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Abstract  This paper aims to report a simple and fast procedure to determine translational, rotational and torsional stiffness 

of wind tower foundations. The manufacturers of these structures establishing stiffness as a very important parameter for the 

foundations design. Usually the stiffness is estimated in the design stage considering empirical formulations, but several 

cases are reported pointing out that empirical procedures have conduced to significant differences from real values. At this 

paper the real stiffness of two wind tower foundations, one operating and another stopped, were obtained by constructing 

numerical models and fitting its modal parameters until reach real ones. Real modal parameters were obtained by conducting 

operational modal analysis over those structures. Results indicates that vibrations due tower under operation did not affect 

extraction of experimental values and also it was showed that modal analysis represents the structural behaviour of wind 

towers with good reliability, becoming an efficient and simple procedure to determine real stiffness of foundations. 
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1. Introduction 

The wind power has increasing participation in the world 

energetic matrix. Alvarez et al. [1] explains that it has 

occurred due two main reasons: the reduction of costs in  

90% since the beginning of the 1980-decade and 

governmental subsidies. In Brazil, the participation of this 

energetic source has grown expressively in recent years. 

Melo [2] pointed out the implantation of the Program for 

Incentive to Alternative Energy Sources and the 

international economic crisis of 2008 as the causes of 

improvement of wind power in Brazil. The international 

crisis caused decrease of the investments in renewable 

sources in Europe and United States, turning Brazil very 

attractive country for wind power companies. Currently the 

wind energy is the second more competitive source of 

electric energy in Brazil. According to International 

Renewable Energy Agency (IRENA) [3] the sector was 

increased 42% in Latin America and Caribbean in 2015, 

and countries Brazil, Mexico, Panama and Uruguay 

accounted for 88% of this increase. 

Wind towers are subjected to dynamic actions of wind, 

consequently the dynamic behavior must be controlled in 

order to avoid resonance between external loads and  

tower vibration modes, once the resonance phenomenon 

could cause high tensions and speed up fatigue process.  
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According to Liingaard et al. [4] wind turbines have 

become more sensitive to the dynamic action of low 

frequency. This occurs due to changes aiming costs 

reduction and increase productivity. 

This work studied dynamic aspects for pile foundation of 

two wind towers considering modal analyses, taking into 

account properties related to your dynamic behavior: 

natural frequencies, rate of damping and vibration modes. 

The achievement of dynamic characteristics for these 

structures was accomplished by operational modal tests. In 

these tests was observed only the answer of the system, 

what means that loads are due its operation and wind. Thus, 

it was not necessary to interrupt the structure's normal work 

and was required only equipments for vibration 

measurement to conduce the test. 

The modal analysis usually associates the finite element 

method (FEM) and the experimental determination of 

structural modal properties. Commonly a FEM numerical 

model is developed and modal parameters fitted to the 

experimental data. This process induces modifications on 

numerical model until the simulation and experimental data 

become sufficiently close. After this process, FEM model 

can be used to predict real stiffness of foundations. 

Some researches about modal analysis of wind towers 

have been conducted with different goals. Shirzadeh et al. 

[5] performed operational modal analysis for offshore wind 

turbine in order to identify damping for first mode during 

the normal operation and at rotor-stop tests. It was observed 

that damping rates obtained in the numerical simulations for 

both tests were similar, indicating good reliability. 

Damgaard et al. [6] performed more than 1500 rotor-stop 
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tests for offshore wind towers considering operational 

modal analysis. The features that affect the damping were 

evaluated on real towers and numerical models. It was 

observed that structural dampings are affected by the 

transport of sediments in the seabed, and it was found that 

simulation of blade rotating affect damping.  

According to Ciang et al. [7] operational modal analysis 

is also relevant for health monitoring of wind towers, 

because modal analysis is non-destructive and does not 

interfere with structure operation. An application of modal 

analysis for health monitoring was developed by Currie   

et al [8]. They elaborated a wireless structural integrity 

monitoring (SIM) to monitor the vertical displacement of 

the embedded ring in onshore concrete foundations. They 

also associated the dynamic behaviour of wind turbines to 

the structural cracks were commonly observed in the 

concrete pedestals. 

According to AlHamaydeh and Hussain [9] the design of 

foundations is very important for wind turbines construction, 

since foundations are frequently the only component 

designed to a specific situation, it consider soil properties 

and the required stiffness for the system. At AlHamaydeh 

and Hussain work, several types of foundation for onshore 

wind towers were simulated, and it was observed that the 

consideration of foundation concept reduce the stiffness of 

the tower-foundation set. Fact reiterated by the work of 

Bisoi and Haldar [10], in which several parameters were 

studied in offshore generators with monopile foundations at 

clay. It was noticed that the consideration of the foundation 

in the model, contributes to increase the flexibility of the 

structure, so, it reduces the eigenfrequencies. At other work 

of Bisoi and Haldar [11], it was verified that fundamental 

frequency of the wind tower increases if the monopile is 

embedded at rigid soil. Jung et al. [12] compared different 

foundation modelling approaches, using p-y curves and 

FEM, they observed that ignoring the flexibility of the 

foundation produced significant error in natural frequency 

measurement. They found first and second natural 

frequencies approximately 15% higher than the models 

considering the foundation flexibility. In the paper of Arany 

et al. [13] they also were observed a typical reduction by 

4–15% for flexibility of offshore wind turbines foundation. 

The work of Shi et al. [14] also shows the influence of 

the foundation on stiffness and natural frequencies of 

offshore wind towers. Three types of foundations were 

simulated, for the same wind tower and same conditions: 

monopole, multipile and jacket. The result shows that jacket 

foundation is less stiff than others and multipiles is stiffer 

and have higher frequencies than others. 

Some previous works shows the influence of the 

foundation on modal tower parameters. Despite this 

importance, the design of a tower foundation usually is 

based on stiffness and soil parameters frequently obtained 

by empirical formulas. Considering this, it is possible that 

the adopted stiffness at design stage presents significant 

difference of real stiffness. In the present work, it's 

presented a simple and fast way to obtain real stiffness 

(translational, rotational and torsional directions) for wind 

towers foundation. The procedure is based on the 

operational modal analysis. It's necessary only portable 

accelerometers and data acquisition system and it's not 

necessary to interrupt operation of towers. The towers were 

found at different operation situation: one was active while 

another inactive; Stiffness for both situations was compared, 

and it was observed that they presented similar values, in 

despite of the wind tower was under operation or not. 

2. Structure and Soil Description 

The operational modal tests were performed in two 

Gamesa G97 2MW wind turbines presented at figure 1. The 

towers are composed of three steel tubular parts. Height after 

assembly is 78 m and weighs 1314.09 kN. The wind turbine 

has three blades that weigh 78.45 kN each one and presents 

length 47.50 m. The hub weighs 245.16 kN and has 2.00 m 

of diameter, while nacelle weighs 745.30 kN. 

This work is focused at foundation of two wind towers; 

both have the same design shown at figure 2. The foundation 

has 14 m diameter and 18 borehole piles with 10.80 m deep. 

The piles have a diameter of 0.70 m and are arranged radially 

at a distance of 6.25m from center. The concrete of the piles 

has compressive strength 20 MPa. The tower connects to the 

foundation by 128 prestressed bolts. 

 

Figure 1.  Wind tower model Gamesa G97  
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The pile cap can be divided into three geometric shapes: a 

circle, a truncated cone and a ring. The circle has 1.00 m 

thick and 14.00 m for diameter. The truncated cone has 1.75 

m height, base diameter 14.00m and top diameter 5.14 

meters. The circle and the truncated cone present concrete 

with compressive strength 30 MPa. Ring has 5.14 m for 

external diameter, 2.94m for internal diameter, and it was 

casted by concrete with compressive strength of 40 MPa. 

The specific weight of the concrete is 23.56 kN/m³.  

The report of the Standard Penetration Test (SPT) 

considered 10 investigation points. It indicates variation on 

the water table between 0.6 to 2.7 m in deep. The upper soil 

layer is thin and is characterized by compounds of sandy clay 

or silt, resistance from rigid to soft. To deep soil layers, there 

are thick layers of fine sand; their resistance varies from 

moderately compact, compact until very compact. 

 

Figure 2.  Foundation plan 

3. Ambient Excitation Test 

Two ambient excitation tests were performed. The first 

was conducted on inactive tower (tower A) while second on 

active one (tower B). Each test employed two devices with 

triaxial accelerometers of Syscom Instruments. The 

equipment has 24-bit resolution, measuring range between -2 

g to +2 g. The accelerometers were placed at two points over 

pile cap top, considering X axis oriented to the tower center, 

as shown in figure 3. The accelerometers were synchronized, 

data was recorded for 4 h and it was adopted sampling rate of 

100 Hz. 

The ambient excitation test responses provided time series 

of the accelerations. The eigenfrequencies and damping rate 

were obtained by Enhanced Frequency Domain 

Decomposition (EFDD) using Artemis Modal 3.0 software. 

The eigenfrequencies obtained in the ambient excitation test 

and their damping ratios are appointed at table 1. 

 

Figure 3.  Experimental arrangement 

Table 1.  Frequencies and rate damping from experimental data 

Tower A Tower B 

Frequency (Hz) Damping (%) Frequency (Hz) Damping (%) 

2.41 2.15 2.48 1.74 

2.63 1.14 2.71 2.50 

3.09 1.85 4.41 1.19 

5.63 1.96 5.29 3.20 

6.55 3.82 6.65 2.82 

7.44 1.68 7.6 2.07 

8.54 1.28 8.64 4.46 

9.57 1.59 9.56 2.01 

12.86 0.98 12.24 3.56 

14.91 2.12 14.88 2.42 

16.67 0.74 16.42 2.09 

20.81 4.02 20.99 0.48 

4. Numerical Models 

Primarily was developed an model based on design 

information only. The software used was SAP2000, program 

based on finite element method (Fig. 4). The tower was 

constituted by 648 thin shells elements. The foundation was 

modelled by 828 shell elements with variable thickness and 

18 links were adopted to represent piles. The model is shown 

at figure 4. 

The standard penetration test data was used to estimate 

soil springs coefficients, considering empirical tables. The 

variation of soil spring coefficients along depth is shown on 

table 2. 

The stiffness of piles was obtained by numerical 

simulation of a single pile. The soil spring coefficients from 

table 2 were inserted each meter deep. In this model was 

applied unitary forces and moments at top, with goal to 

define translational and rotational stiffness. The 
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displacements in each direction were extracted, and by this 

way stiffness for individual piles were defined. These values 

were employed in the wind tower model, replacing by links 

with the obtained stiffness coefficients. 

 

Figure 4.  Numerical model 

Table 1.  Spring coefficients along soil depth 

Depth (m) kx=ky (kN/m) Kz (kN/m) 

1 2533.38 6333.45 

2 2427.82 6069.55 

3 2464.764 6161.91 

4 3541.452 8853.63 

5 5227.208 13068.02 

6 8106.816 20267.04 

7 9314.392 23285.98 

8 11450.876 28627.19 

9 10243.3 25608.25 

10 8385.488 20963.72 

11 4669.864 11674.66 

12 6434.784 16086.96 

13 10521.972 26304.93 

5. Results  

The initial model was adapted to experimental modal 

parameters (table 1) of tower A and B. In this process pile 

springs were changed until experimental and numerical 

natural frequencies had presented good approximation. The 

error reductions related experimental natural frequency 

values are presented in figure 5. The results for updated 

models are shown in table 3. Table 4 presents stiffness 

obtained for piles before and after updating while stiffness 

for foundations before and after adaptation are presented on 

table 5. The stiffness variation of piles and foundations 

related to initial model are shown on tables 6 and 7, 

respectively. 

 

Figure 5.  Eigenfrequencies error related to experimental data 

Although the wind towers A and B are located at different 

places, they presented similarity in the stiffness foundation 

obtained by this work. Table 7 shows that the towers have 

similar variations in relation to the initial model.  

It's showed at table 3 that natural frequencies of towers A 

and B are similar. The exception is third mode frequency of 

tower B, 43% bigger than the third mode frequency of tower 

A. This information is confirmed in table 5, that shows the 

vertical stiffness of tower B is 122% bigger than tower A. 

Table 5 also shows that the rotational stiffness of tower B is 

46% bigger than tower A, however shows similar values for 

horizontal and torsional stiffness. 

Table 5 indicates that horizontal and translational stiffness 

are very similar for towers. Flexural stiffness presents about 

30% difference while vertical direction presents a variation 

about 120%, last value due significant vertical variation of 

individual piles showed at table 4. 

Table 2.  Updated Eigenfrequencies (Hz) for tower A and B  

Mode 
Natural frequencies 

Mode description 
A B 

1 2.49 2.60 Rotation X and translation Y 

2 2.50 2.61 Rotation Y and translation X 

3 3.24 4.63 Vertical translation 

4 5.51 5.48 Torsion 

5 6.72 6.69 Translation Y 

6 7.33 7.25 Translation X 

7 8.96 9.06 Rotation X and translation Y 

8 9.54 9.39 Rotation Y and translation X 

9 14.77 15.46 Vertical translation 

10 16.78 16.99 Rotation X and Y 

11 20.28 19.99 Torsion 
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Table 3.  Piles stiffness: initial, towers A and B models 

Stiffness Initial Tower A Tower B 

Horizontal [MN/m] 11.67 22.84 21.45 

Vertical [MN/m] 158.73 9.90 23.50 

Rotational [MNm/rad] 32.02 198.85 39.77 

Table 4.  Foundation stiffness: initial, towers A and B models 

Stiffness Initial Tower A Tower B 

Horizontal [MN/m] 200.00 286.00 278.00 

Vertical [MN/m] 2500.00 172.00 382.00 

Rotational [MNm/rad] 3300.00 5000.00 7300.00 

Torsional [MNm/rad] 6670.00 16700.00 15400.00 

Table 5.  Piles stiffness variation: updated A and B  

Stiffness Tower A Tower B 

Horizontal (x) +96% +84% 

Horizontal (y) +41% +41% 

Vertical -94% -85% 

Rotational +521% +24% 

Table 7.  Foundation stiffness variation: models A and B 

Stiffness Tower A Tower B 

Horizontal (x) +93% +78% 

Horizontal (y) +43% +39% 

Vertical -93% -85% 

Rotational (x and y) -85% -78% 

Torsional (z) +150% +131% 

6. Conclusions 

This work presented a simple and practical procedure to 

determine real stiffness of wind tower foundations. The 

accelerations were evaluated in two points of the foundation 

and then the data collected was processed. Numerical 

simulations were done, and by this way, translational, 

rotational and torsional stiffness based on experimental data 

were obtained. 

The numerical models for towers A and B represent the 

real structures efficiently, because after updating, variation 

between the values measured on the experiment and values 

of models are under than 5% (Fig. 5).  

The dynamic behaviours of towers are similar since 

various modes presented close values and patterns. The 

results indicate that operational modes produced by 

vibrations of tower operation did not affect the procedure, 

since both structures had presented similar foundation 

stiffness and frequency spectra. 

Finally, it is observed that a significant difference between 

empirical and experimental stiffness values was found. 

Therefore, it is possible to observe that the empirical 

adoption for stiffness of wind towers must be verified by 

experimental values, avoiding design failures in dynamic 

response of these structures. It was showed that modal 

analyses present a simple, fast and accurate procedure to 

determine the real foundation stiffness. 
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