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Abstract

The wind-excited response of structures has been extensively researched in the past many years
and as a result, proper approaches and testing procedures have been proposed to avoid undesirable
vibration and failure of structures due to wind. However, these researches and approaches are
addressed to synoptic winds, which are large-scale phenomena covering thousands of kilometers
and lasting up to a few days. The wind speed time history during these events is characterized
by a constant mean wind speed averaged over 10 minutes to 1 hour and a zero mean stationary
fluctuating component. Recently failure of structures due to transient events that are temporally
and spatially small, and characterized by non-stationary wind speed fluctuations are being
documented. One of these transient events that are documented to be responsible for the failure
of light slender structures is downburst outflows. In the past 20 years, Wind excited response
of structures due to downburst outflows has been studied using wind speed data, wind tunnel
simulations, and computational fluid dynamics applications. These studies resulted in analytical
approaches for the wind field model and dynamic excitation calculation. However, unlike
synoptic winds, there is no design approach that is collectively agreed upon by researchers and
codified in guidelines for design against downburst winds.

Full-scale wind and structural response monitoring is practiced in wind engineering since the
earliest construction of tall structures. It has been used to validate theoretical design approaches
and wind tunnel testing procedures against atmospheric boundary layer winds. Its application
for small-scale events such as downburst outflows is difficult because of the unpredictability
of the occurrence of these events. In addition, their small spatial and temporal scale also make
the selection of the monitoring site difficult because the probability of registering a downburst
event at the monitored structure can not be predicted with high certainty. On the other hand,
the validation of the analytical models of downburst wind can not rely on wind tunnel and
computational fluid dynamics simulations because of the unavailability of 3-D wind field data
during downbursts. This makes full-scale wind and structural response monitoring of structures
the most reliable method of validating theoretical models. In light of this, continuous long-term
monitoring of the wind-and-structural response of three slender structures was implemented
by the GS-WinDyn research team at the University of Genova. The study presented in this



xii

dissertation focuses on one of the three monitored structures which is a slender lighting pole
located in La Spezia, Italy. First, the ambient vibration data of the structure was used to investigate
the dynamic properties of the structure through operational modal analysis. Then, case studies of
downburst events were extracted from the registered monitoring data to analyze the wind and
structural response during these events and to investigate the correlation between wind speed
and structural response parameters. The response of the structure was calculated in the time
domain considering simplified models and assumptions for the wind field and aerodynamic
loading. The result was compared with the registered response of the structure to highlight
the level of uncertainties in the considered models and assumptions. Furthermore, a detailed
review and validation of selected analytical dynamic response calculation methods, that have a
complete framework for engineering applications, was done. The simplicity of the monitored
structure, and the possibility of obtaining both the quasi-steady and resonant components of the
structural response using strain registrations, will make this study a benchmark for the validation
of methods and simulations of downburst wind load and response.
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Chapter 1

Introduction

1.1 State of the art

Wind events might vary from large-scale phenomena such as extratropical cyclones to small-
scale events such as tornadoes and thunderstorm outflows but regardless of their causal, they
are present all over the world. Structures need to be designed considering the expected wind
actions at the location. For more than six decades the design of structures against wind actions
was focused on the synoptic events that are characterized by large scale, long duration, and
approximately straight-line wind. A major breakthrough in the design of structures against the
synoptic wind was in 1961 when Alan D. Davenport conceptualized the well-known Davenport
chain. Consequently, design guidelines and codes incorporated detailed procedures for the
calculation of wind actions. However, the framework is built on the assumption of a wind
speed time history that results in a zero mean stationary fluctuation when the mean wind speed
averaged over 10 minutes to 1 hour is subtracted. This is true for large-scale synoptic events but
small-scale events such as tornadoes and downbursts usually last not more than a few minutes
and the wind speed time history is characterized by a transient non-stationary property. Thus, the
framework of wind excited response of structures calculation for synoptic winds characterized by
stationary fluctuation might not be appropriate for application in transient non-stationary winds.
In recent years, many economical losses due to small-scale events resulting from convective
activities such as tornadoes and downbursts are being documented. Thus the need to incorporate

such small-scale events in the design guidelines and frameworks is being recognized.

One of the small-scale wind events that are responsible for economic loss in many mixed-
climate regions is a downburst outflow. It is defined by Fujita as " A downburst is one of the
small-scale meteorological events in which a downdraft of air impinges on the earth’s surface
creating a radial outflow" (Fujita, 1985). The formation of downbursts is described in Chay and
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Letchford (2002) as "Fundamentally, convection drives an updraft, which transports warm moist,
more buoyant, air to great elevations. Subsequently, the moisture in this air condenses, cools,
and the upward motion is halted. The now colder more dense air begins to accelerate toward the
ground as a downdraft. Downbursts occur when a strong downdraft collides with the surface of
the earth and diverges. Close to the point of impact, the flow resembles that of a wall jet. As the
flow spreads out over the ground it behaves as a gravity or density current. The flow field created
by such an event, particularly near the impact point, varies from an atmospheric boundary layer
wind field in a number of fundamental ways". The flow structure can be better visualized from
Hjelmfelt’s (Hjelmfelt, 1988) summary of the JAWS result shown in Fig. 1.1

SCHEMATIC JAWS MICROBURST STRUCTURE
AT MAXIMUM INTENSITY

rl.§ km
=Iam'|
at Z4 .o km|AGL

Depth=0.7km

Fig. 1.1 Velocity profile of a typical microburst during JAWS (From Hjelmfelt (1988))

The study of downburst wind effects on structures was not widely addressed in literature due
to the scarcity of wind speed data and the complexity of the problem due to the transient property.
However, in the past 20 years, many researchers have studied the modeling and simulation of
downbursts through analytical models, wind tunnel tests, and computational fluid dynamics
(CFD) simulations. In addition, the wind-excited response of structures was also studied through
numerical and analytical methods. In the following sub-sections, the state of the art in the
modeling of downburst wind and the wind-excited response of structures is presented. It should
be underlined that many researchers have exerted tremendous effort to address this topic through
wind tunnel and CFD simulations (Aboshosha et al., 2015; Asano et al., 2019; Butler et al.,
2008; Elawady et al., 2018; Junayed et al., 2019; Kim and Hangan, 2007; Le and Caracoglia,
2019; Mason et al., 2005; McConville et al., 2009; Romanic et al., 2019; Sengupta et al., 2008;
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Vermeire et al., 2011). However, since the scope of this dissertation is limited to analytical
techniques, the state of the art is focused on only analytical approaches.

1.1.1 Analytical modeling of downburst wind

Choi and Hidayat (2002a) were the first to indicate that the classical approach of modeling
the wind speed as a summation of a constant mean wind speed averaged over 10 minutes to 1
hr and a stationary fluctuating component might underestimate the wind-excited response of
structures under downbursts. They calculated the alongwind response of a single degree of
freedom (SDOF) structure to a downburst wind record in the time domain and compared the
result with the peak response calculated using the classical approach of the gust response factor.
They suggested that the mean wind speed should be time-varying and it should be extracted
through a running/moving window of fixed length. The research after this indication was all
based on a time-varying mean although its definition differs among studies. Thus the mean wind
speed was modeled as a time and height-varying parameter. The time-varying mean wind speed
was further defined as a product of a time function and a height function (the vertical profile) in
Chen and Letchford (2004a) indicating that the shape of the mean wind speed vertical profile is
not changing in time.

The time-varying mean wind speed was extracted from real or wind tunnel simulated thun-
derstorm wind speed records (Brusco et al., 2019; Chen and Letchford, 2004b, 2005, 2006,
2007; Roncallo and Solari, 2020; Solari, 2016; Solari and De Gaetano, 2018; Solari et al., 2015b,
2017). The extraction of the time-varying mean wind speed was through the use of the wavelet
shrinkage method in Chen and Letchford (2005, 2006, 2007), and a running average using a
constant moving window of fixed length in Choi and Hidayat (2002a); Solari (2016); Solari and
De Gaetano (2018); Solari et al. (2015b). The length of the constant window was recommended
to be 60 seconds in Choi and Hidayat (2002a), and 17 or 34 seconds in Lombardo et al. (2014).
Solari et al. (2015a) studied the length of the constant window using 93 thunderstorm wind speed
records and quantifying the harmonic content shared by the mean and fluctuating components,
they recommended a window of 30 seconds. Tubino and Solari (2020) studied the effect of
adopting different windowing techniques for separating the slowly varying mean and fluctuating
components. They interpreted the running averaging method as a kernel regression with a
uniform window modulating function. Through this interpretation, they studied the harmonic
components and the power spectral densities of the wind components considering constant,
Gaussian, and Cardinal sine functions.

In other studies where sufficient records of wind speed during downbursts are not available
or simplification of the wind speed model was desired, the time function of the mean wind speed,
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which is the ratio of the mean wind speed time history and the maximum mean wind speed,
was modeled by a simplified sine, cosine, exponential, and sawtooth-like functions (Kwon and
Kareem, 2009, 2013, 2019; Le and Caracoglia, 2015a,b, 2017). The 3D wind speed model by
Holmes and Oliver (2000) considering storm translation was also used for the time variation of
the mean wind speed in some studies (Chen and Letchford, 2004a; Le and Caracoglia, 2017).

The vertical profile of wind speed during downbursts is usually considered to be "nose
shaped" with a wind speed profile that increases with height up to a certain height attaining
its maximum value and decreases upwards. This led to the hypothesis that low-rise structures
might be subject to higher wind loads than high-rise structures in the case of downburst outflows
(Chay and Letchford, 2002). Two models of the vertical profile of downburst wind speed are
common in the literature. The first one is Vicroy’s model, which was initially derived from
the mass continuity equations by Oseguera and Bowles (1988) and modified by Vicroy (1991)
and Vicroy (1992). The second model is Wood’s model which is an empirical model derived
using wind tunnel simulations of downbursts by Wood and Kwok (1998) and Wood et al. (2001).
Vicroy’s model was applied in Kwon and Kareem (2009, 2013, 2019); Le and Caracoglia (2015b)
while Wood’s model was applied in Brusco et al. (2019); Chen and Letchford (2004a); Solari
et al. (2017). Proper orthogonal decomposition (POD) was used to study the vertical profile of
the mean wind speed during two downburst events in Chen and Letchford (2005). By fitting
the eigenvectors of the 1* coefficients obtained through the proper orthogonal decomposition
(POD) to Wood’s model, they found the maximum wind speed and the height to the maximum
wind speed (Chen and Letchford, 2007). Although this was done for only two case studies of
downbursts, they recommended this approach be used on a large wind speed database for the
proposition or modification of the empirical wind speed profile model of downbursts. More
recently, the vertical profile of the mean wind speed was studied using downburst wind speed
data at various heights obtained through Lidar profilers in Canepa et al. (2020) and it was shown
that the vertical profile varies in time and the classical nose shape profile is eminent mainly
during the velocity ramp-up and peak stages. The analytical model that simulates the horizontal
mean wind speed due to a translating downburst proposed by Xhelaj et al. (2020) is expected
to be applied for future structural response studies because it addresses the coupling between
background ABL wind and translating downburst.

Chen and Letchford (2004a) modeled the time-varying fluctuating wind speed as a zero
mean, non-stationary component which is a product of a modulation function and a normalized
Gaussian fluctuation of unit variance. Consequently, researchers followed this approach with
different assumptions for the modulation function and for the normalized fluctuation. In most of
the literature, the modulation function is assumed to be a function of time, indicating that the
fluctuating wind speed is a uniformly modulated stationary process. The modulation function
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was considered as 1% to 25% of the time function of the mean wind speed in Chen and Letchford
(2004a) and Chay and Albermani (2005) while it was considered to be 15% in Le and Caracoglia
(2015b). On the other hand, the modulation function was introduced to be the time-varying
standard deviation of the fluctuating wind speed in Chen and Letchford (2005) and it was found
using a two-staged filter (Chen and Letchford, 2005, 2007). Solari et al. (2015a) followed a
similar approach and defined the modulation function as the standard deviation of the fluctuating
wind speed component but it was obtained by calculating the moving standard deviation over a
window of 30 seconds. This approach of calculating moving standard deviation was applied in
consecutive research (Brusco et al., 2019; Solari, 2016; Solari and De Gaetano, 2018; Solari et al.,
2015b, 2017). Recently, the assumption of the fluctuating wind speed as a uniformly modulated
stationary process was verified by Roncallo and Solari (2020) by analyzing the time variation
of the up-crossing rate of the residual turbulent fluctuation using numerous downburst wind
records. The choice of the wind speed time function or the standard deviation time function as a
modulating function of the fluctuating wind speed was also studied using statistical analysis of
129 thunderstorm records in Roncallo and Solari (2020). It was concluded that the time function
of the mean wind speed is a better alternative for a modulating function of the fluctuating wind
speed.

The concept of time-varying turbulence intensity calculated as the ratio between the time-
varying standard deviation and the time-varying mean was introduced in Chen and Letchford
(2005). However, they have also underlined that the time-varying turbulence intensity will not
give the same physical meaning as the case of atmospheric boundary layer (ABL) winds. By
studying the time-varying turbulence intensity of two downburst events through the POD, they
suggested that the turbulence intensity can be considered as a time-invariant parameter because
it fluctuates around its mean value. Consequently, in Chen and Letchford (2007), the turbulence
intensity was considered to be time-invariant represented by the mean of its time-varying value.
As a result, many researchers assumed the turbulence intensity to be a time-invariant constant
(Kareem et al., 2019; Kwon and Kareem, 2009, 2013). Solari et al. (2015a) calculated the time-
varying turbulence intensity for 93 downburst records and noted that it is a weakly-dependent
function of time. However, they raised questions over the appropriateness of using the mean
of the time-varying turbulence intensity because of its asymmetrical distribution. In addition,
since the time-varying turbulence intensity modulates the normalized fluctuating component,
they have also called for future assessment on the implication of removing the time modulation
of the normalized fluctuating component by considering constant turbulence intensity. This
uncertainty was further investigated by Roncallo and Solari (2020) in which the effect of the
time-invariant turbulence intensity represented by its mean is studied by calculating the dynamic
response of SDOF systems with various damping and natural frequencies to 129 thunderstorm
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records. It was shown that the consideration of time-invariant turbulence intensity will result in
an overestimation of the alongwind response by not more than 10%.

The profile of the turbulence intensity was studied through POD in Chen and Letchford (2005)
and in Chen and Letchford (2007), and the profile of the turbulence intensity of ABL winds
given ASCE 7-98 (1998) was considered to be applicable for downburst winds. The eigenvectors
obtained from POD were fitted to the empirical model given in ASCE 7-98 (1998) to calculate
the turbulence intensity at 10 meters. The results showed that the turbulence intensity at 10m in
the case of the considered two downbursts was smaller than the expected value under ABL winds.
However, it should be noted that this indication was based on an analysis of two downburst
records measured by a tower whose maximum measurement height was 15 m. Similarly, Kwon
and Kareem (2009) also adopted the empirical formula of the turbulence intensity of ABL winds
for downburst winds. Canepa et al. (2020) has studied the vertical profile of the turbulence
intensity using wind speed measurements at various heights and could not find a defined behavior
because the profile changes in time.

The normalized fluctuation was assumed as stationary and Gaussian in Chay and Albermani
(2005); Chen and Letchford (2004a). However, Chen and Letchford (2005) showed that the
normalized fluctuation might not be stationary and they called for further investigation. Besides,
the power spectral density (PSD) of the normalized fluctuation was assumed to be similar to
the PSD of fluctuating wind in ABL winds in many research (Chay and Albermani, 2005; Chen
and Letchford, 2004a; Kwon and Kareem, 2009, 2013, 2019; Le and Caracoglia, 2017). With
the availability of downburst wind data through a network of anemometers, Solari et al. (2015a)
showed that the normalized fluctuation is indeed Gaussian, and in the inertial sub-range, it has a
similar PSD as the fluctuating component in ABL winds.

Chen (2008) was the first to define the fluctuating wind speed component of transient events
in the time-frequency domain. The fluctuating wind component was defined as a zero mean
evolutionary random process which is modeled as a zero mean stationary process modulated
with a complex-valued deterministic modulation function. The modulating function is defined as
a function of time, frequency, and height.

Due to the absence of measured data, the coherence function of the normalized fluctuating
component was mostly considered to be similar to the coherence function of ABL winds
given by Davenport (Brusco et al., 2019; Chen and Letchford, 2007; Kwon and Kareem, 2009,
2013, 2019; Le and Caracoglia, 2015b; Solari, 2016; Solari and De Gaetano, 2018; Solari
et al., 2017). Chen and Letchford (2005) tried to estimate the exponential decay coefficients
of the Davenport coherence function by analyzing the wind speed records at various heights
during two downburst events through the application of POD. Most recently, Peng et al. (2018)
defined the coherence function as a time-varying function obtained using the cross-evolutionary
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power spectral density (EPSD) of normalized fluctuations at various heights. They proposed
a modification to Davenport’s coherence function for application in downburst winds. They
indicated that the coherence function should be a function of the time-varying standard deviation
of fluctuation instead of the time-varying wind speed. In addition, they obtained time-varying
exponential functions by fitting the modified coherence function to the obtained coherence values.
However, they have underlined that this definition of the time-varying coherence function is not
feasible for engineering applications and an equivalent coherence function should be investigated.

In the studies where the mean wind speed is extracted from the recorded wind speed time
history, the crosswind component of wind speed and the directional change that is evident in
downburst wind records were not considered. As a result, studies on the response of structures
to downburst events did not consider the crosswind response and the time variation of wind
direction. Highlighting the importance of these neglected aspects, Zhang et al. (2019) introduced
the directional decomposition approach. In this approach, the wind speed is decomposed into
time-varying mean component in the alongwind direction, and fluctuating component in the
alongwind as well as crosswind direction.

1.1.2 Aerodynamic load due to downburst winds

In atmospheric boundary layer winds, the quasi-steady theory is widely used to map the wind
speed to wind pressure on the surface of the structure. The quasi-steady theory assumes that
the pressure fluctuation on the structure is directly proportional to the wind velocity fluctuation
upstream. In this approach, the cross-correlation of velocity and pressure is unity and the peak
pressure or load occurs at the instant of the maximum wind velocity (Letchford et al., 1993). In
all the studies reviewed in this dissertation that addressed downburst wind loading and response,
quasi-steady theory has been applied.

The need for a critical assessment of abrupt changes in the wind field magnitudes and
associated modifications in the aerodynamics of structures during transient events has been
emphasized as a current challenge by Kareem and Wu (2013). The validity of the quasi-steady
theory for application in transient winds such as downbursts and tornadoes has been questioned
in the research by Hangan et al. (2019). The main underlying assumptions of the quasi-steady
theory were presented as (1) fluctuations in the surface pressures are only due to the wind inflow
velocity fluctuations; (2) the upstream wind velocity is steady and can be decomposed using
Reynolds decomposition; and (3) the velocity fluctuations are much smaller compared to the
mean flow. These assumptions were discussed considering the influence of the presence of the
structure on the flow turbulence in small-scale events, the difficulty of decomposing the wind
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speed using the classical Reynold’s decomposition, and the applicability of the small turbulence
assumption in events such as tornadoes and downbursts.

Early research by Sarpkaya (1963), Sarpkaya (1966), and Sarpkaya and Thrig (1986) on
cylinders and rectangular prisms in unsteady flows indicated an overshoot in the aerodynamic
force during unsteady flows. Takeuchi and Maeda (2013) studied the aerodynamics of elliptic
cylinders subjected to accelerating and steady flow and showed that the overshooting in the
aerodynamic force is dependent on the rise time/ acceleration of the flow. Consequently, Yang and
Mason (2019) studied the aerodynamics of rectangular cylinders under steady and accelerating
wind flow with the acceleration rate scaled to that experienced during strong downbursts and
showed that the drag and lift coefficients during accelerating wind flow are generally small in
accelerating flow conditions. Brusco et al. (2022) extracted time-varying acceleration from the
wind speed measurements using continuous wavelet and studied the effect of added mass due to
the acceleration of the flow applying quasi-steady theory and concluded that the effect is very
small unless the structure is elongated in the direction of the flow or the wind speed is very
low. However, the possible consequence of a different shedding of vortices in the wake during
unsteady flows on the aerodynamic load was also emphasized (Brusco, 2021).

Thus, it should be noted that a generally accepted theory for mapping wind speed to wind
pressure in transient winds, particularly downbursts winds, is not available and the existing
research on the response of structures during downburst winds is based on the application of
quasi-steady theory.

1.1.3 Wind-excited response of structures due to downburst winds

The wind-excited response of structures has been studied by researchers in the time domain,
frequency domain, and time-frequency domain with the aim of proposing analysis approaches
and studying the effect of different wind loading parameters.

The wind-excited response of SDOF systems was calculated in the time domain in Choi and
Hidayat (2002b) to highlight the underestimation of response when the classical approach of
the gust response factor is applied to the downburst excited response of SDOF systems. The
response of a cantilever multiple degrees of freedom (MDOF) structure to a simulated downburst
wind speed time history was calculated in the time domain by Chen and Letchford (2004a) to
study the effect of the level of correlation of the wind field in the vertical direction. Chen and
Letchford (2004b) defined a parameter called "maximum dynamic magnification factor" which
is the ratio between the maximum dynamic response and the maximum static response. This
parameter was calculated for the downburst excited response of the CAARC building in the
time domain, considering different assumptions of time and height function for the wind speed,
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and varying the structural damping and natural frequency. Similarly, the response of a single
degree of freedom system to simulated downburst winds was calculated in the time domain by
Chay and Albermani (2005) to compare the dynamic response factor of SDOF systems subjected
to downburst winds and ABL winds. They found out that the dynamic response factor (DRF)
during downbursts is equal to or lower than the DRF in ABL winds.

Holmes et al. (2005) proposed the idea of a response factor whose interpretation is analo-
gous to the response spectrum technique in earthquake engineering. The response factor was
calculated for SDOF systems by solving the equation of motion in the time domain. This idea
was strengthened and applied by Solari et al. (2015b) in which 93 thunderstorm wind speed
records collected through a closely spaced network of anemometers were used to generate the
thunderstorm response spectrum curves for SDOF systems. This was further extended to multiple
degree of freedom (MDOF) systems in Solari (2016) and Solari and De Gaetano (2018).

Chen (2008) defined the fluctuating response under transient winds in the time-frequency
domain. He created a framework for calculating the alongwind response and defined the EPSD
and time-varying root mean square (RMS) of the fluctuating response. The framework was
applied to study the response of a tall building under a downburst and synoptic winds (Chen,
2008).

Kwon and Kareem (2009) introduced a new framework for wind load effects on structures.
The framework puts the wind load calculation of synoptic and transient events under a single
umbrella. They defined the gust front factor that accounts for the variation in the vertical profile
of wind speed, dynamic effects due to a sudden increase in wind speed, nonstationarity of the
turbulence, and transient aerodynamics. The gust front factor simply reduces to the classical
gust loading factor in the case of synoptic winds. In Kwon and Kareem (2013), the generalized
gust front factor which accounts for the dynamic effect in downburst winds is introduced for
easier integration with international standards. In addition, a closed-form solution obtained
through frequency domain analysis and EPSD was also given for the root mean square (RMS) of
fluctuating response considering long-duration storm. Furthermore, in Kwon and Kareem (2019)
a closed-form solution is given for the mean peak factor, and a comparison of the gust front
factor approach with the thunderstorm response spectrum method is made. Similarly, Roncallo
et al. (2022) studied the maximum dynamic response of SDOF systems based on the evolutionary
spectral model. The RMS of the fluctuating response and the peak factor were defined with and
without the simplification resulting from the assumption of long duration storm. In addition,
a correction factor was introduced to address the overestimation of the maximum response in
lowly damped systems due to the peak factor defined by Davenport.

On the other hand, the study on the dynamic response of structures against transient wind
loads considering motion-induced loads (aeroelasticity) was studied in Le and Caracoglia (2015b).
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They applied the Wavelet-Galerkin method to solve the equation of motion of a tall building
subjected to transient and synoptic wind considering the motion-dependent loads. This study was
further extended to consider nonlinearity in damping and stiffness in Le and Caracoglia (2015a).
Furthermore, the dynamic response of the CAARC building due to a digitally simulated Andrews
AFB thunderstorm was studied using the Wavelet-Galerkin approach in Le and Caracoglia
(2017).

In Brusco and Solari (2021), the time-domain formulation of the dynamic response of slender
structures to synoptic events considering motion-induced force is generalized to thunderstorm
outflows. The generalization considered the change in wind direction that is evident in thunder-
storm outflows. The crosswind response of a slender structure to thunderstorm outflows was
calculated using the generalized framework and it was shown that the irregular trend of the wind
direction prevents the building up of large oscillations due to motion-induced force.

Peng et al. (2018) calculated the alongwind response of a tall building in the frequency
domain considering a time-varying coherence function obtained from the evolutionary power
spectral density of the fluctuating wind at various heights. However, it was concluded that an
equivalent time-invariant coherence function derived from the time-varying coherence function
is more feasible for engineering applications.

In most studies concerning the response of structures to downburst winds, the wind speed was
modeled as having a time-varying mean and fluctuating components in the alongwind direction.
This approach, which is referred to as the classical decomposition approach, did not consider the
crosswind component of wind speed, and the change in wind direction. After the introduction of
the directional decomposition approach by Zhang et al. (2019), the implication of adopting the
classical decomposition technique in the dynamic response of slender structures was studied by
Brusco et al. (2019). The response of two slender structures to 10 records of downburst wind
speeds was studied in the time domain considering the classical and directional decomposition
techniques. The response of the non-polar symmetric structure showed an increase of up to 17%
when the directional decomposition technique is applied instead of classical decomposition.

1.1.4 Full-scale monitoring of structures

Full-scale monitoring of structures during downburst outflows is not widely available in literature
because of the small spatial and temporal scale of downbursts. Stengel and Thiele (2017)
presented the first study conducted through full-scale monitoring of a structural response during
a downburst. They studied the sway angle of an overhead transmission line during a downburst
using full-scale wind and structural response monitoring. They have shown that the time-varying
mean sway angle of the transmission line estimated using time domain analysis and registered
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by the monitoring system are in close agreement with each other. Lombardo et al. (2018) studied
the aerodynamics of a low-rise building during the downburst event of June 2003 using full-scale
pressure measurement on the walls and roof of a monitored building at Texas Tech University.
They compared the loading characteristics during the downburst event with data from the same
building for the previous 128 ABL wind events. It was indicated that, in general, the observed
pressure coefficients are below the threshold measured during ABL winds. Recently, Zhang et al.
(2022) presented a study on an ultra-long stay cable during a transient event using full-scale data
registered by the structural health monitoring system.

1.2 Statement of the problem

In the previous section, it was highlighted that many researchers explored various approaches
for downburst modeling and the wind-excited response of structures. However, it should also
be noted that the analytical wind modeling and wind-excited response calculation approaches
have not been validated with full-scale monitoring of structures under downbursts. Literature is
rare on the full-scale monitoring of structures under transient events. Particularly, monitoring
data on the dynamic response of real, slender structures under downburst winds is not available.
Because of the complexity of downburst events and the difficulty of simulating their wind
field in a conventional boundary layer wind tunnels, full-scale simultaneous monitoring of
wind and structural response is the most reliable approach to validate analytical models and
methods. In light of this, the GS-WinDyn research group at the University of Genova has initiated
long-term full-scale monitoring of selected three slender structures through the European Union-
funded project, THUNDERR (Solari, 2020). The full-scale monitoring aims to study the
response of slender structures under downburst winds and build benchmark cases for validation
of numerical and analytical methods of downburst wind loading. To achieve this goal, simple
slender structures with minimal uncertain structural properties, located in geographical sites
known for a previous recurrent history of downburst events, are monitored. The continuous,
long-term monitoring campaign enabled the simultaneous measurement of wind and structural
response during thunderstorm outflows with a high frequency of sampling rate.

1.3 Objective and scope of the research

The aim of the research is to study the dynamic response of structures under downburst winds
using full-scale simultaneous measurement of wind and structural response of a slender structure.



12 Introduction

It is also intended to validate selected analytical downburst wind load calculation techniques
using the registered data during downburst events.

The scope of the study covers

* analysis of selected wind speed and structural response parameters to study the correlation
between wind speed and structural response parameters during case studies of downbursts

* calculation of the response of the structure in the time domain using the wind speed
measurement of cases studies of downbursts and comparison of the result with the reg-
istered response of the structure to study the effect of the considered assumptions in the
aerodynamic loading and response calculation

* review, comprehensive comparison, and validation using registered data of selected two
analytical downburst wind load calculation methods that have a complete framework for
engineering application and codification

1.4 Organization of the dissertation

The dissertation is organized into five chapters.

In Chapter 2, the system identification of the monitored structure is addressed. First, the
geometry of the monitored structure and its sensors are introduced. Then the dynamic properties
of the structure are investigated using ambient vibration data registered by the monitoring system.
The aerodynamic property of the structure studied by Orlando et al. (2023) is also reported for
the sake of completeness.

In Chapter 3, The registered wind data is analyzed to identify the occurrence of downburst
events. From the identified downburst events, those with significant intensity are selected as case
studies for further assessment. The structural response registered during the selected case studies
of downbursts is analyzed and reflections regarding the correlation between the response of the
structure and important wind parameters are made.

In Chapter 4, the response of the structure is numerically calculated in the time domain using
the wind speed measurement during the selected downburst case studies considering different
assumptions for the wind field and aerodynamic loading. The calculated response time history
is then compared with the registered response time history to highlight the implications of the
considered assumptions.

In Chapter 5, two main analytical downburst wind load calculation techniques that have
a complete framework feasible for engineering application and codification are selected for
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validation. First, the two approaches are studied and a comprehensive comparison between them
is made from a theoretical point of view. Then, the two methods are validated by calculating the
response of the monitored structure to the wind speed measured during the selected case studies

of downbursts and comparing the result with the registered response.
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Chapter 2

System identification

2.1 Introduction

Full-scale monitoring of structural vibration under ambient conditions dates back to the 1930s
when investigation on the natural period of structures is made using wind excitation (Hudson
et al., 1964; Ward and Crawford, 1966). After the introduction of design guidelines for wind
action and the reliance on static and aeroelastic wind tunnel testing, researchers tried to vali-
date wind tunnel testing and the design procedures using full-scale monitoring. The full-scale
monitoring of a 57-story building in Canada in which the simultaneous measurement of displace-
ment, strain, acceleration, and surface pressure was made for seven years is one of the earliest
examples in which researchers tried to validate the wind load estimation approaches through
full-scale monitoring (Dagliesh and Rainer, 1978; Dalgliesh, 1982). Similarly, Jeary et al. (1983)
studied the wind-excited response of twelve tall buildings in the UK using full-scale monitoring
data. Ohkuma et al. (1991) studied the response of a 68 m building in Japan using full-scale
measurement of pressure and acceleration. Littler and Ellis (1992) used the full-scale wind and
structural response data collected on a 23-story building in the UK to validate the existing wind
response estimation guidelines. Besides buildings, the wind-induced vibration of a transmission
line system in Japan was also studied using full-scale monitoring by Momomura et al. (1997).

With the increase in the construction of high-rise and super-tall structures, the full-scale
monitoring of these structures through long-term structural health monitoring systems and short-
term monitoring during storms has increased (Li et al., 1998, 2004). The full-scale monitoring of
three tall buildings in Chicago is one of the notable researches where the wind excited response is
studied through long-term monitoring that lasted a decade (Bashor et al., 2012; Kijewski-Correa
et al., 2006; Kijewski-Correa and Kochly, 2007; Kijewski-Correa and Pirnia, 2007). Besides the
monitoring of structures under extratropical cyclones, literature is also rich in the monitoring of
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tall and supertall structures during tropical cyclones (Fu et al., 2012; Li et al., 2006; Li and Wu,
2007; Li et al., 2005, 2003; Wan et al., 2022; Wang and Ni, 2022; Yang et al., 2021). However,
the full-scale monitoring of wind excited response of a slender structure during a downburst
outflow is not available in the literature. This makes the research presented in this dissertation the
first full-scale monitoring study on the downburst wind excited response of a slender structure.
The geometric simplicity of the monitored structure makes it very convenient for the validation
of analytical wind-excited response calculation methods.

In full-scale monitoring studies, it is common to evaluate the dynamic properties of the
structures using ambient vibration data. This is the first step to interpreting the structural
response data registered during wind excitation and validating the analytical wind response
calculation methods. Thus, in this chapter, the monitored structure is introduced and the dynamic
properties of the monitored structure such as the modal frequency, modal shape, and damping
ratio are investigated using operational modal analysis techniques.

The geometry and sensors of the monitored slender structure are introduced in Section 2.2.
In Section 2.3, the Dynamic properties of the structures are investigated after a brief introduction
of the operational modal analysis (OMA) techniques used in this study. Finally, the aerodynamic
properties of the structure investigated by Orlando et al. (2023) are reported in Section 2.4.

2.2 Full-scale monitoring of a slender lighting pole

2.2.1 Geometry

The structure selected for wind and structural response monitoring is a 16.6 m-high lighting pole
located at the harbor of La Spezia, Italy (Fig. 2.1). The pole is founded on a 2.5 m concrete
cube foundation resulting in an almost perfect fixed-end connection allowing no rotation and
translation at the base. The structure is made of two hollow steel shafts positioned end to end. At
the junction, there is a 1 m overlap where the upper shaft fits over the lower shaft, ensuring a
secure connection. Both steel shafts are made through the lamination and calendaring process of
a4 mm thick steel sheet, longitudinally welding the edges of the steel sheets to create a 16-sided
hollow polygon section. The bottom shaft starts from the base and extends 7.75 m. It decreases
its maximum dimension from 528 mm at the base to 400 mm at the top. The upper shaft starts
from 6.75 m from the base of the pole and extends to 16.6 m. It decreases its largest dimension
from 417 mm at the bottom to 254 mm at the top. A steel ladder is attached to the pole along
the height of the structure on one of the sides of the polygonal shaft and it is interrupted by a
rectangular platform at 10 m. At the top of the pole, a square platform houses the anemometer,
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lighting equipment, and a security camera. In addition to its self-weight, the pole supports, the
attached ladder of mass ~ 180 kg/m, the intermediate platform of mass ~ 60 kg, and the top
platform with the lighting accessories of mass ~ 500 kg.
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Top platform B B
Steel
ladder 8.25m
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, e
Intermediate _L . “mm
platform Overlap region Section B-B
Steel
ladder 6.75m
16 'd| d pol [ ]
-sided pole
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Concrete 2.5m Section A-A
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Fig. 2.1 The geometry of the lighting pole

2.2.2 Sensors

The pole is equipped with a monitoring system for long-term, continuous, and simultaneous
measurement of wind and structural response. A triaxial ultrasonic anemometer measuring
wind speed at a sampling frequency of 10 Hz is installed at 21.7 meters above the ground.
The structural response is recorded by accelerometers and strain gauges. Two biaxial micro-
electro-mechanical system (MEMS) accelerometers with an operating range of + 2 g, measuring
acceleration at a sampling frequency of 200 Hz, are installed on one of the sides of the polygonal
shafts at 10.5 m and 16.6 m from the base of the pole. Referring to Fig. 2.2, accelerometers A,
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and A, measure acceleration in the XX direction while accelerometers A, and Ay, measure
acceleration in the Y'Y direction. Thus acceleration is measured in the orthogonal axes XX-YY.
Eight mono-axial half-bridge strain gauges measuring strain at a sampling frequency of 100 Hz
are installed at 0.5m and 1.5 m above the base of the pole on 4 sides of the polygonal shaft. Strain
gauges, €4, £c, €, and £ measure strain on the longitudinal axis perpendicular to axis XX while
Strain gauges, €, €p, €r, and €g measure strain on the longitudinal axis perpendicular to axis
YY. Thus, both the strain gauges and accelerometers are placed on the sides of the polygonal
shaft in such a way that response is measured in the two orthogonal directions, XX-YY. The
monitoring system has continuously registered wind and structural response data since February
2019 except for periods of interruption due to technical problems.

2.2.3 Remarks on the monitoring system

Best practices in structural response monitoring are available in the literature. Brincker and
Ventura (2015) complied detailed guidelines for structural monitoring starting from the inception
to the analysis of the registered data. In this section, the monitoring system is evaluated
considering the best practices in structural response monitoring, and additional insights specific
to the long-term simultaneous measurement of wind and structural response data are given.

* Location of the monitored structure: Because of the small spatial scale of downbursts,
initially it was not certain that a downburst outflow will pass through the monitored tower.
However, the location of the monitored tower is known for a previous recurring history of
downburst events and it was expected that at least a few downburst events will be registered
by the monitoring station throughout the long-term monitoring period. On the other hand,
the monitored tower location was also ideal because it is mostly free from blockage and
obstruction from the wind. The location was also accessible through the port authorities
for periodic maintenance and checks. There was a nearby reliable source of electricity and
an internet connection for the monitoring system and data transfer.

* Selection of the monitored structure: The monitored tower is simple in terms of geometrical
and dynamic properties. This makes it ideal for the validation of analytical methods using
registered monitoring data because the wind response can be calculated through analytical
methods without major difficulty or without introducing many uncertainties. In addition,
the selection of a tower made of a 16-sided polygonal section is optimal because this
cross-section is widely available in wind-sensitive structures such as lighting poles, wind
turbine towers, antenna masts, power transmission lines, and bridge supports.
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Fig. 2.2 Location of accelerometers and strain gauges on the monitored pole

* Location and direction of measurement sensors: The location of accelerometers at the
top and 2/3rd of the height of the pole enabled the investigation of the first two mode
shapes in the two principal directions which are single and double curvature bending
respectively. Their position was selected to be at the anti-nodes of the first and second
bending modes estimated from a numerical modal analysis. The provision of strain gauges
on four points at each of the two heights and their orientation enabled strain registration
due to bending along two perpendicular axes. The provision of a tri-axial accelerometer
enabled the registration of acceleration in three perpendicular axes. This was important
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for the calculation of displacement from strain gauges and acceleration. The provision of
strain gauges towards the bottom of the pole where the bending stress will be high and the
provision of accelerometers towards the top of the structure where the acceleration will be
high was also a good approach to register signals with high amplitude to noise ratio. The
location of the anemometer at the top of the tower avoided shedding or blockage effect
from the monitored structure.

Redundancy of sensors: Although two strain gauges on the faces of the cross-section along
two perpendicular axes would have been adequate to measure the strain due to bending
along the two perpendicular axes, the provision of four strain gauges at each of the two
heights enabled a redundant system for noise compensation. In addition, the provision of
four strain gauges at two levels also enabled redundancy of measurement in case the strain
gauges at one of the heights fail.

Selection of sensors: The selected strain gauge was a half-bridge system that compensate
for temperature influences on the strain gauge. In addition, both the strain gauges and
accelerometers were sensitive enough to pick up the expected signals of acceleration and
strain measurement of the structure.

The sampling frequency of sensors: The sampling frequency defines the upper limit of
the frequency band that can be used for the analysis of the recorded signals. In this case,
the sampling frequencies of the strain gauges, accelerometers, and anemometer were high
enough to capture all the frequencies of interest.

Synchronization of registered data: Synchronization of data from different sensors was not
a problem because wired sensors with a single data acquisition system were used.

Backup for power interruption: The data acquisition system is equipped with an uninter-
ruptible power supply (UPS) as a backup in case a power interruption occurs.

Apart from the best practices summarized above, there are also points of improvement that

should be considered for future wind and structural response monitoring systems.

» The monitoring system exported consecutive 6 hrs of registered wind-and-structural-

response data in a text file which is later converted to a Matlab file during post-processing.
However, a user interface that displays the measured data and summaries of the previously
archived recordings should be considered for long-term monitoring systems as it facilitates
the visualization and extraction of data. The user interface might also be useful to have a
notification system during malfunctioning of the monitoring system.
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* Although the monitored structure was provided with anemometers, the provision of
meteorological sensors such as temperature, pressure, and humidity sensors could assist
in the separation of high-intensity wind events into different types such as synoptic and
thunderstorms.

* The provision of an anemometer at different heights will be useful to obtain information
on the vertical profile of the wind speed. Although it might not be convenient to install
several anemometers on the monitored tower, nearby towers can be considered.

2.3 Dynamic properties

Modal frequency, modal shape, and damping ratio are some of the parameters that dictate the
dynamic response of any structure. Thus, estimating these parameters was the first important
step in interpreting the registered response of the monitored structure.

Forced vibration test and operational modal analysis (OMA) are the two widely applied
methods that are used to obtain the dynamic properties of structures. In recent years, operational
modal analysis methods had major use in dynamic characterization because they do not require
the mechanical vibration of the structure using external sources of excitation. The OMA methods
use the registered response of the structure in ambient conditions to obtain the necessary dynamic
properties. In this study, OMA methods such as the classical frequency domain approach, random
decrement signature technique, and frequency domain decomposition method are used.

In the following sections, the commonly used OMA methods applied in this research are
introduced, the selection of ambient vibration data for the application of the OMA methods is
described, and finally, the dynamic properties are investigated.

2.3.1 Methods of dynamic identification
Classical frequency domain approach

This method is the most straightforward method for the identification of dynamic properties. It
relies on the spectral density (SD) plot of the registered response of the structure under ambient
conditions. The SD can be found through different approaches but the most common one is the
Welch method (Welch, 1967). Applying the Welch method, the SD is obtained by calculating the
Fourier transform of various segments of the response time history followed by the calculation
of the ensemble average of the absolute amplitude squared of the Fourier-transformed segments.
Once the SD is obtained, it is plotted as a function of frequency. If appropriate measurement
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sensors are installed at proper locations of the structure for the ambient vibration registration,
the peaks on the SD plot correspond to the modal frequencies of the structure. For example, the
SD of strain or acceleration registration in the X and Y directions are expected to have resonant
peaks at all modal frequencies associated with movement (translation or rotation) in the X and
Y directions respectively. The number of vibration modes that can be identified through this
method depends on the frequency of measurement of the sensors and the amplitude-to-noise ratio
of the registered response. The accuracy of this method depends on the frequency resolution and
the number of segments that are used to calculate the SD of the response.

If the modal frequencies are not very close to each other, a general idea of the modal shape
can also be obtained from the SD plot by comparing the magnitude of the peaks of the response
SD at various heights of the structure.

Structural damping associated with each vibration mode can also be obtained from the SD
of response by measuring the bandwidth of the half-power point, which is the width of the SD
at half of the peak value for each vibration mode. Equating the measured bandwidth with 2&n,
the damping ratio, &, for each vibration modal frequency, n, can be obtained. However, a more
accurate measure of the damping ratio can be obtained by other methods that extract the part of
the SD in the neighborhood of the modal frequencies and apply curve fitting procedures to either
the SD or the correlation function of the SD. These more accurate methods and their applications
are explained more clearly in Section 2.3.5.

Random decrement signature method

This method was proposed by Henry A. Cole in 1973 for failure detection and damping mea-
surement in aerospace structures (Cole, 1973). It is based on the concept of random decrement
signature (RDS). RDS is a curve obtained by calculating the ensemble average of segments of
the response time history that are extracted based on a selected criterion of initial conditions.
The procedure of estimation of RDS from a time history of response is illustrated in Fig. 2.3. In
the example shown in Fig. 2.3, the segments are extracted based on the criteria that their initial
amplitude is Xp and their slope Xp is zero. Thus segments of a predefined length satisfying the
two criteria are extracted from the time history of vibration. The ensemble average of all the
extracted segments will give the random decrement signature. The random decrement signature
is mathematically expressed as follows (Kijewski and Kareem, 2000; Vandiver et al., 1982).

Dy, (7) = E[X (12)[C] 2.1)
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where the expression on the right is the expected value of X (;) given the initial condition at #; is
satisfied. This initial condition, C, can be the following.

The basis behind RDS is that averaging different segments of a response time history with
predefined segment length and specific initial conditions will eliminate the random part of the
response and results in the RDS which can be considered as directly proportional to the free
vibration decay of the structure with an initial displacement. A mathematical justification for the
RDS method was given by Vandiver et al. (1982) where it was concluded that for a linear time-
invariant system excited by a stationary zero mean, Gaussian random process, the RDS is directly
proportional to the autocorrelation function of the response. In addition, it was proved that for
single degree of freedom (SDOF) systems excited by white noise, the autocorrelation function
is exactly proportional to the free vibration decay of a structure with an initial displacement
(Vandiver et al., 1982).

The free vibration decay curve of a single degree of freedom system, X (¢) is given by:

X(0)+X(0)éw
()]

X(t) = [X(O) cos Wpt + < ) sin th] exp(—§or) (2.2)

where @p = 0+/1 — &2; @ is the circular frequency; and & is the damping ratio of the system.

The envelope of the free vibration curve is given by X (t) = E - exp(—& wt), where E is a
constant.

Once found, the RDS can be used to obtain the damping of the system through curve fitting.
First, the RDS should be normalized to have a maximum amplitude of 1. Then depending on the
initial condition for the RDS, different curve-fitting requirements can be applied. If the segments
of time histories in the RDS were obtained using the initial condition of X (¢;) = 0, both the
damping and natural frequency of the system can be found by fitting Eq. 2.2 with X(0) = 1 and
X (0) = 0 to the RDS. Otherwise, the damping ratio can be found by fitting X () = exp(—& wt)
to the envelope of the RDS provided that the modal frequency is known.
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Fig. 2.3 Illustration of random decrement signature estimation
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Fig. 2.4 Free decay of an SDOF with zero initial velocity

Frequency domain decomposition

Frequency domain decomposition (FDD) is a method introduced by Brincker et al. (2000). Its
application is based on the spectral density matrix of the response of the structure measured by
different channels at various heights of the structure. It is based on the following definition of
the spectral density matrix of the response G, (f)

Gy(f) = AGq(f)AT (2.3)

where A is the mode shape matrix A = [ay,a,,...] and G,(f) is the SD matrix of the modal

coordinates.

If we now assume that the modal coordinates are uncorrelated, the SD matrix G4(f) of the
modal coordinates will be both diagonal and positive valued. Further, since we know that the SD
matrix is Hermitian and that some complexity might be present in the mode shapes, we need to
use Hermitian instead of the transpose. Thus, Eq. 2.3 becomes

Gy(f) = Alga(f)]A" 2.4)
where g2(f) are the auto spectral densities (diagonal elements) of G4(f).

If the response (vibration) time history of a structure measured by various channels is
available, the SD matrix can be calculated using various methods. Then, the calculated SD
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matrix, Gy(f), can be decomposed using singular value decomposition to have the form of Eq.
2.3 which for a complex, Hermitian, and positive definite matrix, takes the form

G,(f) = USU" = Uls; (/)0 (2.5)

It follows directly that the singular values s2( f) in the diagonal matrix S should be interpreted
as the auto spectral densities of the modal coordinates, and the singular vectors - that is the
columns in U = [uy,uy,...] - should be interpreted as the mode shapes. By plotting the singular
vectors as a function of frequency, the modal frequencies can be found by peak-picking. The
singular vectors corresponding to the modal frequencies are interpreted as modal shapes. In
addition, by extracting the part of the singular vector plot in the proximity of each modal
frequency which is called "the spectral bell" in literature, damping ratios associated with each
mode can be obtained.

2.3.2 Selection of data for system identification

All the dynamic identification methods introduced in the previous section are developed on the
assumption that the structure is excited by a stationary and zero-mean input. Thus, initially,
periods in which the structure was subjected to approximately stationary excitation have to be
found. The reverse arrangement test is one of the methods for checking the stationarity of random
processes (Bendat and Piersol, 2010). Thus, the stationarity of consecutive 1-hr wind speed data
was checked using the reverse arrangement test. From the available 4230-hr data, a total of 84
segments of 1-hr wind speed data were found to satisfy the stationarity criteria with a confidence
level of 95%.

As explained in Section 2.2, the structural response has been registered with accelerometers
and strain gauges. Both of these registered responses can be used for dynamic system iden-
tification but in comparison, acceleration registrations were found to be easier to be used as
they do not require pre-processing as in the case of strain registrations (explained in Chapter 3
Section 3.3.3). Thus, acceleration registrations were selected to be used for the dynamic system
identification.

To further inspect the 84 segments of 1-hr data, plots of wind speed, wind direction, registered
acceleration, and SD of registered acceleration were made for each of the segments. For example,
Fig. 2.5 shows the wind speed, V, wind direction, &, acceleration registrations, and SD of
accelerations for one of the 1-hr segments out of the 84. Similar plots like Fig. 2.5 were prepared
for all 84 segments and by visually inspecting the acceleration registration and its SD, it was
observed that the accelerometers at the top of the pole, A, and Ay, were not working properly
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in most of the 1-hr segments. From the visual inspection, the accelerometers at both heights
were found to be working in 14 out of 84 1-hr segments. On the other hand, the accelerometers
at 2/3 of the height of the pole, Ay, and A,,, were working in all of the selected segments.
Although the accelerometers at the top of the tower might have a better amplitude-to-noise ratio,
the accelerometers at 2/3 of the height of the pole are also adequate for most of the system
identification. Fig. 2.6 summarizes the mean wind speed of the 84 1-hr segments selected for the
system identification and their occurrence in time. Black markers indicate segments where all
accelerometers were working and blue markers indicate segments where only the accelerometers
at 2/3 of the height of the pole are working. It can be observed that all the stationary segments
selected for dynamic identification have a mean wind speed of lower than 10 m/s. This limits
the scope of the damping ratio estimation because there are only a few data segments during
significant wind intensity for the investigation of the aerodynamic damping.

2.3.3 Modal frequencies

The modal frequencies of the monitored structure were found through the classical frequency
domain approach. Initially, SD was calculated for the 84 1-hr acceleration registrations, A, and
Ay, selected in Section 2.3.2 using the Welch method with segments of 215 and 50 % overlap.

Fig. 2.7 shows an example of the SD of accelerations, Ay, and Ay, plotted using one of
the 1-hr time histories. Note that the two accelerometers register acceleration in orthogonal
horizontal directions. Since the frequency of acceleration registration is 200 Hz, the cutoff
frequency is 100 Hz. However, the axis of frequency in the SD plot is limited to 5 Hz for ease
of peak identification. As explained in Section 2.3.1, the frequencies at the resonant peaks are
identified as the modal frequencies. From Fig. 2.7, it can be observed that the first and second
modes are very close to each other at a frequency of 0.75 Hz and 0.85 Hz, while the rest of
the modal frequencies are above 3 Hz. For the application in this research, only the first two
modes are considered to be significant (investigated in Chapter 3). Thus, the focus of subsequent
sections will be only on the first two modes.

Long-term variability of the first two modal frequencies was studied by selecting 59 stationary
time histories that had a mean 1-hr wind speed greater than 1 m/s out of the 84 1-hr time histories.
The threshold on the mean wind speed was imposed to make sure that the amplitude-to-noise
ratio is adequate for the resonant peak identification. The mean values of the first and second
mode frequencies were found to be 0.75 and 0.85 Hz with a coefficient of variation of 1.05%
and 1.24% respectively. Fig. 2.8 shows the first two modal frequencies and their variability with
time and wind speed. It is evident that there is a slight variability with time probably because
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of a change in the lighting fixture at the top of the tower. However, an increasing or decreasing
trend of modal frequencies with wind speed can not be observed from the plot.
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Although the SD of the response was adequate to obtain the modal frequencies, the modal
shapes and the axis of bending for each of the modal frequencies can not be easily identified
from this plot. However, careful observation of the SD of responses that are orthogonal to each
other can give some indication. For the monitored structure, the possibility of having torsional
vibration mode as the first or second mode can be ruled out because the cross-section has high
torsional stiffness. Comparing the SD plot of orthogonal response components such as Ay, versus
Ay in Fig. 2.7, the presence of the resonant peaks at 0.75 Hz and 0.85 Hz on both plots indicates
that the first two modes are not bending modes along the axis of measurements of A, and A,».
Investigating the axis of bending for each of the two modes is important because the pole is not
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polar symmetric due to the presence of a ladder and an intermediate platform attached to one of
the sides of the structure.

To obtain the axis of bending for each of the vibration modes, a trial and error procedure was
applied by calculation of acceleration on assumed axes of bending and plotting the PSD. The
assumed axes were rotated until the PSD of the strain calculated on the assumed axes showed
only a single peak at either 0.75 Hz or 0.85 Hz. The acceleration registrations at 10.5 m above
the base, Ay, and Ay, were used and a procedure explained in Table 2.1 was applied to find the
axes of bending corresponding to the first and second modes.

Table 2.1 Procedure for bending axis determination.

Step Operation

1 Assume the axis of bending corresponding to the first two modes, axes X-Y,
to be an axis rotated by an angle y from the measurement axes, XX-YY. (Fig.
2.9)

2 Project the registered accelerations along XX-YY, Ay, and Ay, to the new

axes X-Y to get A}y and A},

3 Plot the SD of A, and A},

4 Check whether only one or both resonant peaks at 0.75 Hz and 0.85 Hz are
present in the SD plots of A’, and A;z.

5 If only one of the resonant peaks at either 0.75 Hz or 0.85 Hz can be spotted

in the SD plots of A’, and A;Z, the assumed value of ¥ is corresponding to the
axis of bending for the first and second bending modes (Eg. See Fig. 2.10 (c)
and (d)). If not (Eg. See Fig. 2.10 (a) and (b)), repeat Steps 2 to 4 changing
the value of y until this condition is satisfied.

Following this procedure, the axes of bending of the structure corresponding to the 1* and
24 modes of vibrations were found to be an orthogonal set of axes, that are rotated by 8 = 23.5°
(Fig. 2.9) clockwise from the local reference system of response measurement, XX-YY. The 1%
mode of bending was found to be along the Y axis at 0.75 Hz and the 2" mode of bending was
found to be along the X axis at 0.85 Hz (Fig. 2.9). In subsequent sections, we will refer to the
axes of bending of the first and second bending modes, X-Y, as the principal axes of bending of
the structure. Since the first two modes are single curvature bending about axes orthogonal to
each other, we will refer to these modes as the first bending modes in the principal directions
with frequencies, nx | and ny ;.

2.3.4 Modal shapes

Mode shapes for the first bending modes in the principal directions were estimated by applying
the frequency domain decomposition (FDD) method (Brincker et al., 2001; Brincker and Zhang,
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Fig. 2.9 Orientation of the principal axes with respect to the local reference system

2009; Tamura et al., 2002; Zhang et al., 2005). First, 1-hr acceleration data in which both
accelerometers were working are selected (Section 2.3.2). Then, the acceleration registrations in
the orthogonal directions, XX-YY, were projected along the principal bending axes, X-Y.

Axj=A;jcos(0)+A,;sin(0)

(2.6)
Ayj=A,jcos(0) —Ay;sin(0)

where j =1,2; and 8 = 23.5°.

Then, according to the FDD technique, the power spectral density (SD) matrix was calculated
for the response in the X direction using zero acceleration at the bottom, Ax, at 10.5 m, and Ay
at the top of the structure. Similarly, the SD matrix was calculated for the response in the Y
direction using zero acceleration at the bottom, Ay, at 10.5 m, and Ay, at the top. The SD was
calculated using a segment length of 2! points with 50% overlap. The calculated SD matrices
were decomposed through the singular value decomposition technique to have the modal shape
matrices and a diagonal matrix of singular values at each frequency. The modal shape vectors
corresponding to modal frequencies n; y = 0.75 Hz and n; x = 0.85 Hz were identified as the
modal shape vectors ¥y ; and Yy ;| respectively. The Mode shapes vectors indicated that the
first modes in the principal directions are single curvature bending. The modal shapes in the X
and Y directions were mathematically modeled through a power function (z/H )C"-fl , where z is
the height above the base, H is the total height of the structure, {;; is a constant and i = X,Y.
The constant §; ; was found for both principal directions using the modal shape vectors Yy, and
Vx 1- The investigation for modal shape was done for 14 1-hr time histories of accelerations
selected in Section 2.3.2 to check variability in the estimation of modal shape. As a result, the
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mean value of the power coefficients was found to be {x | = 1.6 and {y ; = 1.9, with a coefficient

of variation of 2.3% and 1.6% respectively.

2.3.5 Damping ratio

The damping ratio of the monitored structure was investigated using the random decrement

signature method and classical frequency domain approaches.

Random decrement signature method

The random decrement method was applied using acceleration registrations of the identified 84
1-hr time histories (Section 2.3.2). Because the accelerometer at the top of the structure was
not working properly during most of the stationary signals, only acceleration registrations at the
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height of 10.5 m, A,; and Ay;, were used. Initially, the registered accelerations along the local
axis of measurements, XX-YY, were projected on the principal axis of the structure, X-Y, to get
Ax> and Ay, (Eq. 2.6).

The two acceleration registrations, Ay, and Ax,, were bandpass filtered to extract responses
corresponding to the 1* mode vibrations in the two principal directions ¥ and X respectively.
Ay, was bandpass filtered between 0.8 and 0.9 Hz, while Ay, was bandpass filtered between 0.7
and 0.8 Hz. The random decrement signature (RDS) was calculated by extracting 40 seconds
segments, that satisfy the criteria of initial amplitude, X (t,) = Xp. In this case, since acceleration
measurement was used to obtain the random decrement signature, the initial condition will
be defined as A(f,) = Ap. However, to maximize the number of segments extracted from the
1-hr time history and thereby increase the accuracy of the RDS, a threshold of amplitude was
applied instead of a single value. Segments within the 3% threshold of Ap were also considered
as satisfying the initial condition. To increase the probability of obtaining higher numbers of
segments from the 1-hr time history, 8 values, ranging from 10% to 80% of the maximum
response amplitude were selected to be the initial condition Ap. Using these criteria, RDS
was calculated for each of the 84 1-hr time histories. Thus, a total of 84 x 8 = 672 RDS were
calculated in each principal direction.

After the RDS were calculated, they were normalized to have a maximum amplitude of 1.
Then, the normalized envelope of an SDOF free vibration decay, X (1) = exp(—& t) was fitted
to the envelope of the RDS through the nonlinear least square method to obtain the damping
ratio. X (r) = exp(—&€ ot) with @ = 27(0.75) was fitted to the envelope of RDS obtained using
Ay, and X (t) = exp(—& o) with @ = 27 (0.85) was fitted to the envelop of RDS obtained using
Ax». Fig. 2.11 shows an example plot of the RDS with its envelope as well as the plot of the
frequency decay (FD) and its envelope obtained through curve fitting for a single case out of the
672.

The goodness of fit for each of the 672 RDS was also calculated through the R-squared
(Coefficient of determination) value. Then, from the 8 results obtained for each of the 84-time
histories, the result corresponding to the maximum R-squared value was selected. Thus, a
single damping ratio was obtained for each of the 84-time histories. Finally, results that have
an R-squared value of less than 99% were disregarded. This process was automated using a
MatLab script and the process yielded 19 results for damping in the X direction and 11 results for
damping in the Y direction. The damping ratio corresponding to the first mode bending in the Y
direction, &y,;, was found to be 0.42% with a coefficient of variation of 26%. The damping ratio
corresponding to the first mode bending in the X direction, &y 1, was found to be 0.4% with a
coefficient of variation of 21%. The number of 40-second segments used for the calculation of the
RDS was between 160 and 4366. Fig. 2.12 shows the damping ratios, &x 1 and &y,1, calculated
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Fig. 2.11 Example of RDT method application

using the random decrement signature technique. The calculated damping ratios are plotted, as
a function of the mean wind speeds, Vg, of the 1-hr segments used for the estimation of the
damping values (Fig. 2.12(a)), as a function of the time period of the 1-hr segments used for the
estimation of the damping values (Fig. 2.12(b)), as a function of the amplitude of accelerations
that were used as the initial condition Ap for extracting the 40-second segments (Fig. 2.12(c)),
and as a function of the number of 40-second segments that were ensemble averaged to obtain the
random decrement signature for the calculation each of the damping ratios (Fig. 2.12(d)). From
visual observation, there is no clear indication of a relationship between the estimated damping
ratios and the considered parameters. However, it should be noted that most of the 1-hr data
segments used for the damping estimation are vibrations of the structure during a low-intensity
wind (less than 10 m/s), and in addition, the estimated damping ratios were filtered based on the
goodness of fit between the RDS and the free vibration decay of an SDOF system.

In general, considering the high uncertainty of damping estimation usually highlighted in
the literature, it can be stated that the proper selection of stationary inputs coupled with the
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application of criteria of goodness of fit in the damping estimation using the random decrement
signature applied in this research yielded a satisfactory result of damping ratio with comparably
low variability.
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Fig. 2.12 Damping ratio obtained using RDS method

Classic frequency domain approach

The damping ratio of the monitored structure was calculated following classic frequency domain
approaches that use the auto spectral density of acceleration registration as the main input.
Initially, the acceleration registrations in the orthogonal directions, A,» and Ay, were projected
along the principal axes X - Y and Ay, and Ay, were found. Then the auto spectral density was
calculated using the Welch method with a segment length of 2!6 points and 50% overlap. Since
the frequency of acceleration measurement is 200 Hz, the resolution frequency of the SD was
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~ 305 x 1073 Hz. The part of the SD around the modal frequencies ny | = 0.85 and ny ; = 0.75
was extracted from the SD of Ay, and Ay, respectively. The extracted segment of SD is referred
to as “the spectral bell’ in literature because of its bell shape. Fig. 2.13 illustrates the spectral
bell (in red) and the parent SD. There is no clearly defined limit for the upper and lower bound
frequencies of the spectral bell in the literature although some recommend +1Hz from the modal
frequency. However, Brincker et al. (2001) suggested the use of modal assurance criteria (MAC)
to ensure that the extracted spectral bell corresponds to only the modal frequency of interest and
that contributions of other modes are not mixed.

(@) (b)

SD of Ayg

Fig. 2.13 Extraction of the spectral bell from the SD

By looking at the SD of acceleration, a threshold in the range of 0.05 - 0.35 Hz was considered
to be sufficient to extract the spectral bell. The spectral bells such as shown in red in Fig. 2.13
were extracted by considering a threshold of 0.35 Hz for the upper and lower frequency band.
This means that the bandpass frequencies were modal frequencies =0.35Hz.

A separate check was made to make sure that the bandpass thresholds for the extraction of
the spectral bell were not too wide to mix frequency contents of higher modes. This was done by
calculating the modal shape vector corresponding to every frequency through the FDD method
as explained in previous sections and calculating the MAC value for the lower and upper bound
frequencies. This was implemented through the use of acceleration measurements at the two
heights of the structure. The MAC number calculated at the lower and upper bound frequency
was greater than 99%. Thus, the upper and lower bound frequencies were considered adequate.

Once the spectral bell is extracted, two methods were applied to get the damping ratio. These
methods will be referred to as method 1 and method 2 in the subsequent discussions.

In method 1, first, stationary zero mean acceleration time history was generated from the
spectral bell using Monte Carlo simulation. Then, the normalized-unbiased autocorrelation
function for the generated time history was calculated. Finally, the damping ratio was obtained
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Fig. 2.14 Example of curve fitting of the FRF squared on the spectral bell

by fitting the envelope of the free decay of an SDOF, exp(—2£w), to the envelope of the

autocorrelation function.

Method 2 is based on the assumption that the excitation is white noise and thus the spectral
bell is proportional to the square of the frequency response function (FRF) of an SDOF (Carassale
and Percivale, 2008; Pagnini et al., 2018). The FRF squared of an SDOF is given by

1 1
O = o @7
(0] [0
V(&) s
The normalized FRF squared has a maximum magnitude of 1 and is given by
4 2
|H(w))* = : (2.8)

0)22420)2
(1-%) %

Thus, the normalized FRF squared was fitted to the normalized spectral bell through the
nonlinear least square method to find the modal frequency and damping. The fitting was done
in the logarithmic representation to enhance its efficiency as recommended in Carassale and
Percivale (2008). Fig. 2.14 shows the fitting between the normalized FRF squared and the
normalized spectral bell for one of the considered time histories.
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These two methods have been applied to the 84-time histories selected in Section 2.3.2
to calculate damping ratio. The results are further filtered by removing results in which the
goodness of the fit measured in terms of R-squared value for method 1 was less than 95%. This
way, 26 and 22-time histories were found to satisfy the R-squared threshold value for damping
ratios, &y 1 and &y | respectively. The results are summarized in Table 2.2.

Considering the high uncertainty of damping ratio estimation using OMA methods in the
literature, the variability of the calculated damping ratio with a maximum coefficient of variation
of less than 35% can be regarded as satisfactory and this could be attributed to the selection of
approximately stationary vibration records and the application of criteria of goodness of fit in the
damping estimation.

Figs. 2.15 and 2.16 show the variability of the estimated damping ratio with respect to the
mean wind speed, the period, and the R-squared value of the fit. In all cases, a clear correlation
and an increasing or a decreasing trend are not evident.

Table 2.2 Damping estimation using classic frequency domain approaches

Method Six Suy
mean Ccov mean cov
[%] [%] (%] [%]

1 0.55 348 0.59 29.6

2 0.58 30.4 0.63 27.1

Due to the availability of 1-hr acceleration data sampled at a frequency of 200 Hz, the
damping ratio of the monitored structure was estimated using the classic frequency domain
approach considering a segment length of 2'®. However, segment lengths of 2!3, 214, and
215 were also considered to see if there is variability in damping estimation depending on the
frequency resolution of the SD. Fig. 2.17 shows the variability of the mean damping ratio
depending on the number of data points (segment length) considered for the SD. It can be
observed that the damping ratio decreases as the frequency resolution increases. The decrease in
damping ratio with the frequency resolution has a gentle slope after the segment length of 21,
This finding is in agreement with the Tamura et al. (2002) in which damping is shown to reduce
as the number of data points increases. Thus, it should be highlighted that a sufficiently long
vibration record is very important to estimate the damping ratio through SD-based methods.
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Fig. 2.15 Damping ratio obtained using classic frequency domain approach: Method 1

2.4 Aerodynamic properties

An investigation of the aerodynamic properties of the monitored structure was previously carried
out by Andrea Orlando (Orlando et al., 2023) in the Giovanni Solari boundary layer wind tunnel
at the University of Genova (https://www.gs-windyn.it/wind-tunnel/). Although the aerodynamic
properties evaluation was not part of this thesis, the results of the experiments by Orlando et al.

(2023) are reported here for the sake of completeness.

Three scaled models have been realized. A 3D model of the top platform, 1:5 scale, repro-
duces all the equipment at the top of the tower: the metallic frame, the spotlights, and the security
camera (Fig. 2.18a). Two sectional 1:8 scale models, realized by 3D printing (Fig. 2.19a),
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Fig. 2.17 Variation of damping ratio with data points of SD

represent the top and bottom segments of the tapered shaft, which has a 16-sided polygonal

cross-section. They also reproduce the rounded corners, the weld, and the external ladder.
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Models have been subjected to static tests to measure mean force coefficients and Strouhal
number varying angle of attack, flow velocity, and turbulence intensity. The mean force coeffi-
cients of the models have been evaluated as:

F
2PU Ares
where i is the reference mean wind velocity (time average of the pitot measure); A, is the
reference area of the models; p is the air density; F; and Fj; are the time average of the

aerodynamic force acting in the longitudinal and lateral directions respectively.

The mean force coefficients of the sectional models used for this work are reported in
Figs. 2.18b and 2.19b. They have been obtained in turbulent flow (1, = 7.5%) with it = 11.0 m/s.
Further details of the description of the experiment and results can be found in Orlando et al.
(2023)

09 1 1 1 1 1 1 1 1 1 1
0 30 60 90 120 150 180 210 240 270 300 330 360

Angle of attack [deg]

) 30 60 90 120 150 180 210 240 270 300 330 360
Angle of attack [deg]

(b)

Fig. 2.18 3D top platform model (a) and relevant mean force and moment coefficients as a
function of angle of attack (b). & = 11.0m/s.
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Fig. 2.19 Sectional models (a) and relevant mean force coefficients as a function of angle of
attack (b). Turbulence intensity 7, = 7.5%; i = 11.0m/s.

2.5 Conclusion

* The dynamic properties of the monitored structure such as the modal frequency, modal
shape, and damping ratio were estimated using operational modal analysis methods.

 The availability of long-term vibration data added to the novelty of the research in the
selection of proper stationary inputs of vibration during the ambient conditions and in the
study of the variability of the estimated dynamic properties with important parameters
such as wind speed, the goodness of fit, . .., etc.

* The first mode frequencies in the two principal directions were found using the power
spectral plot with a minimal uncertainty quantified by a coefficient of variation value of
less than 1.25%.

* The mode shape of the first modes in the two principal directions was estimated using
the frequency domain decomposition technique. A very small variability quantified by a
coefficient of variation value of less than 2.3% was observed.

* The proper selection of stationary inputs coupled with the application of criteria of good-
ness of fit in the damping estimation using the random decrement signature applied in this
research yielded a satisfactory result of damping ratio with comparably low variability.
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* The results of the calculated damping ratio through the classic frequency domain ap-

proaches were also satisfactory in terms of variability and this could be attributed to
the selection of approximately stationary vibration records, the use of a high-resolution
spectral density curve, and the application of criteria of goodness of fit in the damping
estimation.

The application of classic frequency domain approaches for the estimation of the damping
ratio is found to be highly dependent on the frequency resolution of the power spectral
density curve. This highlights the importance of using sufficiently long vibration data and
high-resolution PSD for the proper estimation of the damping ratio.

Estimation of the dynamic properties of the structure, especially the damping ratio, during
transient events, was not possible because the operational modal analysis techniques are
developed on the assumption the ambient vibration is due to a stationary input. This limited
the scope of the system identification and the prevalence of aerodynamic damping during
transient events could not be investigated. Future studies might consider the contribution
of aerodynamic damping in short-lived transient events such as downbursts in comparison
to ABL events.
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