, the compression resistance is always higher, as 

expected, than the correspondent tension resistance. For ungrouted single tests, the 

compression resistance is 20% to 80% higher than the tensile resistance. For the grouted 

cases, that difference varies from 200% to 850% of the tensile resistance. It should be stated 

that for settlements higher than 20mm, the compression resistances on the ungrouted tests on 

M6 and M7 overcome the values obtained for the tension tests. 

For the group tests, the compression resistance is higher from 280% to 300% of the tension 

resistances for ungrouted specimens, while for grouted it varies from 370% to 900%. 

It was also found that for the conditions of these tests, the group spacing effect was not 

significant for the ungrouted tests. If the results for the G1 group (spacing of 3B) are used as 

reference, it was obtained, in compression, a reduction of 9% in the 4B spacing and a 0% 

reduction for 5B. In tension, a reduction of 5% was obtained for 4B spacing and of 2% for 5B 

spacing. 

In the grouted tests the results present some differences but in these cases they are mainly due 

to the grout distribution along the pile length. In the compression cases, similar results were 

found for the 3B and 4B groups. For the 5B group, the equipment capacity was reached 

before the 20mm limit displacement was measured.  shows that the load-displacement curve 
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is stiffer than the obtained for the 3B and 4B tests. For a 10mm displacement, a resistance 

increase of 61% was found. In the tension tests, an increase of 50% in 4B and 164% in 5B 

was obtained. 

The group effect was observed by the comparison between the single and the correspondent 

group results. The mean value of resistance for the single compression ungrouted tests is 

R̅c,single=5kN, while the correspondent mean value for group is R̅c,group=25kN, which results on 

an efficiency of=125%. For the tension ungrouted cases, the single pile mean resistance was 

R̅t,single=3.8kN, while the group yielded R̅t,group=6.5kN and the efficiency was only =43%. 

Excluding the results from the tests without cyclic prior the monotonic loading (M3 and M4) 

and M7 due to the unreasonable result, the mean value for the resistance for the single 

compression ungrouted tests is R̅c,single=6kN which conducts to an efficiency of=104%, 

closer to an efficiency of =100% expected for this situation. 

The compression grouted tests provided R̅c,single=28.5kN, for the single specimens and 

R̅c,group=145kN for groups G1 and G2 (=127%). The mean tensile resistance obtained for the 

single grouted tests was 7.3kN while for groups was 24.4 kN (=84%). 

Taking into account the comparison between the compression and the respective tensile 

resistance, it may be observed that for the ungrouted specimens, the ratio R̅t,single/R̅c,single varies 

between 0.6 and 0.9 (excluding specimens M6 and M7 for the reasons presented before) and 

between 0.1 and 0.3 for grouted specimens on the single micropiles. The larger differences 

between the tension and the compression grouted resistances are related to the fact that the 

tensioned specimens are tested after the compression tests which can lead to a detachment of 

some grout, reducing that way the tensile resistance. 

For the group specimens, values of R̅t,group/R̅c,group close to 0.3 were obtained for ungrouted 

specimens and of 0.1 to 0.2 for the grouted cases. 

The resistances obtained are related to some singularities on the micropiles geometry. In the 

case of the ungrouted single micropiles it was observed that, the resistances for the layout 2 

were lower than for the other two single ungrouted layouts, due to the reduced grout exit holes 

levels. Those levels and respective protections added extra side resistance to the micropiles. In 

terms of grouted specimens it was observed that the amount of grout measured, in the end of 

the tests, around the tube (Table 5.5) is related to the resistance obtained. The M5 micropile is 

clearly the specimen with more grout around and consequently it provided more resistance 

than the others. In the case of micropile M3, a horizontal grout plate was created which 

provided high compressive resistance, but it broke close to the end of the test and the 

subsequent tensile resistance was low. The M4 micropile presented more grout than the 
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others, close to the tip of the tube, which improved both the compressive and also the tensile 

resistance. 

The grout distribution on the groups also influenced their resistance. On G1, the compressive 

resistance was high due to one horizontal plate formed in the middle of the micropiles. It 

broke after the test, leading to a relatively low tensile resistance. The G2 group presented a 

higher amount of grout around the piles which improved both the compression and the tensile 

resistances and G3 presented a grout layer connected to the soil container which improved 

substantially the compressive and tensile resistances. 

Table 5.8 presents the values obtained for the unit skin friction on the tension tests. It is 

presented, for each test, the percentage of grouted length in comparison with the embedded 

length, the correspondent medium diameter of the grout and the mean unit skin friction (qs) 

for each case. The value of mean unit skin friction presented for the grouted tests refers to the 

grouted length of the micropile while in the remaining portion it was assumed a value of unit 

skin friction similar to the value presented for the ungrouted tests. 

Table 5.8 – Unit skin friction 

Layout Micropile/Group Grout Medium Diameter (mm) Grouted Length (%) qs (kPa) 

2 

 

M3 
No 101.6 0 2.6 

Yes 156.0 a 0 b 3.0 c 

M4 
No 101.6 0 2.9 

Yes 156.0 a 35 a 11.7 c 

3 

M5 
No 101.6 0 4.0 

Yes 163.0 37 7.0 c 

M6 
No 101.6 0 - 

Yes 156.0 a 35 a - 

4 

M7 
No 101.6 0 6.0 

Yes 158.0 38 15.9 c 

M8 
No 101.6 0 6.3 

Yes 146.0 31 12.9 c 

5 G1 
No 101.6 0 1.9 

Yes 140.0 27 7.1 c 

6 G2 
No 101.6 0 1.8 

Yes 147.0 42 8.5 c 

7 G3 
No 101.6 0 1.9 

Yes 142.0 36 19.3 c 

a value not measured – mean value from M5, M7 and M8 specimens 
b assumed value due to the low grout distribution along the pile outside wall 
c mean unit skin friction on the grouted length. The mean unit skin friction on the ungrouted length of the 

micropile is similar to the value of the ungrouted specimens 
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The mean unit skin friction ranged from 2.6 to 6.3kPa for the single ungrouted micropiles and 

from 3.0 to 15.9kPa for the grouted single specimens. For these soil properties, considering a 

medium density of 1.58 g/cm3, a friction angle of 33.8º and a friction angle between the soil 

and the ungrouted pile =20º, the resulting mean unit skin friction is qs=3.8kPa. For the 

grouted micropiles, a value of qs=7.0kPa was obtained, considering the same soil properties 

except the friction angle between the soil and the ungrouted pile of =33.8º. Both values of 

the unit skin friction estimated for grouted and ungrouted tests are located in the interval 

obtained in the experimental tests. 

In the same manner, the unit skin friction varies between 1.8 and 1.9kPa for ungrouted group 

specimens and between 7.1 and 19.3kPa on the grouted group cases. 

The observation of Table 5.8 shows that the unit skin friction of the piles in the groups is 

lower than the determined for single micropiles and that is the reason why the group 

efficiency in tension is lower than 100%. The explanation to this fact lies on the pile 

installation procedure. As the groups were placed prior to the sand, the access to pluviate the 

sand on the central area between the piles was limited, and the sand was likely on a looser 

state, conducting to lower friction angles and consequently to lower values of the unit skin 

friction. 

5.5.3. Stiffness 

In terms of monotonic stiffness (km), measured after the cyclic phase as shown on Figure 5.46, 

it was observed in Table 5.6 and Table 5.7 that the values obtained are higher for grouted than 

for ungrouted tests, both for single and for group specimens, as expected. The estimation of 

the monotonic stiffness is based on the illustration of Annex E. The effect of the grouting on 

the stiffness of the single micropiles conducts to a variation between 1.0 and 15.4 between 

grouted and ungrouted. For the group tests, the same variation goes between 1.3 and 7.0 

(excluding G2 where the tensile grouted stiffness is unexpectedly lower than the 

correspondent ungrouted). The improvement caused by the grout is more prominent on the 

single micropiles than in the group. 

Considering the mean value of the monotonic stiffness of the single micropiles without cyclic 

loading and comparing it with the mean value of the monotonic stiffness of the single 

micropiles with cyclic loading, a lower value for the tests without cyclic loading was 

obtained. The values obtained for the ratio of stiffness’s were comprised in the interval of 0.1 

to 0.6. However it is important to refer that the specimens without cyclic loading were the 

specimens from layout 2 (M3 and M4) which had less grout exit hole levels and consequently 

less resistance and stiffness than the rest of the specimens. 
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Figure 5.46 - Cyclic and monotonic stiffness estimation procedure (generic curve) 

 

The cyclic stiffness (kc) was determined using the method presented in Figure 5.46. In this 

generic representation of a cyclic loading, the cyclic stiffness is defined as the inverse of the 

slope of the line connecting the two cycle extremes. 

The values obtained for each test where the cyclic loading was considered are presented in 

Figure 5.47 for the single tests and on Figure 5.48 for the group tests. 
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Figure 5.47 - Single tests cyclic stiffness 
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Figure 5.47 - Single tests cyclic stiffness (cont.) 
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Figure 5.48 - Group tests cyclic stiffness 

 

From the analysis of Figure 5.47 and Figure 5.48 it is possible to observe, as expected and in 

the same manner as in the static/post-cyclic stiffness, that the grouted specimens presented a 

higher cyclic stiffness than the correspondent ungrouted specimen, both for single and group 

tests. For this analysis, the mean value for the stiffness of the 5 cycles (or 10 cycles in the case 

of M8 micropile) was considered. 
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On the single tests, the improvement caused by the grout in the cyclic stiffness varies from 

12.7 to 52.7 times for the compression tests and between 1.5 and 8.9 for the tension cases. 

The respective results for the groups vary from 11.6 to 19.3 for compression tests and around 

1.0 to 2.8 for the tensile tests. 

It was observed, in Figure 5.47 and Figure 5.48, that the cyclic stiffness variation from cycle 

to cycle is quite small including the variation obtained for M8 specimens where a higher 

number of cycles (10 cycles) was applied. 

5.6. Final comments 

The grouted specimens show higher resistances than the corresponding ungrouted cases. This 

improvement is more emphasized in compression than in tension tests. 

The gain in the resistance is expected and it is due to the increase of grout-to-ground bond 

strength, the micropile diameter and the improvement of the soil characteristics as was 

observed in the DMT tests. 

In both the single and the group tests, it was observed that the grout causes improvement in 

the specimens’ resistances, as the larger cycles (higher force amplitudes) were obtained. This 

was expected because of the force required to mobilize an imposed displacement was higher 

in grouted specimens. 

In the large majority of the tests, with exception of M6 and M7, the compression resistances 

are higher than the correspondent tension resistance due to the influence of the tip effect. Both 

for single and group tests, the differences are higher for grouted than for ungrouted 

specimens. For higher displacements of M6 and M7, higher compression than tension 

resistances were obtained, which was in agreement with the rest of the tests. 

The spacing effect is not significant for the ungrouted tests because the increase in the 

micropiles spacing lead to very reduced differences between the ungrouted sets. The 

differences observed for grouted specimens are higher but in this case it is not possible to 

state that the tests conditions are similar from each layout because, as it was presented, there 

are differences between the grout distributions from test to test.  

A comparison between the mean values of resistance of the single specimens and the 

correspondent group specimens (group effect) showed that the efficiency coefficient is higher 

than 100% for the compression tests, in the case of the ungrouted tests. If the results from the 
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specimens without cyclic loading, prior the monotonic were neglected, the efficiency 

coefficient is close to 100%. 

The values obtained for the mean unit skin friction on single micropiles, both grouted and 

ungrouted, fall quite well within the analytical estimations performed ahead of the tests. The 

values for the unit skin friction for the single micropiles when compared with the group 

specimens were, in average, higher 132% for ungrouted tests and 29% for grouted tests. The 

looser sand in the middle of the group specimens may have conducted to lower friction 

angles. 

The obtained static monotonic stiffness (or post-cyclic when applicable) is, in average, 490% 

higher for the grouted than for the ungrouted specimens. The improvement of the grout is 

more relevant on the single micropiles where an average improvement of 630% was obtained 

against an improvement of 200% for the group cases. 

The monotonic stiffness of the specimens with cyclic loading was in average 476% higher 

than the obtained for specimens without cyclic loading, unlike expected. 

In the case of the cyclic stiffness it was concluded that, for every case studied, the grouted 

specimens provided higher stiffness than the correspondent ungrouted, both for compression 

and tension loadings with an average improvement of 1280%. The improvement is much 

more evident on the compression tests than on the tensile as it was obtained, respectively, 

average values of 1820% and 270% of improvement. 

The comparison between the compressive and the tensile cyclic stiffness shows that for the 

ungrouted single tests, the tensile cyclic stiffness is in average 250% higher than the 

respective compressive, while for the grouted tests an average improvement of 150% was 

observed between the compressive and tensile tests. This is due probably to an increase in the 

sand density after the compression ungrouted tests resulting in higher tensile ungrouted cyclic 

stiffness, while in the grouted cases it may occur a detachment of some grout after the 

compression grouted tests conducting to lower tension grouted cyclic stiffness values. 

On the group tests, taking as the exception the G1 group, the compressive stiffness is higher, 

570% on average, both for ungrouted and grouted tests. 

As the relevance of the grouting in both strength and stiffness of the micropiles was shown, it 

is therefore very important to achieve the best grouting procedure in order to optimize use of 

the micropile and promote the highest ground-to-grout bond strength. 
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6. HYBRID FOUNDATIONS – NUMERICAL ANALYSIS 

6.1. Introduction 

The behaviour of small scale micropiles placed in loose sand was estimated according to the 

experimental procedure presented in the previous chapter. The results obtained are used for 

the calibration of finite element models to allow the prediction of their behaviour when 

installed on soils with better mechanical properties and for micropiles with different length. 

The improvement caused by the installation of micropiles in dense sand will be analysed and 

compared with the results obtained for the sand with a density index ID=30%. 

The simulation of the experimental tests presented in chapter 5 was done using a finite 

element software (Plaxis, 2006) where the stress-strain behaviour of the soil was modelled by 

the use of the non-linear Mohr-Coulomb and Hardening Soil material models. The main goal 

of the analysis presented in this chapter is to ensure about the accuracy and fitness of the 

numerical method to estimate the behaviour of micropiles and to understand their behaviour 

when installed in hybrid foundations. A comparison (vantages and disadvantages) of both soil 

models considered in the assessment of the micropiles will also be presented. 

Along with the mechanical properties of the sand estimated by Ferreira (2014) and obtained 

with triaxial tests, it was also performed a numerical calibration of the obtained results for the 

sand with the two different index densities of ID=30% and ID=70%. The values obtained by 

Ferreira (2014) with this calibration procedure will be presented and will be considered in the 

analysis. The soil elastic modulus E in the case of MC model and E50
ref, EUR

ref and Eoed
ref for 

the case of HS model will be estimated for each confining stress conditions. In order to 

understand the effect of each parameter in the behaviour of the micropile, a sensitive analysis 

was considered and presented. 

The calibration of the experimental tests of chapter 5 was done with the objective of 

determining a proper value for the elastic modulus of the soil for both models along with a 

proper value for Rinter on the interface between the soil and the micropile. Based on the results 

and procedure considered during the calibration process, an extrapolation of the results was 

done for micropiles with more realistic dimensions (12m long and grouted diameter of 

250mm) installed both in loose and dense sand. 
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Considering the results obtained with the extrapolation process (resistance and stiffness) an 

upgraded analysis of the results presented in the design of chapter 4 is presented along with a 

proposal of a bilinear behaviour for the springs of micropiles grouted considering the same 

technique and installed in sand with similar mechanical properties and densities as considered 

in the study. A detailed analysis of the micropile behaviour under the wind induced vibration 

in the tower and foundation will be addressed and commented. 

6.2. Material Models 

6.2.1. Overview 

Plaxis (Plaxis, 2006) is the finite element software applied for this analysis. In this software it 

is possible to find different material models available for different soil and in-situ ground 

conditions such as the Jointed Rock Model to simulate rock and the Soft-Soil-Creep and the 

Soft Soil models are considered for soft soil. 

According to Plaxis (Plaxis, 2006) the most appropriate model to simulate the soil-pile 

interaction in sands considering FEA is the Hardening-Soil model (HS), however there are 

more available material models. 

Linear elastic model is the simplest available with a linear stress-strain relationship given by 

Hooke’s law, however it is not suited in this case because the soil presents a strongly inelastic 

behavior. It will be considered for the simulation of the micropile. 

The Mohr-Coulomb model (MC) is elastic perfectly-plastic considering a fixed yield surface. 

It is a good first order approximation, providing a trustfull first insight in the soil behavior and 

consequently in the micropile properties. Its main advantage is the capability to adopt a 

constant modulus for each soil depth (or linear variable in depth if required), thus decreasing 

the computational effort, making it quite fast, but on the other hand it can be excessively 

simple and not representative of the actual soil behavior. 

The main characteristic of the HS model is the advanced hyperbolic soil model formulation, 

in the framework of hardening plasticity and it is defined by 3 different elastic moduli, which 

is one of the differences with MC model which is defined by only 1. The value of the 

elasticity modulus of the soil is also dependent on the confining stress at the considered point. 

The main advantages of the model are therefore the more accurate stiffness definition versus 

the MC model, the consideration of the dilatancy and the yield surface that can expand. The 

shortcomings are the high computational costs and the non inclusion of the viscous effects 

and the softening of the soil. 
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For the reasons presented, the HS model is the most appropriate model available in Plaxis 

(Plaxis, 2006) for the simulation of the given problem however in this case the results 

provided by this model will be compared with the results provided by the MC model. The 

micropile will be simulated considering a linear elastic model according to Figure 6.1. 

   

Numerical Model 

   

      

        

        

Soil: 

Hardening Soil 

Mohr-Coulomb 

 
Pile: 

Linear elastic 

 
Interface: 

Mohr-Coulomb 
  

Figure 6.1 – Numerical modelling strategy 

 

The interface of the model is simulated according to the Mohr-Coulomb behavior law (Eq. 

(6.1)) and the level at which (plastic) slipping occurs is directly controlled by the strength 

properties of the soil and the inputted Rinter value of the relevant material set. Rinter value 

relates the interface strength to the soil strength (friction angle and adhesion) (Plaxis, 2006). 

According to the reference manual of Plaxis, the strength reduction factor for the friction 

angle should be given by Rinter.tan(ø’) however, and after several tests, the shear strength of 

the interface should be estimated according to the expression (6.1). 

)'tan('' int  erN Rc   (6.1) 

 

The scope of each geotechnical problem in terms of shear strain is presented in Figure 6.2, 

which is in accordance also with the comments of Herold and von Wolffersdorff (2009). The 

HS small strain model is presented as an upgraded version of HS standard model in order to 

handle the commonly observed phenomena of strong stiffness variation and hysteretic, 

nonlinear elastic stress-strain relationship applicable in the range of small strains (Obrzud 

2010). HS small strain model can be useful for dynamic applications or for unloading-

conditioned problems and it is suited to simulate the most part of the existing soils however it 

is not implemented in the version of Plaxis (Plaxis, 2006) used in this thesis. 

The material model recommended for each design situation can be found according to the 

diagram of Figure 6.3. Obrzud (2010) presented recommendations based on the material 

models available in the software Z Soil. The behaviour of both MC (Drucker-Prager) and HS-

Standard are equivalent to MC and HS models available in Plaxis. The range of validity of HS 

model is higher than MC. 
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Figure 6.2 - Typical representation of stiffness variation in as a function of the shear strain 

amplitudes; comparison with the ranges for typical geotechnical problems and 

different tests (Obrzud, 2010) 

 

 

Figure 6.3 - Recommendations for the soil model choice for soil type and types of analysis. 

Dashed line: may be used but not recommended in terms of quality of results; 

Solid line: can be applied; HS models: recommended (Obrzud, 2010) 

 

6.2.2. Mohr-Coulomb model 

Mohr-Coulomb model is usually considered for a first approximation of the behavior of soils 

although it doesn’t represent their non-linear behavior. The MC model is a very suited 

solution for a limit state analysis (bearing capacity, slope, wall stability…) (Obrzud, 2010) 

since it provides good approximation to the failure loads with low computational 

requirements. 

It is an elastic and perfectly plastic model in which the soil present a linear behavior until 

failure, given by the Mohr-Coulomb failure criteria. After the failure there is no stiffness and 

there is an increase in the plastic deformations even without an increase in the stress. 
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Figure 6.4 shows a comparison between the curves obtained in a triaxial tests and the 

approximation provided by the Mohr-Coulomb model. 

 

Figure 6.4 – Approximation of MC model result to a triaxial test curve 

 

For the use of this model it is required to define the soil friction angle (φ), cohesion (c), 

Poisson’s ration (ν), dilatancy angle (ψ) and the Young’s modulus (E). 

6.2.3. Hardening Soil model 

The Hardening Soil model is an advanced material model since it allows the modeling of the 

non-linear properties of the soil due to the advanced hyperbolic soil model formulation in the 

framework of hardening plasticity. 

The HS model is suited for a deformation analysis (pile or retaining wall deflection, supported 

deep excavations, tunnel excavations, consolidation…) (Obrzud, 2010). 

The characteristic stress strain curve of the HS model are presented in Figure 6.5 along with 

the initial (E50) and unloading/reloading (EUR) elastic moduli. 

The HS model is defined by 3 different elastic parameters including the two parameters 

defined in Figure 6.5 added to the oedometer modulus obtained in the oedometer test (axial 

loading without radial expansion). All the moduli in this model are function of the effective 

confining stress σ’3. 

Expressions (6.2), (6.3) and (6.4) define, respectively, the values for the secant stiffness at 

50% of the failure load, the unload/reload modulus and the oedometer modulus for a reference 

confining stress (pref) usually taken as 100kPa. 
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Figure 6.5 – HS characteristic stress-strain curve and parameter definition (Plaxis, 2006) 
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(6.4) 

 

The value for Eoed
ref is commonly taken as similar to the E50

ref for design purposes and 

according to Schanz and Vermeer (1998) it is a valid assumption however keeping in mind 

that the normalization of the oedometer modulus is given by σ1’ while for the initial modulus 

is given by σ3’. For this analysis is considered a value Eoed
ref=E50

ref. 

In this model there are two different surfaces that can generate plastic deformation when they 

are reached. They are designated hardening and cap surface and their representation is 

presented in Figure 6.6. The position of the cap and the hardening surfaces are numerically 

controlled, respectively, by the parameters OCR (overconsolidation ratio) and POP (pre-

overburden pressure). 

If the numerical parameters are set as default (OCR=POP=1), the initial point is coincident 

with the cap surface, so after any loading of the soil, there will be plastic deformation along 

with elastic deformation. Figure 6.7 shows the graphical definition of OCR and POP. 
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Figure 6.6 – Principal stress space representation of HS model surfaces (Plaxis, 2006) 

 

 

Figure 6.7 – Illustration of vertical preconsolidation stress in relation to the in-situ vertical 

stress using OCR and POP (Plaxis, 2006) 

 

Figure 6.8 shows the evolution of the stress state, the referred surfaces and the failure line in 

the p-q’ plan along with common loading trajectories. 

The effect of the POP value on the behaviour of the model was studied in a model performed 

to simulate a constrained specimen under pure shear according to the geometry presented in 

Figure 6.9. A prescribed variable displacement between 0 and ±1mm was applied on the side 

surface while on the top surface it was applied a constant vertical displacement of -1mm and a 

horizontal displacement equal to the maximum displacement at the side surface at each load 

step. The model is 5x2m2 square with very fine mesh and the displacements of the base of the 

model are fixed both in vertical and horizontal directions. The presented results were obtained 

in the center area region in order to avoid any numerical problems related with the side edges. 

cap surface 

hardening 

surface 
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I: purely elastic response 

II: purely frictional hardening with f 

III: material failure according to Mohr-Coulomb 

IV: Mohr-Coulomb and cap fc 

V: combined frictional hardening f and cap fc 

VI: purely cap hardening with fc 

Figure 6.8 - Evolution of the stress state and yielding surfaces of HS model (Sture, 2004) 

 

  

Figure 6.9 – Shear model geometry 

 

In this analysis, a displacement pattern was applied to simulate 5 cycles in a model with HS 

material model. According to the results presented on Figure 6.10a in terms of force-

displacement curves it is possible to understand a decrease in the cycle hysteresis with the 

increase in the POP value (moving of the cap surface) which shows a reduction of the plastic 

deformation in the soil as expected according to the formulation presented. For the s’-t 

graphic in Figure 6.10b it is possible to understand that all the models follow the K0 line of 

loading and the plastic deformation occurs latter in the loading pattern with the increase in the 

cap position. 
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Figure 6.10 – Cap position influence (5 cycles) 
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6.3. Numerical parameters – soil properties and numerical model 
values 

The soil physical and mechanical properties were evaluated by Coelho (2011) and Ferreira 

(2014). Ferreira (2014) also performed a numerical calibration of the triaxial tests in order to 

obtain the relevant numerical parameters to proper simulate the material behaviour 

considering the use of Mohr-Coulomb and Hardening Soil material models implemented in 

Plaxis (Plaxis, 2006) software. 

The results for the characterization tests carried out are presented in chapter 5.4.2. The 

detailed properties obtained in the triaxial tests carried out by Ferreira (2014) for the 3 

different confining stresses (50, 100 and 200kPa) are presented in Table 6.1. 

Table 6.1 – Soil mechanical properties – triaxial tests (Ferreira (2014)) 

 σ'c (kPa) E50 (MPa) ν ψ’ (º) c' (kPa) φ’ (º) 

Low Density 

(ID=31,2%) 

50 15 0,3 4,3 

0 37 100 27 0,3 3,8 

200 42 0,3 3,5 

High Density 

(ID =67,3%) 

50 25 0,2 15,7 

0 45 100 36 0,2 14,8 

200 68 0,2 12,5 

 

In the scope of the work carried out by Ferreira (2014), a numerical calibration of the 

presented triaxial tests was accomplished. The material behaviour parameters obtained for the 

considered sand are presented in Table 6.2 and are available both for Mohr-Coulomb and 

Hardening Soil material models. The elastic parameters presented in Table 6.2 for the MC 

model were obtained by the calibration of the triaxial tests of the specimens with 50kPa of 

confining stress. 

According to the Plaxis formulation of the HS material model, some combinations of values 

of K0 and Eref
oed are not possible to be considered by the software. By the observation of 

Table 6.2, Ferreira (2014) opted to change the value of K0 to allow the use of a fixed value of 

Eref
oed. In this study it was assumed to use Eref

oed=Eref
50 and a fix value of K0 given by Jaki’s 

expression (K0=1-sen(φ)) since K0 influences directly the shear resistance of the system. The 

considered value for K0 in HS model is, therefore similar to the value used in MC model and 

presented in Table 6.2. 

In the present study, the mechanical properties of the sand determined by Ferreira (2014) will 

be considered and the calibration procedure presented following will be focused only on the 
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determination of the values for the elastic properties of both MC (E) and HS (Eref
50, E

ref
oed, 

Eref
ur) as well as the resistance parameter Rinter that fits better to the results of the experimental 

tests presented on chapter 5. 

Table 6.2 – Calibration parameters for MC and HS models 

  
Model 

Parameter Unit 
DR30 

MC E50 

DR30 

MC E80 

DR30 

HS E50 

DR70 

MC E50 

DR70 

MC E80 

DR70 

HS E50 

γ (kN/m3) 15.95 15.95 15.95 17.3 17.3 17.3 

Φ' (º) 38.0 38.0 38.0 46.1 46.1 46.1 

Ψ (º) 4.3 4.3 4.3 15.7 15.7 15.7 

Cref (kN/m2) 0.10 0.10 0.11 1.00 1.00 1.00 

υ/vur - 0.3 0.3 0.3 0.2 0.2 0.2 

E (kN/m2) 15 000 8 000 - 25 000 16 000 - 

Eoed (kN/m2) 20 192 10 769 - 27 778 17 778 - 

Gref (kN/m2) 5 769 3 077 - 10 417 6 667 - 

Eref
50 (kN/m2) - - 27 000 - - 36 000 

Eref
oed (kN/m2) - - 36 346 - - 40 000 

Eref
ur (kN/m2) - - 81 000 - - 108 000 

pref (kN/m2) - - 100 - - 100 

k0/knc
0 - 0.384 0.384 0.403 0.279 0.279 0.322 

m - - - 0.7 - - 0.5 

 

6.4. Numerical model description and calibration 

 

6.4.1. Numerical model description 

The values of the mechanical properties of the sand considered for the analysis are presented 

in Table 6.2. The goal of this calibration is to obtain feasible values for the friction coefficient 

between the micropile pipe and the soil (Rinter) and for the elastic parameters of both adopted 

soil models. A sensitivity analysis is presented in order to expose the influence of each 

relevant parameter of the soil models in the behavior of the micropiles. 

The calibration was conducted in order to allow an extrapolation of the small scale 

experimental tests results to micropiles with realistic dimensions (12m long and 250mm of 

diameter) installed both in loose and dense sand. The results obtained are used for a 

comparison with the considered values (resistance and stiffness) in the design of the hybrid 
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foundations presented in chapter 4. A comparison between soil models (HS and MC) is 

presented (advantages and disadvantages of each one). 

The general configuration of each finite element model developed is presented in Figure 6.11. 

An axisymmetric model was used to simulate only half of the set-up of Chapter 4 (1m radius 

and 3.5m high). The mesh was defined with triangular 15-node elements. Two layers of the 

same soil were considered in order to allow the proper simulation of the two different friction 

interfaces (soil-soil in the bottom part (Rinter =1) and soil-pipe (or soil-grout when applicable) 

in the top part). The mesh was set to fine in all cases. 

The boundary conditions adopted were standard fixities, corresponding to sliders in the 

vertical direction (tube wall and axis of symmetry) and a full fixity in the horizontal direction 

(container base). 

In order to understand the effect of the modelling of the interface, a second model (model 2) 

was compared with model 1. The geometry was similar to what was presented before but the 

interface was considered also at the micropile base as presented in Figure 6.12. 

  

Figure 6.11 – Numerical model geometry and elements mesh (model 1) 

 

For the pile properties, an auxiliary calculation is needed to determine the value of the 

equivalent elasticity modulus to be considered in the model. The axial stiffness of the model 

must be equal to the real micropile stiffness, however as the micropile was modelled with 

continuous elements, the calculation according to expression (6.5) was performed. 
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Figure 6.12 – Interface position and description (model 2) 

 

Considering 1108.4mm2 for the area of the real pile, 8107.3mm2 for the area of the model and 

210GPa for the elasticity modulus of the tube, the value obtained for the equivalent elasticity 

modulus to be considered in the model is 29GPa. 

By comparing the results from both models, each using three different soil densities, it was 

concluded according to the Figure 6.13, that force-displacement curves are quite similar. 

Having this conclusion in mind, model 1 was adopted to continue the study. 
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Figure 6.13 – Compression force-displacement curves (different soil densities) 
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The main difference in the response of the model observed in the force-displacement curves is 

located after the full mobilization of the shear strength of the micropile where the tip 

resistance plays an important role. The only difference between the models is in the modelling 

of the tip. In model 1 the tip contribution is simulated as rigid for shear strength along the pile 

tip (x direction) while for model 2 the shear effect in the tip of the micropile is simulated with 

given value for friction between pile and soil. Since the most predominant stresses in this 

analysis are normal stresses, the effect of the shear behaviour of the tip do not lead to any 

major differences in the results between both models evaluated. 

The comparison of the tension behaviour of both models is presented in Figure 6.14. In the 

case of tension, where the side resistance is the only active component in the resistance of the 

foundation, there is a complete similarity in both models. 
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Figure 6.14 – Tension force-displacement curves (different soil densities) 

 

In order to evaluate the effect of the rigid boundaries of the model, an analysis was performed 

by increasing the distance between the micropile and the rigid edges of the model. An 

increase in 4m in the height and 6m in width was carried out and the results obtained (force-

displacement curves) are presented in Figure 6.15 and plotted against the corresponding 

results for the real geometry presented before and used in the experimental tests presented in 

Chapter 4. 

As expected, the results provided by the increased geometry conduct to lower resistances 

since the confinement of the sand is lower in these models due to the higher distance between 

the micropile tip and the rigid boundaries in the bottom of the model. The main difference in 

the curves can be observed mainly in the tip resistance “component” of the curves. 
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Figure 6.15 – Compression force-displacement curves comparison between real 

(experimental) and augmented model dimensions 

 

6.4.2. Sensitivity analysis 

The parameters that were evaluated in this procedure were EOED, EUR, ν, ψ and K0 values. 

Each one of these parameters was analysed independently in different models and with 

different geometric dimensions. In each case, all the numerical model parameters and 

geometries were kept constant and it was changed only the parameter analysed. 

The effect of the oedometer modulus EOED, adopted on the HS model, on the response of the 

model is presented in Figure 6.16. This evaluation was done for a compression example and 

considering the same geometry and the same soil parameters except EOED value. It is possible 

to understand by the analysis of Figure 6.16 that the value of EOED does not affect the force-

displacement behaviour of the micropile on the elastic portion of the curve when the side 

friction is the dominant resistance of the micropile. On this compression example, the only 

difference occurs in the tip resistance behaviour after the mobilization of the side friction 

resistance as there is an increase in the isotropic stress at the micropile tip whereas near the 

pile side the stress increase is mainly due to shear. 

The effect of the unloading-reloading modulus EUR, on the behaviour of the micropile was 

also considered in this calibration analysis. The effect of this parameter was studied both for 

tension and compression cases in order to understand the differences. The obtained behaviour 

is presented on Figure 6.17 for the compression and tension cases. 
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Figure 6.16 – Effect of the EOED (kPa) value on the response of a 12m long micropile (HS 

model with Rinter=0.9)  
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a. Compression (HS – Rinter=1.0) b. Tension (HS – Rinter=0.3) 

Figure 6.17 – Effect of the EUR (kPa) value on the response of a 3m long micropile 

 

In this case it is possible to observe that the variation of value of EUR does not lead to any 

change in the initial stiffness of the micropile under monotonic compression while for 

monotonic tension there is a slight change. 

Having the formulation of the HS model in mind, this means that in the monotonic tension 

model some elements of the finite element mesh have a reduction effective isotropic stress 

(p’) in which leads to the use of this value for calculation purposes both for unloading and/or 

reloading of those points. This effect does not occur in the monotonic compression example 

since the initial stiffness obtained is the same regardless of the value of EUR
 inputed in the 

model. For the sake of comparison, the initial stiffness of the compression model with 

EUR=81000kPa on Figure 6.17a is 2500kN/m while for the correspondent tension model of 

Figure 6.17b is 3600kN/m showing the different influence of the elasticity parameters in the 

initial stiffness of the system. 
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The dilatancy angle also plays a very important role in the micropile behaviour. A variation of 

this angle was performed both for compression and tension cases. A variation of this 

parameter was considered in some cases and the obtained results are presented in Figure 6.18 

both for tension and compression. 

In this case, tests under different dilatancy conditions were tested. For the compression cases, 

examples with the obtained dilatancy of the loose sand presented in Table 6.2 were considered 

(ψ=4.3°), cases without dilatancy in all the soil and only under the micropile (base) and also 

one case with the cut-off option activated. The analysis was replicated for the tensile models 

except for the cut-off example. 

The first conclusion to be drawn from this analysis is that the dilatancy angle only plays some 

role in the tip resistance behaviour. The initial stiffness and the shear resistance are not 

influenced by this parameter. 
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a. Compression (Rinter=0,2; MC – E=5000kPa; 

HS – E50
ref=10000kPa) 

b. Tension (Rinter=0,3; MC – E=15000kPa; HS – 

E50
ref=27000kPa) 

Figure 6.18 – Effect of the dilatancy angle value on the response of a micropile 

 

It was also observed that there is no difference in considering a null dilatancy angle in all the 

model or only in the soil under the micropile. This conclusion is logical since the dilatancy 

angle only influences the tip resistance which is assured by the underlying soil and so the 

dilatancy of the soil on the side of the micropile which influences only the side resistance of 

the foundation does not affect the micropile response. 

The final conclusion of this analysis is that the inclusion of the dilatancy cut-off option does 

not affect the micropile behaviour if it is compared with the same model without cut-off. This 

means that in these simulations the plateau of the dilatancy is not achieved and the dilatancy 

of the soil follows the same path both in cases with full dilatancy and cut-off dilatancy. 
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The effect of the at-rest coefficient of horizontal earth pressure K0 was also studied. Figure 

6.19 presents the results of two analyses where only the value of K0 varied. As expected, the 

higher K0 results on a higher resistance. 

According to the equation (6.6), the shear resistance at the soil-micropile interface is directly 

dependent on the value of K0. For an increase in the value of K0 there is an increase in the 

confining stress leading therefore to an increase in the value of the shear resistance of the 

micropile. 

)'.tan('' int erh Rc    

hKh ..' 0    
(6.6) 

 

The last parameter to be analysed was the Poisson’s Coefficient (ν). The analyses were 

conducted for a generic compression ungrouted model by changing only the value of ν for 

both soil models considered. The force-displacement curves obtained are presented in Figure 

6.20. 
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Figure 6.19 - Effect of the K0 value on the response of a micropile 

 

The difference in the models occurs only in the area of the curve after the full mobilization of 

the side friction for the MC model because a higher value of ν should provide lower 

volumetric deformations leading therefore to lower vertical displacements as obtained in this 

case. HS model conducted to similar results both for models with ν=0.3 and ν=0.5 

(incompressible soil). 

The parameters that directly affect the initial stiffness of the micropiles are the values of E 

(MC model) and E50
ref/EUR

ref (HS model) as it can be concluded from the sensitivity analysis 

presented. The variation of the other parameters tested influence the behaviour after the full 

mobilization of the shear resistance. The most relevant conclusion of this analysis is that the 

initial stiffness of the micropile in the HS model is governed by the value of E50
ref for the 
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compression cases while for the tension there is also a mobilization of the value of EUR
ref. 

Having the conclusions of the previous analysis in mind, for the sake of the analysis of the HS 

models, the value of EOED
ref=E50

ref was adopted following the procedure of Schanz and 

Vermeer (1998) and the value of EUR
ref=3xE50

ref as considered by default in Plaxis (Plaxis, 

2006). 
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Figure 6.20 - Effect of the ν value on the response of a micropile (Rinter=0,2; MC – 

E=5000kPa; HS – E50
ref=10000kPa) 

 

6.4.3. Numerical model calibration 

For the legend of the figures in this calibration section as well as in the rest of the document, 

the parameters presented are the values inputted on Plaxis to provide the results presented. For 

instance, the value of E of MC refers to the constant elastic modulus of the soil inputted while 

for the HS E stands for the inputted E50
ref while the remaining elastic parameters are set 

according to the conclusions of section 6.4.2. The legend value of E is always in kPa. The 

values that are not mentioned in the legends are the same as presented in Table 6.2. 

In the calibration process it was not considered the value of the self-weight of the 

experimental specimens (micropile pipe (and grout when applicable) and top plate). The 

numerical results were compared with the correspondent experimental force-displacement 

curves presented in chapter 5 removing the value of the self-weight. 

6.4.3.1. Monotonic tests on single specimens 

Taking into consideration the comments and conclusions presented in section 6.4.2, some 

models were prepared in order to calibrate (back-analyse) the results from the experimental 

tests presented in chapter 4. 
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The force-displacement curves for models M3 and M4 of chapter 5 are presented in Figure 

6.21. 
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Figure 6.21 – Calibration force-displacement curves for monotonic tests 

 

For the calibration of the monotonic compression tests on ungrouted single specimens, some 

assumptions were made to estimate a proper value for the elasticity modulus to be considered 

for the numerical simulation. The elasticity modulus of the soil will influence the initial 

stiffness of the micropile and also the tip behaviour (in the case of the compression tests). 

In this case, three different assumptions were tested for the MC model. 

First it was tested the elastic modulus obtained in the triaxial test with a confining effective 

stress of 50kPa (even though the value of 9.19kPa of confining (horizontal) stress at mid-

depth is considerably lower in these tests), then it was tested an approximate elasticity 

modulus based on the results of the DMT tests presented in section 5.4.2 and finally it was 

assumed the value obtained using a regression of the values obtained in the triaxial tests for 

the three different confinement stresses and for loose sand (ID=30%). 

For the MC model and for a confining stress of 50kPa, the calibration of the triaxial tests 

performed by Ferreira (2014) provided a value for E=15MPa (Table 6.2). 
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In the case of the DMT tests and applying the expression (6.7) that relates the value of E and 

the measured value of the constrained modulus M, considering an average value of 2.2 MPa 

for M and a value of 0.3 for ν, the value obtained for E is 2.2MPa. 
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The values of the deformability modulus determined in the triaxial tests for 3 confining 

stresses (50, 100 and 200kPa) are presented in Figure 6.22. They were used to determine the 

parameters of the hyperbolic model (Duncan and Chang, 1970) in a power law similar to the 

used in the HS model (E=k.(σ’3)
m). The values for E obtained for each confining stress and 

considered in this interpolation are presented in Table 6.3. The resulting equation was used to 

determine the modulus for the confining effective stress representative of the model.  

Table 6.3 – E values for MC model (triaxial tests calibration) – loose sand 

Confining stress, ’3 

(kPa) 
E (MPa) 

50 15 

100 27 

200 42 
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Figure 6.22 – Power regression for E value (low density sand) 

 

The value for the horizontal stress at 1.5m depth (half length of the micropile) is, in this case, 

9.19kPa which leads to a value for E=4.4MPa. For the sake of modelling it was considered 

E=5MPa. The obtained value is similar to what would be obtained using the common 

procedure proposed by Janbu (1963) where the dependency of the soil elastic modulus in 

relation to the confining stress is given by E=k.pa(σ’3/ pa)
n where k and n are dimensionless 
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and obtained according to the procedure of Figure 6.23 and pa is the atmospheric pressure in 

the same units as the confining stress. 
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Figure 6.23 – Dependency of the elastic modulus and the effective confining stress (adapted 

from Matos Fernandes (2011)) 

 

For the calibration of the monotonic tension tests on ungrouted specimens, the modulus 

determined in the triaxial test with a confining stress of 50kPa was used. 

According to the observation of Figure 6.21a it can be stated that for the MC model, the value 

for E that best suits the experimental curves is E=5MPa. The value of E=2MPa proved to be 

too low in comparison with the experimental results and the value of E=15MPa is too high. 

The value of 15MPa is also very high to simulate the tip behaviour after the mobilization of 

the side resistance. 

The experimental tests present a sudden drop in the resistance after the mobilization of the 

side shear resistance presenting a behaviour in accordance with the consideration of null 

dilatancy in the model. The results presented in the sensitivity analysis shows that the 

dilatancy angle numerically influences the behaviour of the micropile after the full 

mobilization of the shear resistance. For this reason, no dilatancy was assumed in the model 

and it was proven to be a good approach to the experimental results, however it was not 

possible to simulate such a marked drop even without numerical dilatancy as it can be 

observed in Figure 6.21a. 

For the HS model the goal was to obtain an initial stiffness similar to the MC model since it is 

in a good agreement with the experimental results. In this case, the agreement was obtained 

considering an input value for Eref
50=10MPa, 2 times higher than the input modulus for the 

MC model. Even though, for the mean confining stress of 9.19kPa, the obtained value of E50 

is much lower than the MC value of 5MPa, the initial stiffness behaviour of the micropile 

both for MC and HS models is similar due to an increase in the value of minimum principal 

stress σ3 under the micropile which will lead to an increase in the computed value of E50 in 

that region according to the expression (6.2). 
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In terms of input value for Rinter for this models, it was assumed 0.2 as the best value to obtain 

the plastic load of the micropiles. This value proved to be valid for both soil models. 

In the case of Figure 6.21b the approximation of the numerical curves is acceptable 

considering the values provided for the MC model in the calibration of the triaxial tests with a 

confining stress of 50kPa according to the values presented in Table 6.3. 

For tensile situation, in the same manner as for compression, the dilatancy was assumed as 

equal to 0 since there is a sudden drop in the resistance after the full mobilization of the side 

friction and it was proved to be a very good approach in terms of resistance. If the dilatancy 

angle would have been considered different than 0, the resistance of the micropile after the 

full mobilization of the shear resistance would have been increasing. 

For the value of Eref
50 for the HS model, it was assumed, as in the MC model 2 times the input 

value for E for MC model and it was obtained a very good approach for the initial stiffness of 

both MC and HS models. Similarly to the compression case, the inputted value of Eref
50 

provide a lower value for E50 than the value considered in the MC model however the 

stiffnesses obtained with both models are very similar. In the tension cases there is not a big 

change in the value of the confining stress throughout the loading process however, and as it 

is presented in the sensitivity analysis presented, the tensile models are influenced also by the 

unload/reload modulus which is 3 times higher than the initial modulus leading therefore to a 

higher stiffness similar to the MC model.  

The value that suits better for the Rinter for the soil-micropile interface is 0.3, slightly higher 

than the 0.2 obtained for the compression cases. 

It is very important for this stage to recall that the compression ungrouted tests were 

conducted prior to the tension tests as described and presented in chapter 4. This can explain 

the reason why the Rinter value is bigger in tension than in compression. It is very likely that a 

rearrangement and improvement of the soil particles in the vicinity of the micropile occurred 

from one test to the following. 

The improvement in the soil elasticity modulus can also be explained by this factor. If the 

tension test is assumed as a reload of the compression test, the assumption of the value of E is 

3 times larger is likely. For sake of comparison, Plaxis (Plaxis, 2006) considers, by default, 

the unload/reload value for the elasticity modulus in HS model as 3 times the value of the 

reference value for E50 which is in accordance with the values obtained. 

For the modelling of the grouted tests, an estimation of an equivalent diameter to be 

considered in the analysis was carried out in order to deal with the non-uniform increase in 

the diameter caused by the grouting of the specimens. The shear resistance of each part of the 

specimen (grouted and ungrouted) was estimated and the equivalent diameter considering the 

full length of the micropile properly grouted is then determined, according to the procedure 

presented in Figure 6.24. 
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(6.8) 

Figure 6.24 – Equivalent grouted diameter estimation procedure 

 

The soil properties were estimated in the triaxial tests for the specimens with density index of 

30%, the mean diameter of the grouted portion is 156mm and 35% of the total length of the 

micropile as grouted (both values according to the measurements of Table 5.5) and Rinter1=0.2 

and Rinter2=1. Taking these values into consideration and applying the procedure presented, a 

value of Deq=97mm was obtained. For the sake of modelling and calibration of the grouted 

specimens a diameter of 101.6mm will be used. This calculation is valid for the combination 

Rinter1=0.2 and Rinter2=1.0 however since the value of Rinter1 will be shifted from test to test, it 

is required an iterative procedure to get a value of Rinter2 to match the required resistance for a 

micropile with a diameter of 101.6mm. 

The values considered for both models and used in the calibration of the experimental 

compression test on the grouted specimen are presented in Figure 6.21c along with the 

correspondent force-displacement experimental curves. 

For the calibration of the tension tests on grouted specimens (carried out after the end of the 

compression tests on grouted specimens), it was considered a slight reduction on the value for 

Rinter for both soil models (0.95 for MC and 0.85 for HS) due to some detachment and/or 

breaking of the grouting after the compression tests. 

In terms of values for the elasticity modulus, it was observed that keeping the same values 

adopted for the calibration of the compression tests, the agreement between the experimental 

and the numerical results is very acceptable and so these values will be considered in the 

following analysis. 

The results of this calibration procedure is presented in Figure 6.21d. 

According to Figure 6.21c it is possible to understand that an increase of 5 times in the 

elasticity modulus of the compression ungrouted examples is a good approach for both 

models between numerical and experimental results. 



 

174                                                                 6. HYBRID FOUNDATIONS – NUMERICAL ANALYSIS   

  

 

 

The reference value for E50
ref of the HS model is once again twice the input value E of the MC 

model. This approximation generates a good agreement between the initial stiffness of both 

MC and HS models. 

As in the previous examples for the calibration, it was considered a value of 0 for the soil 

dilatancy angle which is shown to be a good agreement between experimental and numerical 

curves in the tip resistant branch. 

For these tests on grouted specimens it was concluded that it is required a lower value for the 

Rinter on HS model than in the MC model to provide the same full mobilization of the shear 

stress in both models. In order to understand the reason of this difference a detailed analysis 

was performed. The shear strength is given by the Mohr-Coulomb expression (6.9). 

)'.tan('' int  erN Rc   (6.9) 

 

It should be stated that, although Plaxis’ reference manual (Plaxis, 2006) explains that the 

interface parameter Rinter should be applied to the value of tan(ϕ), in the version of the 

program used it was found that it is applied to the friction angle, as presented in expression 

(6.9).  

In the initial state prior to the loading, the value of the normal stress σN is coincident with the 

horizontal stress σ3. However this value of σN tends to increase with the loading due to the 

rotation of the principal directions. When the value of 3 is not reduced, a higher angle of 

rotation of the principal directions implies an increase of σN. 

According to classic material mechanics, the principal stress rotation and value are given by 

equation (2.1) and (2.3) respectively according to Figure 2.21. 

Figure 6.25 shows a comparison, for the same load levels, between the rotation in principal 

directions for both MC and HS models while Figure 6.26 represents the principal stresses 1 

and 3 intensities obtained for the elements in the vicinity of the interface and for both models 

in comparison with the analytical value. 

In Figure 6.27 it is possible to observe the shear stress in the vicinity of the micropile 

(interface soil-micropile) for different values of Rinter on both MC and HS models in 

comparison with the analytical values provided by expression (6.9). The presented analysis 

was done considering load steps where the full mobilization of the shear stress occurred. The 

analytical (theoretical) value was determined considering σN= σ3 for all cases and all depth. 
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Figure 6.25 – Principal stress directions 

 

It is possible to observe by Figure 6.27 that the HS model results in higher shear stresses 

when compared with the correspondent value for MC, especially for higher values of Rinter. 

This is the reason why it is required a lower value for Rinter for HS models for grouted 

specimens in order to achieve the same resistance for the full mobilization of the shear stress 

than the MC model. 
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Figure 6.26 – Principal stress intensity 

 

It was also observed that this difference between the analytical stresses (initial stress state) 

and the numerical stresses (stresses determined for a loading step after full mobilization of the 

shear stress) is higher in the vicinity of the micropile and tends to stabilize around the 

theoretical stress value for the given depth as it gets further the micropile. An HS model with 

Rinter=0.9 was used to illustrate this comment as depicted in Figure 6.28. 
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Figure 6.27 – Shear stress comparison 
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Figure 6.28 – σx and σy variation along the radial distance (HS model with Rinter=0.9) 

 

6.4.3.2. Cyclic tests on single specimens 

In order to calibrate the numerical parameters to be used in the cyclic models, a representative 

experimental curve was chosen for each type of loading according to the results presented on 

chapter 4. 

For the calibration of the cyclic compression tests on ungrouted specimens the M7 test was 

considered to be representative of the considered case, for cyclic tension tests on ungrouted 

specimens M5, cyclic compression tests on grouted specimens M3 and finally cyclic tension 
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tests on grouted specimens M7. The values obtained for each case studied are presented in 

Figure 6.29. 

A similar procedure to the calibration of the monotonic tests was executed for the calibration 

of the cyclic models. Regarding the elastic modulus of the soil, the value considered for the 

monotonic loading was concluded to be a good approximation to the experimental results, for 

the case of the ungrouted tests. 

The displacement amplitude modelled was the same as obtained in the experimental tests 

considered for each simulation according to the values presented in Chapter 4. For the tests on 

ungrouted specimens, a displacement amplitude considered of ±0.7mm was considered in the 

case of the cyclic+compression test (amplitude obtained in M7 specimen) and +1.15/-0.4mm 

for the cyclic+tension test (as obtained in M5 specimen). 

As for the monotonic cases, the values for the Rinter are similar to the monotonic tests for the 

compression loading and are slightly higher for the tension loading. This is likely to be related 

with a rearrangement of the particles due to the cyclic loading applied prior to the monotonic 

loading. The secant stiffness of the cyclic part is very similar both on numerical and 

experimental results presented in Figure 6.29 even though the hysteresis is lower in the 

numerical results. 

For the tests on grouted specimens, the parameters considered for elasticity of the soil and for 

the resistance of the interface were similar to the values tested for the monotonic results. The 

displacement amplitude considered for the grout cyclic+compression test was +0.4/-0.2mm 

(similarly to the obtained amplitude of M3 specimen) and -0.35/-0.85mm (obtained amplitude 

in M7 specimen) for the grout cyclic+tension test. The values considered for the interface 

resistance are also similar for the monotonic and cyclic compression. In the grouted 

cyclic+tension case, the values for the resistance of the interface remained the same as 

grouted cyclic+compression, in opposite to the slight reduction verified in the case of 

monotonic loading. The numerical curves obtained are in very good agreement with the 

experimental results, both in terms of resistance as in terms of initial (post cyclic) and secant 

cyclic stiffness both for tension and compression. 

In summary, the parameters (elastic modulus and Rinter) obtained by this calibration procedure 

are presented in Table 6.4 and Table 6.5 both for monotonic and cyclic loading. All the 

calibration models were considered with ψ=0 for loose sand. 
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Figure 6.29 – Calibration force-displacement curves for cyclic+monotonic tests 

 

Table 6.4 – Calibration parameters (monotonic tests) 

 Comp. Ung. Tens. Ung. Comp. Gr. Tens. Gr. 

 MC HS MC HS MC HS MC HS 

EMC/E50
ref= EEDO

ref 

(MPa) 
5 10 15 30 25 50 25 50 

EUR
ref 

(MPa) 
- 30 - 90 - 150 - 150 

Rinter 0.2 0.2 0.3 0.3 1 0.9 0.95 0.85 

 

Table 6.5 – Calibration parameters (cyclic+monotonic tests) 

 Comp. Ung. Tens. Ung. Comp. Gr. Tens. Gr. 

 MC HS MC HS MC HS MC HS 

EMC/E50
ref= EEDO

ref 

(MPa) 
5 10 15 30 25 50 25 50 

EUR
ref 

(MPa) 
- 30 - 90 - 150 - 150 

Rinter 0.2 0.2 0.5 0.5 1 0.9 1 0.9 
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6.5. Real-scale micropile behaviour 

An extrapolation of the results obtained in the calibration process will be addressed in the 

current section. The results for 3m long micropiles will be extrapolated for ground conditions 

and micropile geometry (12m length and 250mm diameter) closer to real installation 

conditions. In this analysis, the complete finite element model of Figure 6.11 was increased 4 

times including the distance from the boundaries to the origin. 

Both for monotonic and cyclic loading, the parameters obtained from the calibration of the 

compression tests will be used as standard parameters for the following analysis because the 

experimental specimens under compression were under undisturbed test conditions. The 

calibration of the ungrouted tests allowed an estimation for the improvement of the soil 

properties due to the grouting and throughout this section the obtained value of increase of 5 

times in the elastic modulus after grouting will be considered for the MC model. The value 

secant modulus for HS 

The analysis is this section is focused only on the behaviour of grouted micropiles under 

monotonic and cyclic loading because this is the only viable solution for structural purposes 

both in terms of stiffness and resistance. A comparison between the behaviour of micropiles 

installed in loose sand (ID=30%) and in dense sand (ID=70%) is also addressed later on. 

6.5.1. Loose sand (ID=30%) 

6.5.1.1. Monotonic models 

 Resistance 

The force-displacement curves are presented both for compression and tension loading cases 

for micropiles with 12m in models considering both MC and HS models. The main goal of 

this analysis is to estimate the properties of real-scale micropiles installed in loose sand and 

grouted under the conditions presented in chapter 5. The obtained curves are presented in 

Figure 6.30. For illustration purposes, the results obtained for 3m long micropiles during the 

calibration process is also presented. 

The definition of the failure load was based in displacement limitation. Both for tension and 

compression loading it was assumed a displacement of 10% of the diameter of the micropile 

for the micropiles with D=250mm. 
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a. Compression grouted (E in kPa) b. Tension grouted (E in kPa) 

Figure 6.30 – Force-displacement curves for 12m long micropile and comparison with 3m 

long results (monotonic loading on grouted specimens) 

  

For the estimation of the elasticity modulus of the soil to be inputted on MC model in the case 

of the 12m long micropile model the expression of Figure 6.22 was used and for a mean 

confining stress of 37kPa at 6m of depth. A modulus of E=12MPa was obtained and for the 

sake of simulation a value of 10MPa was adopted. Since the value of E50
ref is independent of 

the confining stress, this value was kept constant for this 12m long micropile analysis. In the 

case of the presented analysis of the grouted micropiles, an improvement in the elastic 

modulus of the soil is considered leading therefore to values of 50MPa for MC model and 

50MPa for HS model. 

As expected, the resistance and the stiffness for longer micropiles is, obviously, much higher 

than the correspondent values for the 3m long micropiles. The correspondent values for the 

12m long micropile are presented in Table 6.7. 

Table 6.6 – Initial stiffness and resistance (monotonic compression grouted) – D30 

MC 

     
 Resistance 

L 

(m) 

D 

(mm) 
Rinter 

E 

(MPa) 
ψ (°) 

Stiffness 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

12 250 1 50 0 106 563 25 

HS 

     
 Resistance 

L 

(m) 

D 

(mm) 
Rinter 

E 

(MPa) 
ψ (°) 

Stiffness 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

12 250 0.9 50 0 128 521 25 

 

Even with a lower value of inputted Rinter, the HS model provides higher resistances than the 

correspondent MC model. This point is due to the higher stress rotation in the HS model 

leading to an increase in the confining stress and consequently to an increase in the shear 

resistance of the system as pointed out in the calibration procedure presented. 
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The ratio Rten/Rcomp for the MC model is 0.47 and for HS is 0.60. 

Table 6.7 – Initial stiffness and resistance (monotonic tension grouted) – D30 

MC 

     
 Resistance 

L 

(m) 

D 

(mm) 
Rinter 

E 

(MPa) 
ψ (°) 

Stiffness 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

qs 

(kPa) 

12 250 1 50 0 100 263 a 2.72 28 

HS 

     
 Resistance 

L 

(m) 

D 

(mm) 
Rinter 

E 

(MPa) 
ψ (°) 

Stiffness 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

qs 

(kPa) 

12 250 0.9 50 0 128 315 b 6.37 33 

a last converged value – 271kN obtained with a linear extrapolation to 25mm 
b last converged value – 321kN obtained with a linear extrapolation to 25mm 

 Initial Stiffness 

The values obtained for the initial stiffness of each considered model are presented in Table 

6.6 and Table 6.7. 

The ratio Sj,ini_ten/Sj,ini_comp is 0.94 for the MC model and 1.0 for HS. The value for MC is 

expected since in this case the tip resistance is improving the stiffness in the compression case 

leading to a higher value however in the HS model the stiffnesses are similar both for tension 

and compression because of the contribution of the value of the higher unload/reload elastic 

modulus. 

6.5.1.2. Cyclic models 

 Resistance 

For the sake of comparison, in this analysis it will be considered a cyclic loading prior to the 

monotonic loading with the same amplitude as in the calibration procedure (3m micropile). 

The results, in terms of force-displacement curves, are presented in Figure 6.31 for all the 

considered results. The 3m long micropile results are presented for sake of comparison. 

The properties used in these models are in accordance with the correspondent properties used 

in the monotonic modelling presented before 

The resistance and initial stiffness for the grouted tests are presented on Table 6.8 and Table 

6.9. 
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a. Compression grouted (A=+0.4/-0.2 mm) b. Tension grouted (A=-0.35/-0.85mm) 

Figure 6.31 – Force-displacement curves for 12m long micropile and comparison with 3m 

long results (cyclic+monotonic loading) 

 

The ratio Rten/Rcomp for the MC model is 0.52 and for HS is 0.61 which is close to the same 

ratio obtained in the monotonic tests even though the last step of convergence occurred before 

the adopted failure displacement in the monotonic analysis. 

Table 6.8 – Initial stiffness and resistance (cyclic+monotonic compression grouted) – D30 

MC 

  
  

   
 Resistance 

L 

(m) 

D 

(mm) 

Disp. 

amp. 

(mm) 

Load 

amp. 

(mm) 

Rinter 
E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

12 250 0.6 86.87 1 50 0 120 599 25 

HS 

  
  

   
 Resistance 

L 

(m) 

D 

(mm) 

Disp. 

amp. 

(mm) 

Load 

amp. 

(mm) 

Rinter 
E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

12 250 0.6 93.45 0.9 100 0 128 649 25 

 

Table 6.9 – Initial stiffness and resistance (cyclic+ monotonic tension grouted) – D30 

MC 

  
  

   
 Resistance 

L 

(m) 

D 

(mm) 

Disp. 

amp. 

(mm) 

Load 

amp. 

(mm) 

Rinter 
E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

qs 

(kPa) 

12 250 0.5 74.12 1 50 0 112 310 25 33 

HS 

  
  

   
 Resistance 

L 

(m) 

D 

(mm) 

Disp. 

amp. 

(mm) 

Load 

amp. 

(mm) 

Rinter 
E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

qs 

(kPa) 

12 250 0.5 80.14 0.9 100 0 137 399 25 42 
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6.5.1.3. Cyclic and Initial (post-cyclic) stiffness 

The values obtained for the initial stiffness of each considered model are presented on Table 

6.8 and Table 6.9. 

The ratio Sj,ini_ten/Sj,ini_comp=0.93 for the MC model and 1.1 for HS which is very similar to the 

results obtained for the monotonic analysis and so the comments are still valid for this section. 

The cyclic secant stiffness, determined in the same way as for the experimental tests using the 

same procedure of Figure 5.46 is presented on Figure 6.32. 
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Figure 6.32 – Cyclic secant stiffness on grouted specimens – D30 

 

The values obtained for cyclic secant stiffness are very similar both for tension and 

compression cases (ratio of mean value of Scyc_ten/Scyc_comp=1.0 for both soil models) which is 

completely expected since the numerical models have the same properties. 

The cyclic stiffness is, for all the considered cases, higher for the HS model in comparison 

with the MC correspondence which is foreseen since the HS model provides and higher 

unload/reload elastic stiffness in comparison with the MC model, which considers the same 

module for unload/reload and for primary loading. 

6.5.2. Dense sand (ID=70%) 

Taking into consideration the results presented in section 6.5.1, it is possible to understand 

that the resistances obtained are not feasible for a use on practical situations such as the 

reinforcement of foundations to support wind towers. Considering the design example of 

chapter 4, where micropiles with characteristic compressive resistances of 2262kN are used, 

the study of these elements installed in dense sand is very relevant. 
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In the following sections, the results obtained for micropiles installed in a dense sand with 

ID=70%, characterized by Ferreira (2014), are presented. The mechanical properties of the 

sand as well as the calibrated parameters for both MC and HS models are presented in Table 

6.2. 

Both the displacement failure (10%D) and the improvement caused by the grouting (increase 

5 times of the secant modulus) is followed in the same manner as for the loose sand. 

6.5.2.1. Monotonic models 

 Resistance 

The numerical results obtained, in terms of force-displacement curves, are presented in Figure 

6.33. The parameters considered for the analysis of the micropiles installed in loose sand 

where considered for this analysis. 

For the estimation of the elastic modulus of both models to be used in this analysis, a similar 

procedure to the considered in the loose sand analysis was used. Considering the values 

obtained with the triaxial tests performed by Ferreira (2014) and presented on Table 6.10, a 

power regression was obtained and the correspondent elastic modulus was retrieved for the 

mean confining stress of the analysis. 

The obtained expression for the power regression is presented in Figure 6.34 and for a 

confining stress 28.96kPa obtained at mid depth (6m) leads to a value for E=15MPa. 

Assuming the same improvement in the soil as obtained in the calibration procedure 

(improvement of 5 times in the elasticity modulus), the value to be considered is then 

E=75MPa for grouted conditions. 

Excluding the commented behaviour of the HS model detected in the previous analysis 

(increase in the elastic modulus due to the increase of the horizontal stress under the 

micropiles for compressive tests and unload of the isotropic effective stress leading to a 

consideration of the EUR
ref in the analysis) the value to be considered for the E50

ref should be 

36MPa (value for a confining stress of 100kPa) incremented 5 times due to the grouting effect 

(180MPa), however in this case, and in order to obtain a similar initial stiffness for both MC 

and HS models, it was obtained a value for the E50
ref of 120MPa and will be used in the 

subsequent analysis. 
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a. Compression grouted b. Tension grouted 

Figure 6.33 - Force-displacement curves for 12m long micropile in high density and 

comparison with 12m long micropiles in low density sand (monotonic loading) 

 

Table 6.10 – E values for MC model (triaxial tests calibration) – high density sand 

Confining stress (kPa) E (MPa) 

50 25 

100 36 

200 68 

 

Even though the friction angle is considerably higher for the high density sand, the 

mobilization of the full shear strength of the side resistance occurs for the same load because 

the horizontal stresses (σ’3) are lower due to the lower value of K0. Considering equation 

(6.9), the shear resistance is governed by the value of friction angle but also for the value of 

σ’3. 
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Figure 6.34 – Power regression for E value (high density sand) 
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The resistance and initial stiffness for the compression grouted tests are presented in Table 

6.11. 

Table 6.11 – Initial stiffness and resistance (monotonic compression grouted) – D70 

MC 

     
 Resistance 

L 

(m) 

D 

(mm) 
Rinter 

E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

12 250 1 75 15.7 166 2657 25 

HS 

     
 Resistance 

L 

(m) 

D 

(mm) 
Rinter 

E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

12 250 0.9 120 15.7 181 2715 25 

 

Table 6.12 – Initial stiffness and resistance (monotonic tension grouted) – D70 

MC 

     
 Resistance  

L 

(m) 

D 

(mm) 
Rinter 

E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

qs 

(kPa) 

12 250 1 75 15.7 155 1402a 13.9 149 

HS 

     
 Resistance  

L 

(m) 

D 

(mm) 
Rinter 

E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

qs 

(kPa) 

12 250 0.9 150 15.7 202 596b 3.8 63 

a last converged value – 2207.3kN obtained with a linear extrapolation to 25mm 
b last converged value – 1124.6kN obtained with a linear extrapolation to 25mm 

The ratio Rten/Rcomp for the MC model is 0.53 and for HS is 0.19. In this case the conclusions 

cannot be definitive since the convergence occurred for lower displacements. It is likely that 

an increase in the strength would occur. Considering the tensile resistances obtained via linear 

extrapolation the same ration will take the values 0.83 for MC and 0.37 for HS. 

 Initial Stiffness 

The values obtained for the initial stiffness of each considered model are presented in Table 

6.11 and Table 6.12. 

The ratio Sj,ini_ten/Sj,ini_comp is 0.93 for the MC model and 1.0 for HS. Similarly to the 

monotonic results in the loose sand, the value for MC is expected since in this case the tip 

resistance is improving the stiffness in the compression case leading to a higher value 

however in the HS model the stiffnesses are similar both for tension and compression because 

of the contribution of the value of the higher unload/reload elastic modulus. 
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6.5.2.2. Cyclic models 

 Resistance 

In the current analysis, the parameters for the soil models are the same as in the monotonic 

analysis. For sake of comparison, both micropile models with ID=30% and ID=70% were 

subjected to a cyclic loading of ±1mm followed by the monotonic loading (compression or 

tension). 

The results obtained are presented on Figure 6.35 for the considered cases. 
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a. Compression grouted b. Tension grouted 

Figure 6.35 - Force-displacement curves for 12m long micropile in high density and 

comparison with 12m long micropiles in low density sand (cyclic+monotonic 

loading) 

 

The trend of the curves obtained is in agreement with the results obtained only for monotonic 

loading. Even though the friction angle of the soil is bigger for the high density sand, the 

value of K0 is smaller and therefore the confining stress is smaller leading to a close shear 

strength. The main differences between both densities are given by the consideration of 

dilatancy in the high density sand leading to an increase in the side resistance after full 

mobilization of the shear strength. 

The values obtained for resistance and stiffness are presented, for the grouted specimens 

installed in sand with ID=70%, in Table 6.13 and Table 6.14. 

For MC models the ratio Rten/Rcomp is 0.79 while for the HS takes the value 0.53. The values 

cannot be directly compared with the monotonic results due to the early lack of convergence 

in the monotonic tensile tests.  
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Table 6.13 – Initial stiffness and resistance (cyclic+monotonic compression grouted) – D70 

MC 

  
  

   
 Resistance 

L 

(m) 

D 

(mm) 

Disp. 

amp. 

(mm) 

Load 

amp. 

(mm) 

Rinter 
E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

12 250 2 370.9 1 75 15.7 177 2940 25 

HS 

  
  

   
 Resistance 

L 

(m) 

D 

(mm) 

Disp. 

amp. 

(mm) 

Load 

amp. 

(mm) 

Rinter 
E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

12 250 2 399.3 0.9 120 15.7 191 2727 25 

 

Table 6.14 – Initial stiffness and resistance (cyclic+monotonic tension grouted) – D70 

MC 

  
  

   
 Resistance 

L 

(m) 

D 

(mm) 

Disp. 

amp. 

(mm) 

Load 

amp. 

(mm) 

Rinter 
E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

qs 

(kPa) 

12 250 2 373.9 1 75 15.7 162 1424a 13.37 245 

HS 

  
  

   
 Resistance 

L 

(m) 

D 

(mm) 

Disp. 

amp. 

(mm) 

Load 

amp. 

(mm) 

Rinter 
E 

(MPa) 
ψ (°) 

Stiff. 

(MN/m) 

Load 

(kN) 

Disp. 

(mm) 

qs 

(kPa) 

12 250 2 462.2 0.9 120 15.7 178 1456 25 154 

a last converged value – 2312.25kN obtained with a linear extrapolation to 25mm 

 

 Cyclic secant and initial (post-cyclic) stiffness 

The values obtained for the initial stiffness of each considered model are presented in Table 

6.13 and Table 6.14. The ratio Sj,ini_ten/Sj,ini_comp is 0.91 for the MC model and 0.93 for HS and 

are in accordance with the monotonic results with an expected higher compressive initial 

stiffness.  

The cyclic secant stiffness, determined in the same way as for the experimental tests using the 

same procedure of Figure 5.46 is presented on Figure 6.36. 
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Figure 6.36 – Cyclic secant stiffness 

 

The values obtained for cyclic secant stiffness are coincident both for tension and 

compression cases which is completely expected since the numerical models have the same 

properties. A comparison between MC and HS results shows that the HS models provide 

higher (1.17 for D30 and 1.19 in D70) secant stiffness due to the mobilization of the higher 

EUR modulus instead of MC which consider the same module for unload/reload and for 

primary loading and the stiffness for the dense sand is also higher (1.41 for MC and 1.44 for 

HS model) than the stiffness for the loose sand. 

6.6. Design review of hybrid foundations – detailed analysis of 
micropiles installed in hybrid foundations for wind towers 

Shallow foundations reinforced with micropiles present a behaviour governed by both 

foundation elements, the ground conditions and the applied loads. 

The procedure for the design of this foundation system is presented in Chapter 4 along with 

some practical design examples for different wind tower foundations. In the referred design, 

the micropiles considered were 12m long, 200mm of diameter and a shear resistance (grout-

to-ground bond resistance) of 300kPa. These properties led to a characteristic resistance of 

2262kN in tension. For the distribution of the micropiles under the foundation, a distance 

equal or higher than 3.D was assumed in order to reduce the group effect according to Federal 

Highway Administration (2005) and according to the results obtained experimentally in the 

test on groups of ungrouted specimens. 

In the current section, a review on the numerical results (micropile properties) presented in 

section 6.5 is addressed in order to obtain a representative bilinear curve for each of the 

micropile and ground conditions tested which are going to be used in the update of the 

numerical models for the design of the hybrid foundation considered in chapter 4. The main 
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idea of this section is to update the chapter 4 model with representative behaviour of the 

micropiles with real behaviour of the soil and valid for the grouting conditions considered. 

The micropiles tested experimentally can be classified, in terms of grouting technique, 

approximately as Type A or B according to FHWA manual (FHWA, 2005). The grout-to-

ground bond resistance values provided by this guide for Type A or B micropile are much 

smaller than the 300kPa adopted in the design example. This value of qs=300kPa is common 

for Type C or D, respectively IGU or IRS according to Bustamante and Doix (1985) method) 

for a soil with good properties. Given the results obtained for the micropiles installed in loose 

sand, it is possible to conclude that it is not a feasible solution for the reinforcement of 

foundations for wind towers since it will require a very high number to withstand with the 

applied load turning this into a non-viable solution. Following, the behaviour of micropiles 

installed in dense sand to be used in as reinforcement of shallow foundations is addressed. 

The numerical analysis presented in the previous sections proved to be valid for the 

estimation of the behaviour of micropiles based on the experimental tests. The results are 

valid only for this specific test conditions (micropile type, grouting conditions, density and 

mechanical properties of the sand) however the numerical approach is valid for other 

conditions. 

The estimation of the value of grout-to-ground bond strength (qs_gr) is presented both for loose 

and dense sand considering the procedures presented by Bustamante and Doix (1985), FHWA 

manual (FHWA, 2005) and CLOUTERRE abacus (Presses de l’Ecole Nationale des Ponts et 

Chaussées, 2002). 

The abacus for sands proposed for Bustamante and Doix (1985) can be found in Figure 6.37 

with the obtained results both for low and high density sand at half depth of the micropiles 

(6m). Considering the abacus, an estimation for the value of qs_gr is possible based on the use 

of the number of blows in SPT test. To achieve a 300kPa shear resistance it would be required 

a number of blows in SPT test of 60 or higher for IGU technique and 50 for IRS technique. 

For the estimation of the number of blows for the SPT test it was considered the correlation 

proposed by Mayne et al. (2001) with a correlation between density index and number of 

blows normalized for atmospheric pressure ((N1)60) given by equation (6.10). 

 

60
100 601N

I D   (6.10) 

 

For a density index of 30% the value for (N1)60 is 5 while for 70% is 29. In order to correct 

the value for the vertical stress at the level of the measurement, the normalized value should 
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be affected by CN coefficient given by equation (6.11) according to Liao and Whitman 

(1986). 

'

0v
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  (6.11) 
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Figure 6.37 – Abacus for the estimation of the value of qs for sands including the estimations 

for the considered D30 and D70 sand (adapted from Bustamante and Doix 

(1985)) 

 

Table 6.15 – Estimated values for qs for IGU considering the method proposed by Bustamante 

and Doix (1985) 

D30 

(γ=15.95 

kN/m3) 

Depth (m) σ'v (kPa) CN N60 qs (kPa) 

0 0.0 2.00 0 0 

-6 -95.7 1.04 5 26 

-12 -191.4 0.52 10 52 

D70 

(γ=17.3 

kN/m3) 

Depth (m) σ'v (kPa) CN N60 qs (kPa) 

0 0.0 2.00 0 0 

-6 -103.8 0.96 31 153 

-12 -207.6 0.48 61 305 

  

The values obtained are graphically presented in Figure 6.38. 

According to FHWA (2005) the typical values of shear resistance for micropiles type A or B 

are respectively 70-145kPa or 70-190kPa for low density sand and 95-215kPa or 120-360kPa 

for high density sand. 
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Figure 6.38 – Grout-to-ground bond strength variation in depth for IGU grouting 

 

The maximum grout-to-ground bond resistance with soil nailing technique should be around 

25kPa for low density sand and 100kPa for high density sand according to Presses de l’Ecole 

Nationale des Ponts et Chaussées (2002) using the abacus of Figure 6.39. 

 

Figure 6.39 – Abacus for the estimation of the value of qs_gr on soil nailing technique with 

gravitic grout injection (Presses de l’Ecole Nationale des Ponts et Chaussées, 

2002) 

 

The grouting technique used on the experimental tests presented on Chapter 5 should lead to 

results close to the values provided by the soil nailing techniques due to the similarities of 

both, however for the loose sand the shear resistances given by the soil nailing technique is 

the same as the IGU technique proposed by Bustamante and Doix (1985). This conclusion is 

valid also for the 3m long micropiles where a mean value of qs=6kPa is obtained from a value 

of pl=0.06MPa. For this range of values of pl (pl<0.25MPa) the estimation of qs is harder, 

nevertheless it is forecasted a value considerably lower than qs=25kPa as obtained for 12m 
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micropiles on loose sand and so the value of qs=6kPa obtained using the abaqus of 

Bustamante and Doix (1985) is a good approach for this specific case. The differences are 

bigger for a soil with better mechanical properties such as the high density sand considered. 

The value of qs=150kPa is in accordance with the value proposed by the FHWA guide 

(FHWA, 2005) for micropiles installed in high density sand using a grouting technique type A 

or B. According to the same document, the value of 300kPa is viable also for micropiles in the 

same conditions but grouted according the recommendations for type C or D which makes it 

feasible the value considered for the shear resistance in the design example of Chapter 4. 

In terms of stiffness, in the models considered in Chapter 4, it was assumed a stiffness of 

50MN/m (1000kN resistance for 20mm displacement) however this is a low stiffness in 

comparison with the numerical values obtained in the analysis presented. 

A representation of the bilinear curves representing each studied case compared with the 

micropile behaviour of Robot (2015) model of Chapter 4 is presented in Figure 6.40. The 

values considered are presented in section 6.5 for each correspondent case, only for the 

grouted examples.  
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Figure 6.40 – Bilinear curve comparison between the behaviour assumed for the design 

examples and the results obtained for each considered soil model on low and 

high density sand 

 

The resistances obtained for the high density sand and the chapter 4 curves are very similar, 

however the diameter considered in the numerical analysis was 250mm versus the 200mm of 

the Robot (2015) model micropile. In terms of shear strength, the numerical values obtained 

are close to 30kPa for D30 sand.  For the high density sand models under monotonic loading 

qs=63kPa and qs=149kPa for HS and MC respectively, versus the qs=300kPa considered in 

chapter 4. Even that the convergence has stopped before the limit displacement, the path 

should be similar to obtained in the models with cyclic loading. Considering the results for the 
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models under cyclic+monotonic loading the correspondent shear strength is 154kPa and 

245kPa respectively for HS and MC soil models. 

The stiffness values are higher in the numerical models than what was considered in the 

earlier model. For the case of the high density sand, the average stiffness is 170MN/m against 

the value of 50MN/m considered in chapter 4. If compared with real scale tests on micropiles 

with a grouted diameter of 210mm and 8m of grouting length with the IRS technique (pipe 

with 210mm of diameter and 10m of length) the numerical stiffness for the high density sand 

is similar even grouted with a different technique. According to the results of an in-situ test 

presented in Figure 6.41, the obtained stiffness of this micropile is close to 200MN/m. 

For sake of comparison with the results of chapter 4 it was modelled (with MC model) a 

micropile with 12m long and with a diameter of 200mm in dense sand and a value of 200kPa 

of shear stress and a stiffness around 100MN/m was obtained. The effect of the reduction of 

the shear stress and the increase of the stiffness was evaluated for the case of the steel towers 

foundations. 
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Figure 6.41 – Real tests on micropile with IRS grouting technique (Tecnasol, 2010) 

 

The design procedure of chapter 4 was considered as well as the foundation geometry in order 

to allow a proper comparison. The obtained results for the geometry of the hybrid foundation 

under the loading considered in chapter 4 are presented in Table 6.16 which should be 

compared with the values presented in Table 4.9. The detailed design analysis considered is 

presented in Annex F. 

The increase in the stiffness of the micropiles will lead to an increase of the foundation 

dimensions and/or in the micropile dimensions. According to the results presented in Table 

6.16, the required concrete volume for the hybrid foundations is higher in comparison with 

the examples of the micropiles with the properties presented in chapter 4 (Table 4.9). In the 

example of the hybrid foundation for the steel tower with 150m, the obtained dimensions for 
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the hybrid foundations are the same as the shallow foundation considering the same micropile 

distribution as in chapter 4 (64 micropiles - Figure 4.9b). The allowed resistance of the 

micropiles under this grouting conditions is relatively low and so a feasible solution for this 

structure would be the use of micropiles with higher shear strength given by better grouting 

techniques like IRS or IGU. 

Table 6.16 - Hybrid foundation geometry with grouted micropiles under very low pressure 

grout 

Tower type 

80m 

2.0MW 

100m 

3.6MW 

150m 

5.0MW 

Steel Steel Steel 

Hf 2.00 3.00 3.50 

Governing load case EW EW EW 

Typology (according 

to Figure 4.9) 
a c b 

H1 (m) 1.23 1.65 1.20 

H2 (m) 2.00 3.00 3.50 

H3 (m) 0.50 0.50 0.50 

I (m) 5.80 7.04 8.70 

Beq (m) 14.38 17.46 21.57 

B(m) 14.00 17.00 21.00 

B0 (m) 5.60 8.00 11.00 

C (m) 15.15 18.4 22.73 

Concrete (m3) 276.2 599.8 981.9 

 

A parametric study was carried out in order to evaluate the effect of the micropile stiffness on 

the design of the foundation. For the sake of comparison, it was considered a square 

foundation with constant thickness of 2m under constant loading (bending moment and axial 

loading) and changing the studied parameters. The design procedure presented in Chapter 4 

was followed. The micropiles were assumed to have 12m of length, 250mm of diameter and 

300kPa of shear strength. The micropiles were placed with a distance from the edge of the 

foundation of 0.5m. Thirty-two micropiles along the edges were considered except in the 

analysis of the influence of the number of micropiles. 

The results obtained in the parametric study are presented in Figure 6.42 by changing the 

following parameters: stiffness of the micropiles, number of micropiles and elastic modulus of 

the soil. 

As it is possible to conclude by the analysis of Figure 6.42, an increase in the stiffness of the 

micropiles will lead to an increase in the foundation geometry in comparison with the results 

of Chapter 4 because these elements are going to withstand higher forces. The increase in the 
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number of micropiles will naturally reduce the foundation geometry as well as the 

improvement in the soil properties. 

Foundations for wind towers are mainly subjected to high vibrations both due to ultimate limit 

states such as starting/stopping of the turbine, extreme winds, etc. but also due to the vibration 

induced by the normal wind. 

The highest wind tower considered in the study of Chapter 4 is 150m high. In order to have 

the characteristic wind load along with the variable component of the load, a simulation using 

the software Ashes (2016) was carried out for a wind speed of 12m/s which leads to the 

highest stresses in the tower as concluded in Chapter 2. NWM model according to IEC 

61400-1 should be estimated for a reference wind speed of 25m/s however the stresses due to 

12m/s and 25m/s are similar due to the pitch angle control of the wind turbine blades. 
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 Figure 6.42 – Parametric analysis on the influence of relevant parameters for the behaviour of 

the foundation 

 

The results obtained for the 150m high steel tower under 12m/s of wind speed are presented 

in Figure 6.43 in terms of base bending moment. 
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Figure 6.43 – Characteristic base bending moment induced by wind loading on a 150m high 

wind tower – 12m/s wind speed 

 

The initial part of the curve is sparser than the end because this simulation is based on the 

premises that the wind tower is standing still before the analysis and in the beginning is 

suddenly stroke by a gust of 12m/s. After the stabilization of the response it is possible to 

extract the required results. 

The mean value of the bending moment (after 100sec) is close to 111000kN.m. The variation 

around this value is around ±13%. This value is close to the turbulence defined by IEC 61400-

1 for class A (0.16) or class B (0.14) wind towers. 

According to IEC standard (IEC 61400-1, 2005), the normal turbulence model (NTM) is 

obtained using a safety factor of 1.35 providing therefore a value for the bending moment of 

150000kN.m. This value is 55% of the value considered in the analysis of the foundations in 

Chapter 4 for extreme wind model (EWM). In order to have a good approximation for the 

NWM should be therefore considered a load of 55%±13% of the values for EWM. 

The modelling and analysis of the influence of the wind induced vibration due to the service 

load will be presented for the micropiles placed in the most stressed area of the foundation 

assuming a full mobilization of the micropile capacity for EWM loading. Considering the 

procedure presented in the previous sections, the micropiles were monotonically loaded 

(under prescribed displacement) up to a load of 55% of their full capacity under monotonic 

loading followed by a 5 cycle loading of ±13% of the mean NTM load (55% of the maximum 

capacity) 

In Figure 6.44 it is represented both the cyclic force-displacement curves (±1mm before the 

monotonic loading) presented in section 6.5 the force-displacement curves of the cases with 

the vibration loading (SLS). 
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The force-displacement curves and the respective approximate bilinear model are presented in 

Figure 6.45. Both initial stiffness and resistances of the bilinear approximation presented are 

in accordance with the values obtained and presented in Table 6.13 and Table 6.14. Since for 

the tensile MC model for dense sand it was not reached a displacement of 25mm, a resistance 

value considering a linear extrapolation from the last converged values was adopted. 

The approximation between the bilinear and the real force-displacement curves is better when 

the ratio between full mobilization strength and strength for the maximum allowed 

displacement is close to 1.0 as in the tensile models of micropiles installed in loose sand. 

The cyclic stiffness obtained in this analysis is presented in Figure 6.46. 
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Figure 6.44 – Compressive force-displacement curves comparison between the response 

micropiles under wind induced vibration loading (NTM) and micropiles under 

initial cyclic loading 

 

The cyclic stiffness of the MC models is always lower than the correspondent HS stiffness. 

This is due to the fact that, during the cyclic loading the material behaviour follows the path 

of EUR and not E50 leading therefore to a higher stiffness regarding MC model where the 

loading and unloading elastic modulus are equivalent. 

The use of micropiles as a reinforcement of the shallow foundation will lead to an 

improvement in the global foundation rotational stiffness which should comply more easily 

with the requirements of the turbine manufacturers in terms of excessive vibrations. The 

requirements of the manufacturers are very restrictive in order to ensure proper working 

conditions of the turbine, especially by keeping the position of the turbine shaft of the 

generator. Even for SLS induced vibrations, it is forecasted to have a better dynamic 

behaviour of the wind tower global structure by reducing the displacements due to the wind 

induced vibrations. 
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Figure 6.45 – Tensile force-displacement curves including bilinear spring model 

approximation 
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Figure 6.46 – Cyclic stiffness due to the wind induced vibration loading 

 

6.7. Final comments 

The calibration of the experimental tests of chapter 5 proved to be acceptable both for MC 

and HS models. The cyclic calibration was also possible in terms of cyclic secant stiffness, 

however the hysteresis obtained in the numerical models is much more reduced than in the 

experimental tests. 

In the experimental tests, it was also obtained a strong reduction of stiffness after the side 

failure that was possible to simulate numerically with models without dilatancy, however the 

final results were not an exact match. 

The HS model simulates more accurately the real behaviour of the soil and it is more adequate 

for the problem raised in this study according to the relevant bibliography. However the MC 
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model provides a good first approach to the problem as it provides results close to the HS with 

the advantage of requiring less computational costs. 

Apart from the increase in the resistance, a difference between the consideration of a high 

density and a low density sand occurs in the value of the initial stiffness. The mobilization of 

a higher stiffness will reduce the wind induced vibrations in the tower improving its global 

behaviour for the working conditions of the turbine. 

The numerical shear strength obtained for both soil densities is very similar in the presented 

analysis under the considered test conditions, however this conclusion may not be valid for 

real conditions. In this analysis, a value of K=K0 was assumed (and it was valid to calibrate 

the experimental results in the loose sand) both for loose and dense sand but for real grouted 

micropiles this equivalence is not valid since K>K0. This increase due to the grouting should 

be estimated with experimental tests. On the other hand, the values given by empirical charts 

shows a significant difference depending on the ground density. 

The considered soil models (MC and HS) are not accurate to estimate the behaviour of a 

foundation under cyclic loading. This models do not take into account the change of 

resistance due to the cyclic loading. In the cyclic stage, the path followed is the path given by 

the unload/reload modulus (equal to primary loading modulus for MC model and higher in 

HS model) returning after the cyclic loading to the monotonic path. Regardless the number of 

cycles applied, the final resistance and initial stiffness will not change drastically due to the 

imposition of cyclic loading. 

Taking into account that in the design example of Chapter 4 it was considered a shear 

resistance of 300kPa considering a grouting technique equivalent to IRS or IGU (Bustamante 

and Doix 1985), the considered stiffness is lower than the obtained with the FEA analysis, for 

the considered soil. The obtained results in the analysis provide stiffnesses of around 

100MN/m against the considered 50MN/m in the design example. Techniques such as IRS or 

IGU will mobilize even higher stiffnesses than the one obtained in this analysis for micropiles 

type A or B (FHWA 2005). 

As a summary of the results obtained in this analysis carried out for a specific soil and for 

specific grouting conditions, the parameters for a 250mm micropile with 12m is 200MN/m of 

initial stiffness and 150kPa of shear strength (type A or B). The values obtained in this study 

should be taken as a lower limit for both stiffness and shear resistance given the considered 

grouting conditions. 

The bilinear approximation proved suited for the low density soil numerical results (without 

numerical dilatancy) while for the high density sand results a bilinear curve with two different 

slopes (or even three in the case of the tension cases) should be considered to take into 
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account the increase in the resistance after the full mobilization of the shear strength. This 

gain of resistance in the dense sand is due to the gradual plastification of the points in the 

vicinity of the interface elements to reach the equilibrium of the model. It is important to 

highlight again that this curves are valid only for the given test conditions and, in order to 

proper implement the model, real scale tests are advised for a suited estimation of the 

micropile properties. The comments provided for the analysis of the bilinear curves for dense 

sand should not be taken as conclusive due to the lack of tests under this ground conditions 

and due to direct use of the soil mechanical properties obtained with the triaxial tests (namely 

dilatancy) considered in the analysis. 
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7. CONCLUSIONS 

7.1. General conclusions and final remarks 

The increase in the exploitation of renewable energies, namely wind energy, has led to the 

need of improving the current generators in order to become more efficient. 

The most effective way to improve the wind energy generators is by increasing the supporting 

tower height allowing the use of more powerful and more stable wind shear profiles which 

will allow the increase of the energy generation. This increase in the height of the structure is 

therefore conditioned by three of the issues that must be solved, which are: 

 Transportation requirements – maximum allowable diameter to be transported in 

public roads; 

 Fatigue problems related to the welded connections; 

 Foundation cost. 

Nowadays, the maximum allowed diameter to be transported in public roads is 4.5m and, 

considering the typical structural system used for the 80m high steel wind tower, the required 

bottom diameter is 4.2m, pointing out to the need of improving the construction technique of 

the tower. 

A feasible study on a segmented tower inspired in the segment concrete tower technology was 

addressed and it was concluded that it is a valid option for these structures. This modular 

solution with longitudinal bolted shear connections was studied along with a new proposed 

friction connection for the transversal joints. This system with longitudinal shear connections 

and friction transversal connections will overcome both the problem of the transportation 

requirements and the fatigue problems in the welded connections. 

The design of the current steel tubular towers with flange connections is commonly governed 

by the fatigue problems both in the welded connections as well as in the bolts in tension. An 

increase in the height of the towers will require the use of higher strength steel, in order to 

reduce the maximum required diameter. The use of both friction and longitudinal shear 

connections will withdraw both the welds and the bolts in tension of the structure. 
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Within the specifications of this connection geometry is the use of bolts that allow the 

tightening only from the inner side of the tower. Some solutions are available in the market 

and their behaviour was evaluated in this study. The friction resistance is highly dependent on 

the value of the installed bolt force and so the estimation of the installed force is fundamental 

during the lifetime of the tower (20 years). 

The free maintenance bolts under study are the TCB bolts and the BobTail and both presented 

installation forces close to the values provided by the manufacturer, with losses around 7% for 

adjacent bolts and 1% in non-adjacent bolts. A long term monitoring (around 1 year) carried 

out in the BobTail pointed out to a stabilization of the forces for a time of around 1.5 years 

after the installation and a total loss of around 5% during the 20 years of lifetime for the case 

of the isostatic bolts. 

The foundation systems for higher towers should be reviewed and redesigned since they 

present a considerable percentage in the total cost of the solution. The design of the current 

and more common shallow foundations is governed mainly by the overturning capacity. In 

order to improve the overturning capacity of foundations, a hybrid solution was presented, 

adding micropiles to the shallow foundation, together with the design steps to be considered 

according to the relevant standard. 

The design examples of hybrid foundations considering micropiles with a high grout-to-

ground bond strength in accordance with high quality grouting techniques considered for 

different heights (80, 100 and 150m) and different tower types (steel, tubular and hybrid 

steel+concrete) led to a reduction between 15% and 54% in concrete consumption. Along 

with the geotechnical design, an LCA and LCC analysis were conducted leading to a 

reduction of 10% to 30% of the global warming potential and 9% to 25% in the primary 

energy demand with a reduction in the foundation cost up to 25%. 

In order to provide a feasible tool to estimate the behaviour of micropiles, a set of 

experimental tests was conducted on micropiles under monotonic and cyclic loading and 

under very low pressure grouted and ungrouted conditions. It was observed an improvement 

both in the ground conditions and the micropile resistance after the grouting. The compression 

resistance was higher than the respective tensile due to the tip contribution. In the group tests 

it was observed that the spacing effect is not significant for tests under the same conditions. 

An increase in the stiffness was observed between grouted and ungrouted single specimens, 

especially for single specimens. For the specific ground and grout conditions the increase was 

around 490%. The cyclic stiffness is also higher for grouted specimens than for the 

correspondent ungrouted. The same tendency was obtained between tensile and compressive 

tests with higher values for tensile. 
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Based on the experimental tests conducted on micropiles, a finite element model was 

developed in order to be calibrated using the software Plaxis and considering two different 

soil material models (MC and HS). The model was properly calibrated both for monotonic 

and cyclic loading for the single tests results (grouted and ungrouted) which makes this a 

viable procedure to estimate the behavior of micropiles under different conditions (loading, 

ground conditions, micropile geometry). HS model is more accurate to reproduce the soil 

nonlinear behavior, however MC model proved to be a valid option for a first approximation 

for f the micropile load-displacement behavior due to the lower computational costs. 

The sudden increase in the displacements and reduction of the micropile stiffness observed in 

the experimental tests after the full mobilization of the shear strength on the micropile-soil 

interface was numerically achieved by considering a null dilatancy in the soil material 

models. 

The higher foundation stiffness will reduce the wind induced vibrations in the tower 

improving its global behaviour for the working conditions of the turbine. 

Both soil models considered conducted to numerical resistance close to the values determined 

by the experimental tests however this numerical model and the procedure is not accurate to 

estimate the behaviour of a micropile under cyclic loading because the effect of the reduction 

in the resistance due to the cyclic loading is not obtained. 

Under the grouting conditions considered in the experimental tests (very low pressure), the 

determined shear strength for dense sand is around 150kPa which is a characteristic value for 

low pressure grouting conditions like soil nailing technique. The obtained stiffness is lower 

than the stiffness obtained in real conditions tests on micropiles with IRS techniques. 

The bilinear spring model to be considered in the full foundation design was proven to be a 

good approximation for micropiles in low density sand (with a marked drop in the resistance 

after full mobilization of the side friction) however the conclusions for the dense sand should 

be considered with some caution. 

Solutions have been proposed and analysed for the three problems raised with the required 

increase in height. This increase in height will be feasible for tubular steel towers by 

withdrawing the need of welding (friction and longitudinal shear connections) improving that 

way the fatigue behaviour of the structure and allowing the use of higher strength steel to 

reduce the required diameter. The bolt requirements for the friction connections are met with 

free maintenance bolts like TCB or BobTail with losses during the tower lifetime of around 

5% of the total applied force. The use of shallow foundations proved to be a feasible solution 

both environmentally and economically leading to a reduction of the required diameter. The 
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numerical estimation of the behaviour of the micropiles is feasible however real scale tests are 

required to allow a proper calibration of the model for each specific case. 

7.2. Future work 

After the conclusion of this work, some questions are still possible to be discussed and 

analysed. The most relevant topics are listed below: 

1. Evaluation of the availability and cost of cranes to allow the installation of the higher 

towers and/or the analysis of a self-raising system for the segment lifting; 

2. Long-term monitoring of free-maintenance bolts (preferably BobTail bolts) installed 

in plates with different thicknesses than the prototype presented in chapter 3 in order 

to compare and to conclude about the influence of the thickness of the plates in the 

bolt force losses. The connection of the strain gauges should now be done with a full-

bridge wire to avoid the influence of the wire length in the results; 

3. Numerically simulate the experimental tests carried out in groups of micropiles in 

order to understand the group effect phenomena in these elements and to conclude 

about the effect of the micropile spacing; 

4. Use of a material model that allows the simulation of the reduction of the resistance of 

the micropiles due to the cyclic loading; 

5. Detailed structural analysis and estimation of the required rebars of a hybrid 

foundation for the transfer of the load to the micropiles and comparison with the 

correspondent shallow solution; 

6. Evaluation of the dynamic behaviour of the full hybrid foundation under cyclic 

loading and under wind induced vibration.  

7.3. Personal contributions and publications 

 Personal contributions 

The main personal contributions performed in the scope of the presented thesis are listed 

below: 
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1. Presentation and description of a monitoring strategy system for full functional wind 

towers. Detailed description of the behaviour of a wind tower in terms of stress 

distribution, accelerations and dynamic displacements. 

2. Description of the procedure for estimation of the fatigue spectra and fatigue design 

requirements. Estimation of the fatigue spectra based on the vertical stresses on the 

shell. 

3. Presentation of a connection geometry proposed to improve the fatigue resistance of 

the wind tower and therefore allow the use of higher strength steel. Monitoring of free-

maintenance bolts and estimation of their behaviour during the lifetime span of the 

structure (20 years). 

4. Detailed design description of shallow and hybrid foundations for support of different 

wind towers. Estimation of the required foundation geometry along with detailed LCA 

and LCC analysis to compare each solution. 

5. Description of an experimental technique to test ungrouted and grouted micropiles. 

The experimental tests were conducted on micropiles installed in very loose sand, with 

and without low pressure grout and in setups with single or groups of 4 micropiles 

with varying spacing. They were tested under cyclic and monotonic loading. The 

resistance, monotonic and cyclic (when applicable) stiffnesses were determined and 

compared for each tested specimen. 

6. Presentation and calibration, with the experimental tests, of a numerical 2D method to 

determine the resistance and stiffness by the force-displacement curves using Plaxis 

software considering non-linear soil models (Mohr-Coulomb and Hardening Soil). 

Description of the advantages and disadvantages of each model for the determination 

of the micropile properties. 

7. Estimation of real dimension micropiles properties installed in dense sand and grouted 

using the same technique adopted for the experimental tests. 

 Publications 

On the scope of the presented study, some publications were published and are listed in the 

current section. 
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ANNEX A – CALIBRATION ERRORS FOR STRAIN GAUGES 

cFP1 (Levels 0 and 1) – software version 2 

 

 

E
q

u
ip

. 
L

1
R

1
5

D
 

L
1

R
1

5
H

 
L

1
R

1
5

V
 

L
1

R
1

6
D

 
L

1
R

1
6

H
 

L
1

R
1

6
V

 
L

1
R

1
7

D
 

L
1

R
1

7
H

 
L

1
R

1
7

V
 

L
1

R
1

8
D

 
L

1
R

1
8

H
 

M
ea

n
 V

a
l.

 
-1

9
7

.7
7

7
 

6
8

.8
0
9

8
3

 
-2

5
2

.7
4

5
 

2
1

8
.1

7
6

1
 

1
0

6
.4

2
8

1
 

3
6

0
.1

3
9

7
 

-3
.6

2
1

6
6

 
3

7
.6

1
1

7
3

 
-3

.9
5

7
3

8
 

-5
5

.3
4

9
1
 

2
3

.0
9
3

3
7

 

E
q

u
ip

. 
L

1
R

1
8

V
 

L
1

R
1

9
D

 
L

1
R

1
9

H
 

L
1

R
1

9
V

 
L

1
R

2
0

D
 

L
1

R
2

0
H

 
L

1
R

2
0

V
 

L
1

B
1

 
L

1
B

2
 

L
1

B
3

 
L

1
B

4
 

M
ea

n
 V

a
l.

 
-4

1
7

.0
8
 

3
4

.0
6
6

3
5

 
1

1
3

.3
7

8
6

 
-1

5
5

.8
6

2
 

-8
4

.4
9

9
2

 
5

3
.6

9
9

8
7

 
-2

3
4

.5
6

6
 

3
9

.8
6
9

7
9

 
-9

.0
0

6
6

4
 

-4
8

4
.2

7
 

7
6

.7
3
7

4
4

 

E
q

u
ip

. 
L

1
B

5
 

L
1

B
6

 
L

0
R

2
1

D
 

L
0

R
2

1
H

 
L

0
R

2
1

V
 

L
0

R
2

2
D

 
L

0
R

2
2

H
 

L
0

R
2

2
V

 
L

0
R

2
3

D
 

L
0

R
2

3
H

 
L

0
R

2
3

V
 

M
ea

n
 V

a
l.

 
-2

3
.6

1
2

1
 

-1
0

5
.7

5
9

 
2

8
3

.9
8

8
7

 
-7

6
.7

9
2

1
 

1
2

0
.9

5
3

6
 

1
6

8
.8

4
0

9
 

1
9

0
.5

0
4
 

2
2

7
.0

8
3

1
 

-5
.4

1
7

8
3

 
7

2
.1

0
1

3
5

 
9

0
.4

4
5

5
8

 

E
q

u
ip

. 
L

0
R

2
4

D
 

L
0

R
2

4
H

 
L

0
R

2
4

V
 

L
0

R
2

5
D

 
L

0
R

2
5

H
 

L
0

R
2

5
V

 
L

0
R

2
6

D
 

L
0

R
2

6
H

 
L

0
R

2
6

V
 

L
0

B
1

 
L

0
B

2
 

M
ea

n
 V

a
l.

 
-5

3
.5

4
8

8
 

3
4

.2
0
4

7
8

 
-1

7
1

.4
9

8
 

-2
3

.6
4

1
7
 

3
0

3
.3

0
2

4
 

1
9

2
.9

4
7

6
 

2
0

1
.8

5
4

6
 

-5
5

.9
0

3
 

1
1

0
9

.4
2
 

1
6

.8
6
5

4
5

 
-2

0
3

.8
5

5
 

E
q

u
ip

. 
L

0
B

3
 

L
0

B
4

 
L

0
B

5
 

L
0

B
6

 
 

 
 

 
 

 
 

M
ea

n
 V

a
l.

 
1

5
9

.3
6

4
8
 

-3
8

7
.3

1
3

 
-4

8
6

.5
1

3
 

-4
8

7
.6

6
4

 
 

 
 

 
 

 
 

 



 

220  ANNEX A   

  

 

 

cRIO2 (Level 2) – software version 2 
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cRIO3 (Level 3) – software version 2 
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ANNEX B - INDIVIDUAL RESULTS OF BOLT STRAIN GAUGES 

CALIBRATION TESTS 
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B5 – Extensometer failure 

B6 – 3 Sample Rates 
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B8 – 3 Sample Rates 
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B12 – Wrong Results 

B13 – Wrong Results 
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B16 – Extensometer Failure 
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B18 – 3 Sample Rates 
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B21 – 5Hz 
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B31 – 50Hz 
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ANNEX C - APPLIED FORCE VARIATION CURVES (BY ROW) – 

PROTOTYPE 2 
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ANNEX D - DMT CALCULATION PROCEDURE (MARCHETTI ET AL. 

2001) 

General layout of the dilatometer test 

 

 

Chart for estimating soil type and unit weight  (normalized to w = water) 
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Basic DMT reduction formulae 
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ANNEX E – STATIC/POST-CYCLIC STIFFNESS (EXPERIMENTAL 

TESTS ON MICROPILES) 

The value of the initial stiffness (in kN/mm) is obtained by considering 1/m, with m being the 

inclination of the line, for each test presented. 
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 Layout 3 
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 Layout 4 
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 Layout 5 
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 Layout 6 
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 Layout 7 
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ANNEX F – HYBRID FOUNDATION DESIGN EXAMPLE (80M HIGH 

TUBULAR STEEL WIND TOWER) 
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