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Abstract. The paper presents free-vibration wind tunnel tests on the aeroelastic model of a 
free-standing tower that shows vortex-induced vibrations in the lock-in range. Previous re-
search by the authors focused on the investigation of the negative aerodynamic damping 
through forced-vibration tests. This knowledge allowed a realistic prediction for the maxima of 
the cross-wind oscillation amplitudes. In view of fatigue analysis, however, not only the maxima, 
rather a proper characterization of the cross-wind response is needed to determine the actual 
damage accumulation. Depending on the reduced wind velocity and the Scruton number of the 
vibrating structure, the experiments on the aeroelastic model in free vibrations show evidence 
of an intermittent – mathematically speaking quasi-periodic – behavior. It results from a beat-
ing effect between the natural oscillation frequency of the structure and the vortex shedding 
load, which may lock-in and lock-out in consequence of low frequency turbulence fluctuations. 
In addition, the frequency of the vortex shedding load along the height of the structure varies 
due to the varying mean velocity according to the wind profile and the varying Strouhal number. 
This exhibits smaller values close to the tip region. Outcomes of this investigation are the esti-
mation of the negative aerodynamic damping through free-vibration wind tunnel tests and the 
estimation of the fatigue lifetime considering the quasi-periodic aeroelastic response through 
a rainflow fatigue load cycle counting. 

2022

EURODYN 2020 
XI International Conference on Structural Dynamics 

M. Papadrakakis, M. Fragiadakis, C. Papadimitriou (eds.) 
Athens, Greece, 23–26 November 2020 

Available online at www.easdprocedia.org 
EASD Procedia EURODYN (2020) 2022-2039 

ISSN:2311-9020 © 2020 The Authors. Published by EASD Procedia.
Peer-review under responsibility of the Organizing Committee of EURODYN 2020. 
doi: 10.47964/1120.9164.19464



F. Lupi, R. Höffer and H.-J. Niemann 

1 INTRODUCTION 

Slender structures subjected to vortex-induced vibrations (VIV) experience an aeroelastic 
interaction in the lock-in range. The negative aerodynamic damping, interpreted as energy 
transferred from the flow into the structure, is the governing parameter for the onset of self-
induced vibrations. However, available literature models still lack of a unified behavior of the 
aerodynamic damping as a function of the oscillation. This is also reflected in codified methods 
to design slender structures in view of cross-wind actions. This evidence applies firstly for the 
maxima of the oscillation amplitudes, i.e. the maxima of the structural stresses. Additionally, 
concerning the modelling of load processes for the analysis of fatigue strength, theoretical de-
ficiencies cause even larger deviations between the prediction of fatigue life and its actual value. 

A deeper knowledge about the non-linear behavior of the negative aerodynamic damping for 
a circular cylinder was gained by the authors from two-dimensional wind tunnel experiments 
in forced vibrations. The experiments were performed at the WISt Boundary Layer Wind Tun-
nel at Ruhr-Universität Bochum, Germany [10]. The experimental model of the aerodynamic 
damping developed in [10] was implemented in the spectral method originally proposed by 
Vickery&Basu [14] and applied to 27 full-scale steel chimneys collected from literature. This 
novel spectral method, known also as “Damping Modified Spectral Method” (DMSM), allows 
the calculation of the largest oscillation of structures in the lock-in range [9]. Compared to other 
codified methods for structural analysis (e.g. [12], [13], [14]), DMSM provides a safe but more 
realistic prediction of the maxima of the cross-wind oscillation amplitudes. In view of fatigue 
analysis, however, not just one amplitude determines the damage, rather a proper characteriza-
tion of the cross-wind response is needed to determine the actual damage accumulation.  

Wind tunnel experiments on an aeroelastic model of a full-scale tower immersed in uniform, 
low-turbulent flow (Iv = 4,5%) are analyzed in this paper. The wind tunnel tests are performed 
at WISt Boundary Layer Wind Tunnel at Ruhr-Universität Bochum, Germany. First, the con-
cept of the negative aerodynamic damping developed in [10] with the support of forced-vibra-
tion tests is now assessed in case of free-vibration experiments. Furthermore, the experiments 
on the aeroelastic model in free-vibrations demonstrate an intermittent – mathematically speak-
ing quasi-periodic – behavior [11]. It results from a beating effect between the natural oscilla-
tion frequency of the structure and the vortex shedding load, which may lock-in and lock-out 
in consequence of low frequency turbulence fluctuations. Additionally, the frequency of the 
vortex shedding load along the height of the structure may vary due to varying mean velocity 
and varying Strouhal number, which exhibits smaller values close to the tip region. 

For the purpose of fatigue calculations, current design models usually assume that the reso-
nant vibration always occurs in the lock-in range with its largest value (see [5], [13]). This may 
lead, however, to an excessively conservative estimation of the fatigue damage.  

In this paper, the contribution of the intermittent oscillations to fatigue life can be assessed 
from the aeroelastic measurements with the help of a rainflow load cycle counting. The load 
collectives that are determined from the time histories of the tower responses in the lock-in 
range for different Scruton numbers are then applied to a full-scale chimney sample, thereby 
allowing a realistic prediction of fatigue life. The result is then compared to the prediction of 
fatigue life by applying the standard procedure of the Eurocode [5]. 

2023



F. Lupi, R. Höffer and H.-J. Niemann 

2 WIND TUNNEL EXPERIMENTS 

2.1 Setup of free-vibration wind tunnel tests 

Free-vibration wind tunnel tests on a free-standing, aeroelastic model with circular cross-
section are performed at WISt Boundary Layer Wind Tunnel at Ruhr-Universität Bochum, Ger-
many. It is an open circuit wind tunnel with a test section of 1.8 m in width and 1.6 m in height 
(Figure 1). The tests are performed in uniform flow, with turbulence intensity Iv = 4.5%.  

Figure 1: WISt Wind tunnel at Ruhr-Universitaet Bochum, Germany (left) and wind tunnel model (right) 

The aeroelastic model for the free-vibration wind tunnel tests is a cantilever beam with cir-
cular cross-section (Figure 1). The model is fabricated with a carbon tube (external diameter 32 
mm and internal diameter 29 mm) that arises above the wind tunnel floor up to the height of 
775 mm (measured from the wind tunnel floor). Below the wind tunnel, the carbon tube is 
connected to a steel bar (length = 210 mm, diameter 15 mm). The steel bar provides the neces-
sary stiffness to the model and benefits from small damping dissipation. The steel bar is fixed 
to a force balance located at the model foot. Being the model surface smooth and the wind 
velocity below ca. 10 m/s, the Reynolds number of the investigation is subcritical (Re < 2,1·104). 

The structural characteristics of the model that are relevant for the dynamic investigation 
such as the mode shape, the modal mass and the equivalent mass, are calculated through a finite 
element model of the wind tunnel prototype. It results the modal mass M1 = 0.0630 kg and 
equivalent mass meq = 0.2286 kg/m. The finite element model also serves for a preliminary 
estimation of the natural frequencies and thus of the critical velocity of vortex resonance. The 
actual natural frequency of the model is measured through wind tunnel experiments in still air 
and in existence of wind. In addition, the snap-back tests in still air (free-decay tests) allow the 
estimation of structural damping. The behavior of the model in still air is described in the next 
section.  

The reactions at the base of the model are measured by a 6-component force balance of the 
type K6D154 (ME-Meßsysteme). The measuring range is up to 200N for the forces and up to 
20Nm for moments. The force balance is composed by six independent sensors, which are 
equipped with strain gauges. The three forces along the axes x, y and z (named Fx, Fy, Fz) and 
the three bending moments around same axes (Mx, My, Mz, respectively) can be calculated in 
time-domain through a calibration matrix applied to the volt signals measured by the sensors. 
The sampling frequency is set to 2000 Hz. Every measurement lasts for 98,304 s. 

The stiffness of the wind tunnel model is measured through static calibration tests with in-
creasingly higher horizontal forces of known value applied at the top of the model. At the same 
time, the static displacement of the tip of the model is measured by a laser sensor. The stiffness 
of the model is linear. By means of the model flexibility, during dynamic tests the oscillation 
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at the top of the model can be calculated from the forces or the bending moments measured at 
the base.  

2.2 Behavior of the model in still air 

Snap back tests are performed in still air to test the natural frequency of the model and its 
structural damping. The latter also includes the contribution of the still air damping. Figure 2 
(left) shows a free-decay tests. The natural frequency in still air is about 22,3 Hz. The structural 
damping is evaluated from the oscillation amplitudes as logarithmic decrement: 

 (1) 

The reversals considered for the evaluation of the structural damping are marked in blue in 
Figure 2 (left). The overall value of the damping, calculated considering the first and the last 
reversals in the free-decay time history, is δs = 0,018. Additionally, a sensitivity study has been 
performed concerning the proper number m of cycles to be counted between two amplitudes in 
equation (1), in order to capture the non-linear behavior of the structural damping. Figure 2 
(right) shows the behavior of the structural damping in case m = 25. The structural damping 
varies nonlinearly with the amplitude of oscillation between δs = 0,010 and δs = 0,030.  

Figure 2: Snap back test and non-linear evaluation of the structural damping 

2.3 Resonant vibrations in the lock-in range 

The aeroelastic model of the tower is excited in the lock-in range for different wind velocities. 
Figure 3 shows the spectrum of the base force in the lift direction in case VH/Vcr = 0,85. VH is 
the wind velocity referred to the height of the model. The natural frequency of the model re-
mains substantially unchanged with respect to still air tests: f1 = 22,22 Hz. The Strouhal number 
is St = 0,203 and this follows: Vcr = 3,50 m/s. 
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Figure 3: Spectrum of the base force in the lift direction, VH = 2,99 m/s, VH/Vcr = 0,85 

Figure 4: Time history of the response y/D at VH/Vcr = 0,85 

Figure 5: Time history of the response y/D at VH/Vcr = 1,13 (max) 

Figure 6: Time history of the response y/D at VH/Vcr = 1,25 

Figure 4, Figure 5 and Figure 6 show the time histories of the nondimensional response y/D 
for different velocities in the lock-in range. Because of the intermittency of the response, a 
question arises: is the response stationary, i.e. is the standard deviation a suitable parameter to 
describe the VIV response in the lock-in range? This issue is particularly important especially 
in view of the spectral analysis presented in the following sections, which considers the standard 
deviation of the response as governing parameter for the structural design. 
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Figure 7: Convergence of the standard deviation of the response at VH/Vcr = 1,13 (max) 

First, the convergence of standard deviation of the response for increasingly higher time 
intervals is investigated. Figure 7 shows that the recorded signal is long enough to ensure a 
robust estimation of standard deviation of the response. 

Second, the stationarity of the response is investigated by dividing the time history in blocks 
of 10-min events in full-scale. The full-scale similarity considers a full-scale frequency f1,FS = 
0,629 Hz, as it will be explained later in Table 2. Being the natural frequency in the wind tunnel 
experiments f1,WT = 22,22 Hz, it follows that the frequency scale is λF = 35,33 and the time scale 
is its inverse, i.e. λT = 1 / λF = 0,028. Therefore, 600 seconds in full-scale correspond to 16,98 
seconds in the wind tunnel. Each of the recorded time histories includes five 10-min events in 
full-scale. For each event, the maximum amplitude and the standard deviation of the oscillation 
are calculated. Then, a statistical analysis of the maxima is performed to evaluate the mean 
value of the peak amplitudes among different events and the mean value of the standard devia-
tions among different events. These two last parameters represent the statistical maximum and 
the statistical standard deviation, respectively, and they will be referred to in the following 
analysis. Their ratio allows calculating a statistically representative peak factor for the time 
history. Figure 8 shows the result for the case VH/Vcr = 1,13. In particular: 

Mean value of maxima, ymax / D = 0,0932  
Mean value of standard deviation, σy / D = 0.0536 

kp = ymax / σy = 1.74 

Figure 8: Analysis of peak amplitudes, standard deviations, peak factors kp for 10-min events and for the overall 
time history (VH/Vcr = 1,13 (max)) 
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Figure 9: Time history of the response y/D in 10-min full-scale interval at VH/Vcr = 0,85 

Figure 10: Time history of the response y/D in 10-min full-scale interval at VH/Vcr = 1,13 (max) 

Figure 11: Time history of the response y/D at VH/Vcr = 1,25 

Furthermore, Figure 9, Figure 10 and Figure 11 show the time history of the response in a 
selected 10-min full-scale interval. For the sake of clarity, the y-axis is scaled 10 times in Figure 
9 and Figure 11 with respect to Figure 10. 

Figure 12: Statistical maxima of the oscillation, standard deviations and peak factors in the lock-in range 
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Figure 12 shows the lock-in phenomenon. As it often occurs, the largest oscillation occurs 
for V > Vcr. The right-hand side of the figure shows, instead, the distribution of the peak factors 
in the lock-in range. As expected, at the beginning and at the end of the lock-in range the sto-
chastic behavior predominates and the peak factor increases. In full resonance, due to the pre-
dominant harmonic character, the peak factor is reduced. The ideal value √2 corresponds to the 
peak factor of a pure harmonic signal. 

3 ESTIMATION OF THE NEGATIVE AERODYNAMIC DAMPING FROM FREE-
VIBRATION WIND TUNNEL TESTS 

Previous work of the authors allowed the measurement of negative aerodynamic damping 
Ka in vortex-induced vibrations through forced vibration wind tunnel tests [10]. The behavior 
of the negative aerodynamic damping as a function of rms oscillation is described by the fol-
lowing curve: 

(2) 

with a = 0,3464, b = 5,808 and c = 0,3582. 
With regard to Equation (2), the largest oscillation in the lock-in range can be predicted by 

the following model, which originates from a modification of the Vickery&Basu model [14]: 

(3) 

The background of equation (3) is explained in [9] and goes back to the evaluation of the 
resonant response to stochastic load in the first mode shape. The stochastic load is the vortex 
shedding load, which has a spectral density centered around the Strouhal frequency: 

(4) 

By definition, the Vickery&Basu model considers the load on the non-vibrating structure 
and includes all aeroelastic effects in the negative aerodynamic damping. Although this as-
sumption may be questionable, it has little effect on the response prediction, as long as the 
response is predominantly governed by the motion-induced forces. This condition happens in 
the case of sufficiently small Scruton numbers, i.e. pronounced lock-in range. In this case, the 
major role in the response prediction is played by the accurate estimation of both structural and 
aerodynamic damping terms.  

A further remark to equation (4), which follows from the assumption of the Vickery&Basu 
model to consider load on the non-vibrating structure, is the absence of lock-in effect for V ≠ 
Vcr, i.e. fs = St·Vm/d ≠ f1. For example, the largest oscillation occurs for V / Vcr = 1,13 in the 
present experiment (see Figure 12). This is a typical behavior particularly for sufficiently small 
Scruton numbers. According to the equation (4), SL1(f1) calculated for Vm = 1,10·Vcr is smaller 
than SL1(f1) calculated for Vm = Vcr, due to the negative exponential function. Since the Strouhal 
law is violated in the lock-in range, it would  be more reasonable not to apply any reduction to 
SL1(f1) caused by the exponential term in the lock-in range, especially for y = ymax. However, 
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no further correction to the Vickery model is applied in this paper. Additional experimental 
evidence would be needed. 

In present case, the nonlinear behavior of the structural damping needs to be considered, in 
order to ensure the most accurate estimation of the Scruton number which corresponds to the 
oscillation amplitude reached in lock-in. Referring to Figure 12 and considering the largest 
oscillation ymax/D = 0,0932 (i.e. ymax = 2,98 mm), the corresponding structural damping is esti-
mated as δs = 0,028. The air density during the experiments is 1,16 kg/m3. It follows Sc = 10,74, 
being Sc defined as follows: 

Sc = 

Table 1 lists all the model parameters that are applied in this work to solve the equation (3). 
Unfortunately, some load parameters in equation (4), such as the rms value of the lift coefficient 
σcL, the correlation length relative to the diameter λ and the spectral bandwidth B, could not be 
measured during the experiments and therefore could only be estimated from literature and 
comparison with the Standard Codes.  

Parameter Symbol Unit Value Reference 
Model diameter D m 0,032 Wind tunnel model 
Model height H m 1,016 Wind tunnel model 
Model natural frequency f1 Hz 22,22 Measured 
Structural damping δs - 0,028 Measured 
Modal mass M1 kg 0.0630 Calculated from FE model 
Equivalent mass meq kg/m 0.2286 Calculated from FE model 

Φn z 2H
0 ∙dz = M1 / meq - - 0,276 Calculated from FE model 

Scruton number Sc - 10,74 Calculated 
Rms lift coefficient σcL - 0,7 EN 1991-1-4 [5] 
Correlation length related to diameter  λ - 1 (i.e. 1·d) Estimated [2]  
Spectral bandwidth B - 0,145 Estimated through 0,1 + Iv [2] 
Strouhal number St - 0,203 Measured 
Critical velocity Vcr m/s 3,50 Calculated from Vcr = f1·D/St 
Wind velocity at y = ymax (uniform pro-
file) Vm m/s 3,97 Measured at y = ymax 

Velocity ratio at y = ymax Vm / Vcr - 1,13 Result 
Air density ρ kg/m3 1,16 Measured 
Max amplitude of oscillation y mm 2,98 Measured (Figure 12) 
Rms of the oscillation at max σy mm 1,72 Measured (Figure 12) 

Table 1: List of model parameters 

Considering all the parameters in Table 1, it is clear that the only unknown in equation (3) 
is the aerodynamic damping parameter Ka, which could be calculated. The result is Ka = 0,82. 
Considering the Ka-curve proposed in [10] (equation (2)), the agreement is satisfying, as shown 
in Figure 13. On the other hand, the well-known Vickery curve 

(5) 

would give Ka = 1,97 at σy/D = 0.054 by assuming Ka0 = 2 and aL = 0,4 in accordance with 
[5] for the subcritical range of Reynolds number. 
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Figure 13: Estimation of negative aerodynamic damping parameter Ka from free-vibration tests and comparison 
with literature 

4 PREDICTION OF FATIGUE LIFE 

4.1 Case study 

For the purpose of fatigue life prediction, wind stresses caused by vortex excitation need to 
be calculated on a sample structure. For this purpose, the full-scale chimney in Skjern (Den-
mark), described in [8] and [3] and investigated by the authors in [9] is chosen as case study. 
The governing parameter is the similar Scruton number used. In details, the structural parame-
ters of the full-scale chimney applied for this work are reported in Table 2. 

Parameter Symbol Unit Value Reference 
Tower diameter (constant) D(FS) m 1.1 [8] 
Tower height H(FS) m 45 [8] 
Tower natural frequency f1

(FS) Hz 0,629 [8] 
Structural damping δs

(FS) - 0,034 [8] 
Modal mass M1

(FS) kg 2218 kg Calculated from FE model  
based on the mass distribution 
in [8] considering a parabolic mode shape 

Equivalent mass meq
(FS) kg/m 246,4 

Φn z 2H
0 ∙dz = M1 / meq - - 9,00 

Scruton number Sc(FS) - 11,078 Calculated 

Table 2: Full-scale chimney in Skjern (Denmark) [3], [8] 

4.2 Fatigue life estimation according to the Eurocode Method 

The Eurocode EN 1991-1-4 [5] proposes a method to calculate the fatigue life of a structure 
subjected to vortex excitation, which was originally developed in [13]. The method is based on 
the calculation of the number of load cycles around V = Vcr according to the Weibull distribu-
tion of the wind velocity. It further assumes that the vibration in the lock-in range is harmonic 
and its amplitude corresponds to the maximum resonant oscillation. The method is suitable for 
practical applications and generally provides safe results. The procedure is briefly described 
here and applied to the sample chimney in Table 2, in order to compare the results with a more 
sophisticated rainflow analysis for cycle counting, which is later applied to the wind tunnel 
measurements. 
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The Weibull probability distribution of the wind velocity is characterized by two parameters, 
the shape parameter k and the scale parameter A. The probability density function is: 

(6) 

The cumulative distribution function is the probability when the wind velocity V assumes a 
value less than or equal to Vi: 

(7)

It follows that the probability when the wind velocity assumes values comprised between V1 
and V2 is expressed as: 

(8) 

In absence of wind statistics at the location of the structure, the Eurocode recommends: 
k = 2 (Rayleigh-Distribution)
A = √2 · Vmod, being Vmod the modal value of the Weibull probability distribution.
The parameter “A” can be taken as 20% of the mean wind velocity at the height of
the cross-section where the vortex shedding occurs [5].

Assuming that the wind velocities V1 and V2 mark the beginning and the end of the lock-in 
range, respectively, the equation (8) describes the probability when the wind velocity excites 
the structure in the lock-in range. Considering the natural vibration frequency f1, the number of 
load cycles in the lock-in range in the whole design lifetime of the structure (T = 50 years = 
3,1536·107 · 50 seconds) amounts to: 

(9) 

For the purpose of simplicity, [13] proposes: 

(10) 

[13] recommends ε0 = 0,3, meaning that the lock-in range extends for 0,3·Vcr, (e.g. V1 = 
0,9·Vcr and V2 = 1,2·Vcr), which is often the case. 

For the case under investigation, considering the natural frequency f1 = 0,629 Hz (see Table 
2), the scale parameter A as 0,2·Vm(H), assuming the second terrain category and vb = 25 m/s 
(see [5] and [6]), it results: 

(11) 

The critical wind velocity Vcr is: 
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(12) 

Therefore: 

(13) 

The Eurocode Method assumes that the resonant vibrations of the structure in the lock-in 
range are harmonic with constant amplitude. Their amplitude corresponds to the maximum os-
cillation in the lock-in range. Using ymax/d value from the wind tunnel tests (Figure 12), it fol-
lows: 

(14) 

The wind stresses result from the following distribution of inertial forces along the height of 
the structure [5]: 

(15) 

For the purpose of this investigation, the bending moment at the base of the chimney is 
considered. Referring to the cross-section at the based described in [8] (diameter D = 1,1 m and 
wall thickness t = 0,016 m), the maximum of the wind stress in resonance corresponds to σmax 
= 13,91 N/mm2, i.e. stress range Δσmax = 27,82 N/mm2. The stress range corresponds to the 
difference between two extremes. The relationship between the maximum oscillation on top 
and the stress range at the base is as follows: 

(16) 

The cumulative damage and the fatigue lifetime follow from the assumption of a detail cat-
egory. Let us consider, for instance, the detail category 45 according to [7]. In this case, accord-
ing to the Wöhler line, the number of load cycles NR to cause failure amounts to 1,2019*107. 
From the previously calculated total number of load cycles of stress range Δσmax during the 
required design life (equation (13)), it results: 

(17) 

Being Dd > 1, the structure will be damaged by fatigue during its lifetime of 50 years, i.e. 
after about 5 years. This result follows from the assumption that the vibration of the structure 
occurs in the lock-in range with constant amplitude equal to its maximum value. This assump-
tion is particularly convenient for Code applications and is on the safe side. However, a more 
realistic fatigue lifetime may be estimated by considering the actual variability of the oscillation 
amplitude in the lock-in range, e.g. through rainflow counting. 
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4.3 Fatigue life estimation considering rainflow cycle counting 

The rainflow analysis is a method to count the number of load cycles and produce a stress 
range spectrum in case of time histories with varying amplitude. In this work, it is referred to 
the algorithm for rainflow counting that is described in ASTM E1049-85 [1]. 

Figure 14: Time history of the stress response in 10-min full-scale interval at VH/Vcr = 0,85 

Figure 15: Time history of the stress response in 10-min full-scale interval at VH/Vcr = 1,01 

Figure 16: Time history of the stress response in 10-min full-scale interval at VH/Vcr = 1,13 (max). The dashed 
line indicates the cut-off stress for the Detail Category 45. 

Figure 14, Figure 15, Figure 16 show some typical time histories of the stresses at the foot 
of the chimney in the lock-in range, which are calculated by integration of the inertial forces 
along the height according to the equation (15). The figures also plot ΔσL, i.e. the cut-off limit 
for the given detail category (in this case: DC = 45), i.e.: 

(18) 

For all stress ranges above the ΔσL stress range, damage is accumulated. 
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(a) (b) (c) 

Figure 17: Stress collectives in the lock-in range by rainflow counting 

Figure 17 describes the collectives, i.e. the stress range spectra, which correspond to the time 
histories in Figure 14, Figure 15, Figure 16, respectively. Figure 17 (a) shows a typical collec-
tive shortly before beginning of the lock-in range. In accordance with a stochastic signal, the 
number of cycles that correspond to the maxima of the oscillation is small compared to the 
number of cycles for smaller oscillation. A similar pattern is observed in Figure 17 (b). Figure 
17 (c) - which corresponds to a fully resonant time history (see Figure 16), where the largest 
oscillation in the lock-in range is reached - indicates another behavior. Due to the predominant 
harmonic component, most of load cycles occur with the larger oscillations. 

The calculation of the stress collectives from the experiments at different V/Vcr through rain-
flow cycle counting allows the calculation of actual cumulative damage in the structure. For 
each ratio V/Vcr, a velocity class can be identified such that V1 ≤ V/Vcr < V2. For each velocity 
class, depending on the Weibull distribution defined in equation (6), the probability when the 
wind velocity assumes values within the velocity class can be calculated (equation (8)). In this 
way, the number of load cycles for each velocity class can be calculated (Ni) according to the 
equation (9). 

Table 3 shows the calculation of the cumulative damage by considering largest stress range 
Δσmax,i for each velocity class and attributing it to the number of cycles Ni. The calculation 
assumes that the vibration in each velocity class is harmonic and its amplitude corresponds to 
ymax,i/D in the lock-in curve shown in Figure 12. The rainflow counting is not considered in this 
calculation. The cumulative damage then results: 

Dd = 1,752 > 1 (considering the lock-in range but without rainflow counting) 

It means a reduction of the fatigue lifetime to about 28,5 years. On the other hand, if the 
intermittent behavior is considered through rainflow analysis and each stress collective such as 
those in Figure 17 is considered for each velocity class, the cumulative damage results smaller 
than 1, i.e. the structure will not be damaged by fatigue during the whole lifetime (50 years): 

Dd = 0,659 < 1 (considering rainflow counting) 

Finally, given the cumulative damage calculated through rainflow analysis, the equivalent 
stress ranges which correspond to the cumulative damage can be calculated for each velocity 
class (Table 5). From that, equivalent oscillation amplitudes and equivalent peak factors for 
fatigue analysis in the lock-in range are developed. Figure 18 shows the peak factors for the 
ultimate limit state (already shown in Figure 12), which provide the maxima in the lock-in range. 
The peak factors for fatigue analysis, which provide equivalent stresses that give the same cu-
mulative damage as the rainflow analysis, are also shown in the figure. 
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Veloc-
ity clas-

ses 

Va 
[m/s] 

Vb 
[m/s] 

Vi 
[m/s] Vi / Vcr 

Ni = Number 
of load cycles 

(Weibull) 

ymax,i /D 
[-] 

Δσmax,i = 
stress 
range 

[N/mm2] 

NRi = Number 
of load cycles 

to failure 

Dd = Ni/NRi = 
Cumulative 

Damage 

1 2.78 3.05 2.91 0.855 3.20E+07 0.004 1.325 Inf 0.000 
2 3.05 3.32 3.19 0.936 3.27E+07 0.007 2.117 Inf 0.000 
3 3.32 3.50 3.45 1.013 2.24E+07 0.026 7.705 Inf 0.000 
4 3.50 3.58 3.55 1.041 1.04E+07 0.030 9.088 Inf 0.000 
5 3.58 3.68 3.62 1.061 1.31E+07 0.054 16.114 Inf 0.000 
6 3.68 3.81 3.75 1.101 1.59E+07 0.083 24.832 2.12E+07 0.751 
7 3.81 3.87 3.86 1.133 8.47E+06 0.093 27.822 1.20E+07 0.705 
8 3.87 3.95 3.88 1.139 9.63E+06 0.076 22.805 3.25E+07 0.296 
9 3.95 4.08 4.01 1.176 1.80E+07 0.060 17.786 Inf 0.000 

10 4.08 4.21 4.15 1.219 1.74E+07 0.050 14.959 Inf 0.000 
11 4.21 4.30 4.27 1.253 1.23E+07 0.026 7.665 Inf 0.000 
12 4.30 4.40 4.34 1.273 1.25E+07 0.023 6.966 Inf 0.000 
13 4.40 4.50 4.46 1.308 1.41E+07 0.020 6.107 Inf 0.000 
14 4.50 4.61 4.55 1.335 1.39E+07 0.019 5.703 Inf 0.000 
15 4.61 4.72 4.67 1.369 1.55E+07 0.015 4.595 Inf 0.000 

Sum 2.485E+08 1.752 

Table 3: Cumulative damage in the lock-in range without rainflow counting 

Veloc-
ity clas-

ses 

Va 
[m/s] 

Vb 
[m/s] 

Vi 
[m/s] Vi / Vcr 

Ni = Number of 
load cycles 
(Weibull) 

NRi = Number of load 
cycles to failure = Ni/Dd 

Dd = Cumulative dam-
age through Rainflow 

1 2.78 3.05 2.91 0.855 3.20E+07 Inf 0.000 
2 3.05 3.32 3.19 0.936 3.27E+07 Inf 0.000 
3 3.32 3.50 3.45 1.013 2.24E+07 Inf 0.000 
4 3.50 3.58 3.55 1.041 1.04E+07 Inf 0.000 
5 3.58 3.68 3.62 1.061 1.31E+07 Inf 0.000 
6 3.68 3.81 3.75 1.101 1.59E+07 6.80E+07 0.234 
7 3.81 3.87 3.86 1.133 8.47E+06 3.03E+07 0.279 
8 3.87 3.95 3.88 1.139 9.63E+06 6.64E+07 0.145 
9 3.95 4.08 4.01 1.176 1.80E+07 Inf 0.000 
10 4.08 4.21 4.15 1.219 1.74E+07 Inf 0.000 
11 4.21 4.30 4.27 1.253 1.23E+07 Inf 0.000 
12 4.30 4.40 4.34 1.273 1.25E+07 Inf 0.000 
13 4.40 4.50 4.46 1.308 1.41E+07 Inf 0.000 
14 4.50 4.61 4.55 1.335 1.39E+07 Inf 0.000 
15 4.61 4.72 4.67 1.369 1.55E+07 Inf 0.000 

Sum 2.48E+08 0.659 

Table 4: Cumulative damage in the lock-in range by rainflow counting 
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Figure 18: Peak factors for ultimate limit state (ULS) and equivalent peak factors in the lock-
in range for fatigue analysis 

Veloc-
ity clas-

ses 

Vi / 
Vcr 

ymax,i / D 
(Figure 

12a) 

σ,i / D 
(Figure 12a) 

kpi = ymax,i / 
σ,i

(Figure 12b) 

Dd = Cumu-
lative dam-
age through 

Rainflow 

Δσeq,i = 
equivalent 

stress range 
[N/mm2] 

yeq,i / D = 
equivalent 
amplitude 

kpi,eq = 
equivalent 
peak factor 
for fatigue 
analysis 

1 0.855 0.004 0.001 3.995 0.000 ≤ 18.212 ≤ 0.061 n/a 
2 0.936 0.007 0.002 3.696 0.000 ≤ 18.212 ≤ 0.061 n/a 
3 1.013 0.026 0.009 2.985 0.000 ≤ 18.212 ≤ 0.061 n/a 
4 1.041 0.030 0.011 2.838 0.000 ≤ 18.212 ≤ 0.061 n/a 
5 1.061 0.054 0.026 2.042 0.000 ≤ 18.212 ≤ 0.061 n/a 
6 1.101 0.083 0.046 1.792 0.234 19.675 0.066 1.420 
7 1.133 0.093 0.054 1.737 0.279 23.123 0.077 1.444 
8 1.139 0.076 0.047 1.627 0.145 19.765 0.066 1.411 
9 1.176 0.060 0.035 1.720 0.000 ≤ 18.212 ≤ 0.061 n/a 
10 1.219 0.050 0.028 1.795 0.000 ≤ 18.212 ≤ 0.061 n/a 
11 1.253 0.026 0.011 2.357 0.000 ≤ 18.212 ≤ 0.061 n/a 
12 1.273 0.023 0.010 2.300 0.000 ≤ 18.212 ≤ 0.061 n/a 
13 1.308 0.020 0.008 2.566 0.000 ≤ 18.212 ≤ 0.061 n/a 
14 1.335 0.019 0.008 2.466 0.000 ≤ 18.212 ≤ 0.061 n/a 
15 1.369 0.015 0.006 2.554 0.000 ≤ 18.212 ≤ 0.061  n/a 

Sum 0.659 

Table 5: Equivalent peak factors for fatigue analysis 
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5 CONCLUSIONS 

The paper analyzes the negative aerodynamic damping in vortex-induced vibrations through 
free-vibration tests on an aeroelastic model. The result is compared with the curve previously 
gained by the authors through forced-vibration tests and shows a good agreement. Then, fatigue 
analysis through rainflow cycle counting is applied to the time histories measured in the wind 
tunnel experiments, which show a quasi-periodic behavior in the lock-in range. In view of fa-
tigue, not the maxima, but rather the stress distribution needs to be considered for the evaluation 
of the fatigue lifetime. The rainflow analysis allows the calculation of equivalent stresses which 
produce the same cumulative damage as the actual time histories with varying amplitude. In 
this way, a peak factor for fatigue analysis can be defined. Similarly, using the ultimate limit 
state peak factor that is applied to the standard deviation of the response, the largest oscillation 
in the lock-in range is calculated. 
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