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ABSTRACT

Wind excited response of structures due to downbursts has been studied using wind tunnel simulations,
computational fluid dynamics applications, and analytical procedures in the previous two decades. However,
the studies have not been validated with full-scale wind and structural response measurements. To fill this
research gap, continuous wind-and-structural response monitoring of three slender structures was implemented
through the European research council-funded project, THUNDERR. This paper focuses on one of the monitored
structures, describing the monitoring system, the dynamic and aerodynamic properties, and the registered data
during two downburst events. The wind-excited response of the monitored structure during two case studies of
downbursts is analyzed. The correlation between the wind speed and structural displacement parameters was
also studied and the square of mean wind speed was found to be highly correlated with the mean displacement
and the standard deviation of the fluctuating displacement. The fluctuating components of wind speed and top
displacement were found to be partially correlated. The simplicity of the selected structure, and the possibility
of obtaining both the quasi-steady and resonant components of the structural response from strain registrations,

will make this study a benchmark for the validation of methods and simulations of downburst wind load.

1. Introduction

Wind engineering has shown a clear advancement in the design of
structures to synoptic winds after Alan G. Davenport’s breakthrough
framework of wind load estimation for structures through the famous
Davenport chain in 1961. This framework was outlined considering
synoptic winds, in which the mean and fluctuating components of the
wind speed can be separated through a time average of 10 minto 1 h
resulting in a constant mean and an approximately stationary Gaussian
fluctuation. For many years, this has been the basis for the design crite-
rion of wind in all codes of practice. In previous years, small-scale wind
events that form due to convective activities such as tornadoes and
downbursts have resulted in devastating outcomes. However, contrary
to synoptic winds, design guidelines that are collectively agreed upon
by researchers are not available for these transient events. 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). In the past 20 years researchers have been trying to simulate
downburst winds in wind tunnels (Chay and Letchford, 2002; Letchford
et al., 2002; Mason et al., 2005; McConville et al., 2009; Jesson et al.,
2015a,b; Romanic et al., 2019; Junayed et al., 2019; Le and Caracoglia,
2019; Asano et al.,, 2019; Wu et al., 2021) and in the framework
of computational fluid dynamics (CFD) (Chay et al., 2006; Kim and
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Hangan, 2007; Sengupta et al., 2008; Vermeire et al., 2011; Aboshosha
et al., 2015; Iida and Uematsu, 2019). On the other hand, researchers
also proposed and applied analytical methods for the estimation of
wind response during downbursts (Choi and Hidayat, 2002; Chen and
Letchford, 2004; Holmes et al., 2005; Chen, 2008; Kwon and Ka-
reem, 2009; Solari et al., 2015b; Roncallo and Solari, 2020). However,
the proposed simulations and analytical methods were not validated
with full-scale wind and structural response measurements during a
downburst. Full-scale monitoring is essential to check whether the
simplifying assumptions considered in the proposed downburst wind
load modeling are acceptable and to see if all governing parameters
have been given sufficient importance in the proposed models. There
is a major advancement in the collection of downburst wind speed data
through a network of closely spaced anemometers (Repetto et al., 2017;
Solari et al., 2020), but the collection of simultaneous measurement of
wind and structural response data is very rare.

Stengel and Thiele (2017) presented the first study conducted
through full-scale monitoring of a structural response during a down-
burst. They studied the sway angle of an overhead transmission line
during a downburst using full-scale wind and structural response mon-
itoring. They have shown that the time-varying mean sway angle
of the transmission line estimated using time domain analysis and
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registered 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 of the same building in the
previous 128 Atmospheric boundary layer (ABL) wind events. It was
indicated that the observed pressure coefficients are generally 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 a structural health monitoring
system.

Full-scale monitoring of simple slender structures, whose aerody-
namic and structural properties are relatively simple for validation with
proposed downburst wind load models, is not available in the literature.
To address this gap, the research group working on wind engineering at
the University of Genova has initiated a full-scale structural monitoring
campaign targeted at registering simultaneous wind and structural
response data for three simple slender structures through the European
Union-funded project, THUNDERR (Solari, 2020). The ultimate goal
of the monitoring campaign is to register simultaneous measurement
of downburst wind and structural response data of slender structures
whose properties are relatively simple for the calculation of wind
response.

This paper is a part of this wide research program. The main scope
of the work is to introduce one of the three monitored structures, a
slender lighting pole, and to present and discuss its response during
two downburst events. The relative simplicity of the structure in terms
of structural properties and geometry makes it suitable for future
validation studies. The location, geometry, installed sensors, dynamic
proprieties, and aerodynamic properties of the monitored structure
are explained in Section 2. The procedure that has been followed to
extract downburst events from the recorded wind data is described
in Section 3. The selected case studies of downbursts along with the
registered wind and structural response data are presented in Section 4.
The wind and structural response data are discussed and analyzed
in Section 5. Finally, conclusions are made and prospects for future
research are recommended in Section 6.

2. Monitoring system
2.1. Description of the monitoring system

The selected structure for the wind and structural response moni-
toring is a 16.6 m-high lighting pole located at the harbor of La Spezia,
Italy (Fig. 1). The pole is founded on a 2.5 m concrete cube, resulting
in an almost perfectly 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 a 4 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 above 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, 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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The pole is equipped with a monitoring system for long-term con-
tinuous 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 accelerometers measuring acceleration at a sampling fre-
quency of 200 Hz are installed on one of the sides of the polygonal
shafts at 11 m and 16.6 m from the base of the pole. Eight monoaxial
strain gauges measuring strains at a sampling frequency of 100 Hz are
installed at 0.5 m and 1.5 m above the base of the pole on 4 sides of the
polygonal shaft. The strain gauges and accelerometers are placed on the
sides of the polygonal shaft in such a way that response is measured in
two orthogonal directions. The monitoring system has been registering
wind and structural response data since February 2019 continuously
except for periods of interruption due to technical problems. Until the
submission of this paper, a total of 4230 h of data has been recorded.

2.2. Dynamic properties of the structure

Modal frequencies, modal shapes, and damping ratios are some of
the parameters that dictate the dynamic response of any structure.
Thus, quantifying these parameters was the first important step to
interpreting the registered response of the monitored structure.

Forced vibration test and operational modal analysis are the two
widely applied methods to obtain the dynamic properties of structures
in structural response monitoring. In recent years, operational modal
analysis (OMA) methods had major use in dynamic characterization
because they can be applied without the need for mechanically vi-
brating the structure. These OMA methods use the registered response
of the structure in ambient conditions to obtain the required dynamic
properties. In this study, OMA methods such as the random decrement
technique, frequency domain decomposition, and peak-picking method
are used.

The modal frequencies were found by plotting the power spec-
tral density (PSD) of 4-hour strain measurement using the Welch
method (Welch, 1967) with 16384 points and 50% overlap. The fre-
quencies at which the plot of PSD of strain exhibits peaks were
identified as modal frequencies. Figs. 2 (a) and (b) show the PSD of
strain registered by strain gauge ¢, and strain gauge £ in which the
modal frequency of the structure can easily be observed. It can be noted
that the first 2 modes are very close to each other at frequencies of
0.75 Hz and 0.85 Hz. Finite element analysis of the structure showed
that the first two modes are bending modes (Orlando, 2021) along
two orthogonal axes. Comparing the PSD plot of orthogonal response
components such as strain ¢4 and ¢ (Fig. 2(a) and (b)) gives some
indication about the bending axes of the first two modes. The presence
of the resonant peaks at 0.75 Hz and 0.85 Hz on both plots of PSD of
e4 and e indicate that the axes of bending for the first two modes
are not along the axes of measurements of ¢, and ep. Although the
pole is made of a 16-sided polygonal cross-section, the presence of a
ladder and an intermediate platform attached to one of the sides of
the structure altered the approximate polar symmetry. Thus, the axes
of bending had to be identified for each vibration mode. For this, a
trial and error procedure was applied by calculating strain on assumed
axes of bending and plotting the PSD of the strain. 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. Table 1 explains
the trial and error procedure.

Following this procedure, the principal bending axes of the structure
were found to be rotated 23.5° clockwise from the local reference
system of response measurement, X X — Y'Y, with 1st mode of bending
in the Y axis at 0.75 Hz and 2nd mode of bending in the X axis at
0.85 Hz (Fig. 3).

For clarity, the different reference local coordinate systems referred
to in this paper, are summarized in Table 2.
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(a). Geometry of the pole
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Fig. 1. The geometry of the lighting pole (a), monitoring sensor’s location (b), local coordinates (XX, YY) of response measurement (c), and principal axes of the cross-section

X, V) (@.
Table 1
Procedure of principal bending axis determination.
Step Operation
1 Assume the bending axis 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. 3)

2 Calculate strains on points of the cross-section along axes X — Y, €/,
to €}, using the registered strains, ¢, to 5, and assuming linear
strain variation under biaxial bending.

3 Plot the PSD of ¢/, to &),

4 Check if only one of the resonant peaks can be spotted at either
0.75 Hz or 0.85 Hz on each of the PSDs of ¢/, to ¢,. E.g. See Fig. 2
(¢) and (d).

5 If the condition in Step 4 is satisfied, the assumed value of y

corresponds to the orientation of the first and second bending mode
vibration axes. If not, E.g. See Fig. 2 (a) and (b), repeat Steps 2 to
4 changing the value of y until the condition in step 4 is satisfied.

Estimation of modal shapes for the first two bending modes in the
two principal bending directions can be done using the acceleration
measurements at 10.5 m and 16.6 m. However, since the contribution
of higher modes is proved to be negligible (Section 5.1), mode shapes
for only the first bending modes in the two principal directions were es-
timated. This was done by projecting the acceleration measurement in
the two horizontal directions on the principal bending axes and apply-
ing the Frequency Domain Decomposition (FDD) technique (Brincker
et al.,, 2001; Tamura et al., 2002; Zhang et al., 2005; Brincker and
Zhang, 2009). Mode shapes for the first modes in the two principal
bending directions were found to be single curvature bending and they
were well represented by a power function (z/H )*, where z is the
height above the base, H is the total height of the structure and k is
a constant obtained from the FDD technique. This FDD procedure was
repeated for 54 one-hour acceleration time histories to check variability
in the estimation of modal shape and, as a result the mean value of the
power coefficient, k, was found to be 1.9 and 1.6 with a coefficient of
variation of 1.09% and 0.79% for the 1st and 2nd modes respectively.

(a) (b)
10° 10°
< S
w W
Sy Sy
3 3
7 7
A0 " 10° JLL
0 2 4 0 2 4
c
5( ) @
10 N
5 0.85 5 075
Sy Sy
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0
gi 10 gj 10° A
0 2 4 0 2 4

Fig. 2. PSD of strain on points along the measurement axes ((a) and (b)) and along
the principal axes ((c) and (d)).

Estimation of damping ratio was attempted using three methods.
The first method is the random decrement technique developed by
Henry A. Cole in 1973 for detecting a failure in aerospace struc-
tures (Cole, 1973). The second and third methods stem from FDD,
the difference between the two is in the procedure of extracting the
damping ratio and natural frequencies from the singular values, i.e,
one converts the spectral bell extracted from the singular value plot to
the auto-correlation function which is generally assumed to be propor-
tional to the impulse response function of a single degree of freedom
system, FDD1 in Fig. 4, (Brincker et al., 2001) and the other fits the
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Table 2

Definition of coordinate system.
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Axes Definition Reference system
E-N Global East and North axes Geographical reference system
XX-YY Axis of strain and acceleration measurement Local reference system of response measurement
X-Y Principal bending axis of the geometry for the 1st Principal axis reference system
bending modes in the orthogonal directions
x—y Alongwind - crosswind direction Local reference system of wind excited response
d—1 Drag and lift aerodynamic axis Aerodynamic local reference system
Table 3 (a) Alongwind YY dir (b) Crosswind YY dir
Dynamic Properties of the structure. — —
Mode  Natural Mode shape Modal mass (kg) § §
frequency (Hz) o l.5 o l.5 *
1 z 1.9 ino i = =
st 0.75 () Bending in the Y 649 s S dﬂé
direction oy 1 op 1 %
ond  0.85 (£)'¢  Bending in the X 673 A= =
direction E‘ 05 E“ 0.5 % FDDI1
s S O FDD2
A A
(a) Strain at 0.5 m (b) Strain at 1.5 m 0 5 10 15 0 5 10 15
V_[m/s VvV _[m/s
IN IN % m (/5] m (/5]
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S 0% E e ®
g g B
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?0.5 * FDD1 30,5 * FDD1
< O FDD2 < O FDD2
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Fig. 3. Orientation of the principal axes with respect to the local reference system of
strain measurement.

frequency response function of a single degree of freedom system to the
spectral bell, FDD2 in Fig. 4, (Carassale and Percivale, 2008; Pagnini
et al., 2018). Damping estimates obtained from the random decrement
method were not reliable because of the difficulty of extracting a
sufficient length of response time history with approximately stationary
wind data. Fig. 4 shows the damping ratio obtained using FDD methods
using different time histories of a response corresponding to a range of
mean wind speed values.

The main dynamic properties of the structure are summarized in
Table 3.

2.3. Aerodynamic properties of the structure

An investigation of the aerodynamic properties of the monitored
structure was carried out in the Giovanni Solari boundary layer wind
tunnel at the University of Genova (https://www.gs-windyn.it/wind-
tunnel/). Details of this experiment and results can be found in Orlando
et al. (2023). In this section, a brief description of the wind tunnel test
and its result is presented.

Three scaled models have been realized for wind tunnel exper-
imentation. A 3D model of the top platform, 1:5 scale, reproduces
all the equipment at the top of the tower: the metallic frame, the
spotlights, and the security camera (Fig. 5a). Two sectional, 1:8 scale
models, realized by 3D printing (Fig. 6a), represent the top and bottom
segments of the tapered shaft, which has a 16-sided polygonal cross-
section. They reproduce also the rounded corners, the weld, and the
external ladder. As shown in Fig. 6a, the ladder can be removed to
investigate its contribution to the aerodynamic forces on the pole.
However in this study, to reproduce the behavior of the real structure,
only results of the tests with the ladder attached are reported.

Fig. 4. Damping estimation.

Models have been subjected to static tests to measure mean force
coefficients and Strouhal number, varying angle of attack (from 0° to
360°), flow velocity (from 11 to 22 m/s), and turbulence intensity
(0.2%, 3.5% and 7.5%). For each considered turbulence level, flow
uniformity at the test section is under 2%. The mean force coefficients
of the models have been evaluated as:

F
C=—"~— i=d,l (€]

[ %p"_‘zAre f
where i is the reference mean wind velocity (time average of the
pitot measure), A,,, is the reference area of the models without the
attachments (model diameter x tunnel width), p is the air density,
F, and F,, are the time-averaged 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 Fig. 5b and 6b. The angle of attack is measured by
setting the North as 0° azimuths, while the East is 90° with subsequent
values in the clockwise direction. The orientation of the section relative
to the global North axis is shown in Fig. 1d. They have been obtained
in turbulent flow (I, = 7.5%) with &« = 11.0 m/s. The considered
turbulence intensity is the most compatible value with the downburst
records among the turbulence levels that have been reproduced in the
wind tunnel.

3. Extraction of downburst events

The main objective of this research is to study the response of the
structure during downburst events. Thus, detecting the time ranges
in which downburst events have occurred was the first crucial step.
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Fig. 5. 3D top platform model (a) and relevant mean force coefficients as a function of angle of attack (b). i =11.0 m/s.
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Fig. 6. Sectional models (a) and relevant mean force coefficients as a function of angle of attack (b). Turbulence intensity I, =7.5%; @ = 11.0 m/s.

In previous studies, different approaches were adopted for the clas-
sification of wind events. Anemometric readings of wind speed and
other meteorological indicators were used in some studies (Twisdale
and Vickery, 1992; Lombardo et al., 2009; Cook et al., 2003; Huang
et al., 2019). Wind speed data were used as the only basis for clas-
sification in Durafiona et al. (2007) and De Gaetano et al. (2014).
Wind speed data and detailed meteorological analysis were the basis of
classification in Burlando et al. (2018). Since the monitored structure
is not equipped with temperature, humidity, and atmospheric pressure
sensors, a method proposed in De Gaetano et al. (2014) that uses wind
speed data as a sole input for the classification of high-intensity winds
into different categories was adopted. This method is based on the
notable feature of thunderstorm winds in which a sudden increase and
decrease in wind speed occur within a few minutes. This feature can
be quantified using the gust factor, the ratio between the peak and the
mean wind speed. For every instant of time of wind speed greater than

15 m/s, three gust factors defined in Eq. (2) were calculated.

G60 - Gl() = (2)
Veo Vio Vi

where Gg), G, and G, are 1 hr, 10-minute, and 1-minute gust factors
respectively; Vi, V}o, and V; are 1 h, 10-minute and 1-minute averaged
wind speeds respectively, and V,, is peak wind speed averaged over 1 s.
On the other hand, expected reference gust factors for an ABL wind at
the height of the anemometer, G9, G%, G were calculated using Eng.
Sci. Data Unit (1985) and Solari (1993) considering the roughness at
the site and the roughness changes upwind for every horizontal wind
direction sector. The result is shown in Fig. 7. The calculated 1-hour
and 10-minute gust factors, Gg, and Gy, centered on every instant of
time were compared with the expected gust factor for an ABL wind,
G(s)o and G?O. A time instant at which the calculated gust factor falls
outside a range of threshold of the expected gust factor for an ABL
wind was classified as a time instant corresponding to thunder or gust
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Fig. 7. Reference gust factor.

phenomenon. The range of threshold for each of the expected gust
factors was adopted from De Gaetano et al. (2014). In addition, a cri-
terion based on the ratio of the 1-minute to 10-minute gust factor was
also applied according to De Gaetano et al. (2014). Events with a gust
factor ratio satisfying the requirement of thunder or gust phenomena
were combined as a single event provided that there are less than 4 h
of a gap between them. On the other hand events with a gust factor
ratio satisfying the requirement of depression events were combined
as a single event provided that the time gap between them is less than
72 h. Since the wind data acquired by the anemometers is at a sampling
rate of 0.1 s, an automatic algorithm was written to implement this
separation procedure with minimum time. The automatic algorithm
identified 20 depression events and 23 thunder or gust events. Once
this quantitative separation has been done, a qualitative separation was
applied by visual inspection to classify the thunder/gust wind events
into the category of downburst or gust front. Through visual inspection,
only two possible downburst events were found out of the 23 possible
thunder/gust events.

4. Selected case studies of downburst
4.1. Wind records

Two downburst events were selected through the procedure ex-
plained in Section 3 to study the response of the structure. Fig. 8 shows
1 h time history of instantaneous wind speed, ¥, 10-minute running
averaged wind speed, V), instantaneous wind direction, a, and 10-
minute running averaged wind direction, @, for the two events. Fig. 9
shows the 10-minute time history of instantaneous wind speed, V, 30-
second running averaged mean wind speed, V3, and instantaneous
wind direction. Both Figs. 8 and 9 were plotted centering the maximum
instantaneous wind speed. The North is set as 0° azimuths in the wind
direction measurement, while the East is 90° with subsequent values in
the clockwise direction.

The first event occurred on April 04, 2019, and had a maximum
instantaneous wind speed of 22.5 m/s. The Gg,, G|y, and G, values
calculated at the instant of maximum wind speed are 2.2, 1.95, and
1.2 respectively. The wind direction changed from approximately 0 to
90° in about 20 min. The wind was mainly coming from the sea during
the 10-minute period shown in Fig. 9. The presence of significant wind
before the occurrence of the ramp-up of the downburst is due to a
background ABL wind that has been present starting a couple of days
before this event. After the ramp down of the wind speed, the ABL wind
speed before the ramp up was not maintained.

The second event occurred on October 02, 2019, and had a max-
imum instantaneous wind speed of 20.5 m/s. The G¢), G|y, and G,
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Table 4
Gust factor ratios calculated at time instant of maximum instantaneous wind speed.
Event Gy Gy G, So Lo 2
April 04, 2019 2.21 1.95 1.24 1.39 1.3 0.63
Oct 02, 2019 3.65 2.34 1.26 2.3 1.56 0.34
(a) Apr 04, 2019 (b) Oct 02, 2019
25 2
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Fig. 8. 1-hour time history of wind speed ((a) and (b)), and direction ((c) and (d))
centered at the maximum wind speed for the two downbursts.

values calculated at the instant of maximum wind speed are 3.65, 2.34
and 1.26 respectively. From Fig. 9 it can be observed that the wind
speed increased significantly from approximately 2 m/s to 20.5 m/s in
10 min. In addition, there is a significant change in wind direction of
about 180° during the ramp-up of wind speed. Similar to the first event,
the wind was mainly coming from the sea during the 10-minute period
shown in Fig. 9.

The gust factors and normalized ratios calculated at the instant
of maximum wind speed for the two selected downburst events are
summarized in Table 4.

4.2. Decomposition of wind speed

Decomposition of horizontal wind speed into mean and fluctuat-
ing components is a common procedure in synoptic winds to study
the mean static and dynamic responses of structures separately. Sim-
ilarly, studies on thunderstorm winds also decomposed wind speed
into slowly varying mean and fluctuating components. Contrary to
the classical approach in ABL winds, the decomposition approach ap-
plied for thunderstorm winds ignored the fluctuating component in
the crosswind direction. Because of this, subsequent research on the
dynamic responses of structures to thunderstorm winds considered only
the alongwind response and neglected the change in the angle of attack
with time (Chen and Letchford, 2004; Choi and Tanurdjaja, 2002;
Kwon and Kareem, 2009; Solari et al., 2015b, 2017; Solari, 2016).
Zhang et al. (2019) proposed a new approach, referred to as directional
decomposition, in which the wind speed is decomposed into slowly
varying mean and fluctuating components in the alongwind direction,
and fluctuating components in the crosswind direction. This enabled
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Fig. 9. 10 min time history of wind speed ((a) and (b)), and direction ((c) and (d))
centered at the maximum wind speed for the two downbursts.

the estimation of alongwind and crosswind responses and consideration
of the change in the angle of attack (Brusco et al., 2019). Hence, this
approach was used to decompose wind speed for the two downburst
events considered in this study.

Following the procedure defined in Solari et al. (2015a), a prelimi-
nary analysis has been made, to select the most convenient time aver-
aging. In particular, the slowly varying mean was calculated using 10,
20, 30, and 40-second averaging windows, and the frequency contents
of the slowly varying mean and of the fluctuating components were
evaluated. The results showed that, for the two considered events, 30 s
is the averaging window that best separates the two harmonic contents.

The directional decomposition technique is illustrated in Fig. 10.
First slowly varying mean wind speeds averaged over 30 s, V (1) and
Vy (t), are extracted from the instantaneous wind speed registered in
the East and North directions, Vi, (r) and Vyy (¢), respectively. After the
mean extraction, the residues are the fluctuating components, Vé and
Vi

VE@ =V +V'g(®) 3)

V@O =Vy@®O+V 5@ 4

The mean wind speed components, V and Vy, are vector summed
to obtain the resultant slowly varying mean wind speed, i(7), and its
direction, f (7).

@) =\VZO+ V5 (1) 6]

_ Vy

B (t) = arctan2 [_N—()]
Ve @®

where arctan 2 is the four-quadrant inverse tangent.

The remaining fluctuating components, V' (1) and V' 5 (), are pro-

jected on new orthogonal axes, x — y, in which x-axis is aligned with

u(t).
W ()= V' g (cos f(1)+ V' y (1)sin f (1) %)

©

V() =~V g 0)sin f(0)+ V' y (t)cos f (1) ®
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Fig. 10. Directional decomposition of wind speed.

Table 5
Main features of wind speed for the two events.
Event A(1)max 04 (Dmax 0y (Dimax 1O ean 1 ean
(m/s) (m/s) (m/s) ©) O]
April 04, 2019 19.9 2.64 2.6 0.13 0.11
Oct 02, 2019 17.6 1.69 1.59 0.09 0.09

The alongwind and crosswind fluctuating components, «’ (r) and
V' (1), are further decomposed as a product of their standard deviation,
o, () and o, (1), and rapidly varying stationary-Gaussian components,
i’ (t) and &' (1).

W) =0,0)i (1) )

U =0, (1) (10)

Thus, the alongwind and crosswind components of the wind speed
are expressed as:

u@=a@+u O=a@[l+I,Od @) (11)

v =V =am 0 0 12

where I, (1) =0, (t)/a(?) and I, (t) = o, (1) /i (r) are the longitudinal and
lateral slowly varying turbulence intensities. u(f) and v(r) can be vector
summed to get the resultant wind speed V(r) which results in drag and
lift forces parallel and perpendicular to it, along aerodynamic axes d —/
shown in Fig. 10.

Figs. 11 and 12 show the 10-minute time history of components
of wind speed and wind direction obtained through directional de-
composition for the two events studied in this paper. The 10-minute
time history was extracted centering the time instant at which the
resultant wind speed is maximum. The main features of the wind speed
components are summarized in Table 5.

4.3. Top displacement from strain

Although the monitoring station is equipped with both accelerom-
eters and strain gauges, the strain gauge readings were better at cap-
turing the response because both the quasi-steady and resonant compo-
nents of the response can be obtained from the strain gauge readings
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while the quasi-steady part of the response is unreliable in the ac-
celerometer readings. This is because of the inherent properties of the
strain gauges and accelerometers, where the strain gauges register the
strain due to both the low and high-frequency vibrations while the
accelerometers do not register the low-frequency component of the vi-
bration. Thus, part of the low-frequency component of the quasi-steady
vibration is not registered by the accelerometers.

Initially, the strain gauge readings had to be calibrated to have a
zero-strain measurement when there is no wind load exerted on the
structure. The calibration had to be done for each event separately be-
cause of the inherent property of strain gauges, in which the resistance
changes in time (long-term drift). For this calibration, the time instant,
t,, at which wind speed is almost zero in the previous 2 - 72 h before
the downburst event, had to be found. Once this time instant, 7, is
found for each of the downburst events, the strain measurement of each
strain gauge at 7, was identified as the strain shift. This strain shift was
subtracted from each strain gauge readings, to obtain the correct strain
value.

As shown in Fig. 1, there are 8 strain gauges registering strain at two
different heights of the structure. Since strain due to axial load in the
structure is not part of the registered strain, the strain gauge readings
can safely be assumed to be the result of pure biaxial bending resulting
from the lateral wind load. In addition, the two locations at which the
strain gauges are attached to the surface of the structure, are below the
vertical ladder attached to the pole and as a result, the cross-section is
approximately polar symmetric. Thus, the strains measured by strain
gauges installed on the opposite faces of the cross-section are expected
to have a similar magnitude of tension and compression strain.

With the assumption of pure biaxial bending, the deflection of the
structure from strain gauge readings can be obtained by applying the
Bernoulli-Euler beam equation for small deflection:

d?s(t,z) M (t,2)

dz2  El(2)
where § is deflection; z is height; M is bending moment; I is area
moment of inertia; and E is elastic modulus.

From flexure theory, M (t,z) = S (t,z) I (z)/r (z) , where S is flexural
stress and r is the distance from the centroid of the cross-section to
the outermost point. Assuming the section to be linearly elastic, Hook’s
law can be applied, and flexural stress can be expressed as a product
of strain, ¢ (¢, z) and modulus of Elasticity, E.

M(t,z) = et.2) EI(z) 14
r(2)

Assuming the defection to have resulted from only the 1st mode

single curvature bending, it can be defined as a product of the principal

coordinate of deflection, P, ;, and modal shape, y; ;(2).

13

6;(t,2) = P ; Owy; (2)

substituting Eq. (14) and Eq. (15) in Eq. (13),

i=X,Y (15)

1, A
p=—t0D i xy (16)
’ d?y (2)
r(z) yE

As discussed in Section 2.2, the structure is not polar symmetric
and the first two modes are single curvature bending about the two
orthogonal directions X and Y. Thus the resultant deflection of the
structure should be the vector sum of deflections in the X and Y
directions. To obtain the principal coordinate of deflection in the X
and Y directions, first, strains at the outermost points of the cross-
section in the two principal directions have to be calculated. These
strains, e;‘ to e’H, were calculated from the available sets of strain
measurements, €4 to £, assuming a linear strain distribution with
zero strain at the centroid of the section and maximum strain at the
outermost surface (Fig. 3). In the strain registration, tensile strain is
positive, and compressive strain is negative.

Using Eq. (16), strains, €/, e, €}, €, were used to calculate
the principal coordinate of deflection in the X direction, P, y (+), and

Journal of Wind Engineering & Industrial Aerodynamics 240 (2023) 105447

Table 6

Top displacement obtained from strain measurement.
Event Apr 04, 2019 Oct 02, 2019

mean std mean std

Xoax (cm) 1.76 0.55 2.77 0.67
Yy (cm) 5.28 0.41 2.52 0.24
X1, (cm) 2.97 0.78 2.31 0.61
Y/ o (cm) 4.27 0.37 2.36 0.20
O xmax (€M) 0.98 0.26 0.83 0.22
Oy max (€M) 1.42 0.13 0.90 0.08

strains, 'y, &), €', €'y, were used to calculate the principal coordinate
of deflection in the Y direction, P, y (7).

r(z) is 2579 mm at z = 0.5 m from the base of the structure
where strain gauges ¢/, to ¢/, are installed and r(z) is 249.65 mm at
z = 1.5 m from the base of the structure where strain gauges &, to ¢/,
are installed. Since the 1st bending modal shape was approximated by
a power function, its second derivative is,
dzlll z\k2
ﬁ_k(k—1)<ﬁ) - an

Figs. 13 and 14 show the time history of top displacements in
the X and Y directions calculated using strains ¢/, to ¢}, for the
two case studies of downbursts. Sub-figures (a) and (b) show the top
displacements in the X and Y directions. Sub-figure (c) shows the polar
plot of the resultant displacement obtained using all the possible pairs
of orthogonal strains. Sub-figures (d) and (e) show the running mean
top displacements averaged over 30 s, X and Y, that are extracted from
the top displacement obtained using each strain record, X and Y. The
averaging time for the running mean top displacement is selected to
be 30 s for consistency with the running mean wind speed. Sub-figures
(f) and (g) show the residual fluctuating top displacements, X/ and Y/,
that are obtained by subtracting the running mean top displacements,
X and Y, from the total top displacements, X and Y. Sub-figures (h)
and (i) show the time-varying standard deviations of the fluctuating
top displacement, 6y and oy, that are obtained by calculating the
running standard deviations of the residual fluctuation over 30 s. Ta-
ble 6 summarizes the ensemble mean values and standard deviations of
maximum top displacement parameters obtained using the eight strain
gauges. The variability between readings is high. Although tracing the
cause of these variabilities is not trivial, temperature-induced effects in
strain measurement and strain calibration errors could be the sources
of error. Ideally, only two strain gauges oriented on orthogonal faces
of the cross-section could be sufficient to measure the response but
the availability of 8 strain gauges enabled us to obtain 4 displacement
results in each orthogonal direction. This will be useful to compensate
for the variability observed among strain gauges through averaging.

4.4. Top displacement from acceleration

The monitored structure is equipped with accelerometers at two
heights. The accelerometer at 10.5 m was working during both of the
selected downburst events but the accelerometer at 16.6 m was not
working during the downburst event on October 02, 2019. Although the
accelerometer at 16.6 m is expected to have a better amplitude-to-noise
ratio for the analysis of the first bending modes, an acceleration mea-
surement at 10.5 m is also sufficient to derive the structural response
for the first vibration modes in the two principal bending directions.

The high-frequency component of the response is expected to be
satisfactorily registered by the accelerometers while the low-frequency
quasi-steady component is expected to be erroneous due to the in-
herent property of the accelerometers. Although the strain gauges are
expected to capture both the quasi-steady and resonant parts of the
response, analysis of the acceleration measurement is important to
validate the strain measurements and to check if all the important
frequency components were captured by the strain gauges. Thus, the
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Fig. 13. Top displacement calculated using strain registrations ((a) and (b)), resultant (c), mean part ((d) and (e)), fluctuating part ((f) and (g)), and standard deviation of the
fluctuating part ((h) and (i)) for the downburst on April 04, 2019.
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Fig. 15. PSD of displacement in the XX and YY direction at 11 m obtained from strain
and acceleration.

fluctuating component of the displacement of the structure had to be
calculated from the acceleration measurements and compared with the
result obtained from strain gauges. The comparison was initially done
in the frequency domain by plotting the PSD of displacement at 10.5 m
obtained from strain measurement and the PSD of displacement at
10.5 m obtained by dividing the PSD of acceleration by w*, where
w is the circular frequency. Since the process is not stationary, the
comparison was done carefully by calculating the PSD of both results
considering similar segment length and overlapping through the Welch
method. Fig. 15 shows a comparison made between results of strain ¢,
and ¢, with results of acceleration Ay, and Ay, for the two selected
downburst events. As expected, the two results are not matching in
the low-frequency region representing the quasi-steady response but
the results are comparable near the first and second mode frequencies,
0.75 Hz and 0.85 Hz. In general, the results of acceleration appear to
be slightly higher than the results of strain for the first two bending
modes but the reverse is true for higher frequencies.

In theory, displacement can be calculated from acceleration through
double integration. However, in reality, this calculation is not trivial
because of the unknown initial conditions and the presence of noise.
Integration of an acceleration measurement with noise, to obtain ve-
locity or displacement usually results in a drift, requiring attention
in numerical applications. In this study, a rigorous procedure was
applied to avoid drift and minimize sources of errors. Initially, the
acceleration measurement was bandpass filtered between 0.6 and 1 Hz
to remove noise. Then, double integration was applied numerically
to calculate the displacement. Finally, a high pass filter with a pass
band frequency of 0.6 Hz was applied to remove the resulting drift.
In Fig. 16, the displacement at 10.5 m obtained using strain gauges,
bandpass filtered between frequencies of 0.6 and 1 Hz, is compared
with the displacement obtained from double integration of acceleration
for strains and accelerations ¢4, €p, Ay, and Ay,. For better com-
parison, the running standard deviation of the displacement averaged
over 30 s, 6y y and oy, were calculated for the displacement obtained
from each strain gauge and acceleration. The result is presented in
Fig. 17. Although the general trend of the time history of displacement
fluctuation is similar, it can be noted that the displacement obtained
from acceleration registrations is always higher than the one obtained
from strain registrations. Possible causes of this discrepancy could be
instrumentation or calibration error in either of the two measurements.

11
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Fig. 17. Standard deviation of fluctuating top displacement obtained from strain and
acceleration.

5. Discussion
5.1. Contribution of higher modes

In wind engineering, it is common to consider only the first few
modes of vibration for the analysis of the dynamic amplification of
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Table 7
Contribution of first mode vibration.
Event £ Ep Ecr Ep £ £ g £
April 04, 2019 92.8% 87.9% 84.2% 90.6% 93.9% 92.6% 93.8% 92.6%
Oct 02, 2019 92.5% 86.6% 92.0% 86.8% 93.5% 87.7% 93.4% 88.0%
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Fig. 18. Comparison between the contribution of 1st mode and higher mode.

displacement of the structure due to the turbulent wind. Similarly,
in this study, only the first vibration modes in the two orthogonal
principal bending directions were considered assuming the contribution
of higher modes to be negligible. The contribution of higher modes
was removed by lowpass filtering the strain gauge readings at a cutoff
frequency of 1 Hz and by bandpass filtering the accelerometer readings
between 0.6 and 1 Hz before the calculation of the structural displace-
ment from strain and acceleration. To make sure that this assumption of
negligible higher mode contribution is correct, a comparison between
strain in the principal bending directions was done by separating the
first mode and higher mode contributions through bandpass filtering.
Fig. 18 shows an example of the comparison between the contribution
of the first modes and the higher modes in the two principal bending
directions on the strain e, and e during the two downburst events.
Although the higher mode contribution is not entirely zero, it can
be observed that the amplitude is not significant in comparison to
the contribution of the first mode. The contribution of the first mode
vibration was calculated by dividing the maximum strain obtained
after applying a lowpass filter with a cutoff frequency of 1 Hz by the
maximum strain obtained after applying a lowpass filter with a cutoff
frequency of 10 Hz. The result is presented in Table 7 for each strain as
a percentage. In all cases, the contribution of the first mode vibration
was found to be more than 85%.

5.2. Relationship between the structural response and wind speed parame-
ters

In this section, wind speed parameters such as time-varying mean
wind speed and time-varying standard deviation of fluctuating wind
speed defined in Section 4.2 are compared with simultaneous structural
response parameters such as time-varying mean top displacement and
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Fig. 19. Relationship between mean wind speed (blue) and top displacement (red) for
the event on April 04, 2019.

time-varying standard deviation of the top displacement fluctuation
presented in Section 4.3. The comparison is carried out between the
time histories of the selected wind and structural response parameters
by calculating their correlation coefficient. The calculated correlation
coefficient, r, is reported on the top left/right corner of the time history
plots for each of the comparisons and it is calculated as:

> (452) (%22)

1

r(A.B) = —— ’;
where A and B are the two time series to be compared; u, and ¢, are
the mean and standard deviation of A, respectively; up and o are the
mean and standard deviation of B; N is the number of data points.

Figs. 19 and 20(a) and (b) show a plot of mean wind speed squared,
#* and mean top displacement in the alongwind and crosswind direc-
tions, x and jy. As can be observed from the similarity of the trend of
the two plots and the value of the correlation coefficient, the alongwind
response is closely correlated with the square of mean wind speed
for both events. The trend of the time history of the crosswind top
displacement also shows some resemblance with #2. This result was
expected because, under the quasi-steady hypothesis, the aerodynamic
force should be directly proportional to the square of the wind speed.

Figs. 19 and 20(c) and (d) show a time history of mean wind
speed squared, i#?, and the standard deviation of the fluctuating top
displacement in the alongwind and crosswind direction, ¢, and o,.
In both cases, the maximum value of the standard deviation of the
top displacement fluctuation is at the vicinity of the time instant at
which the mean wind speed is maximum. In addition, the general trend
of the standard deviation has some similarity with the trend of the
square of the mean wind speed and they are positively correlated with
a correlation coefficient greater than 0.76.

Figs. 21 and 22 show the time history of mean wind speed, i,
multiplied by the standard deviation of wind speed fluctuations, o,

B, — g
op

Aj — Uy
[}

(18)

u
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Fig. 20. Relationship between mean wind speed (blue) and top displacement (red) for
the event on October 02, 2019.
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Fig. 21. Relationship between wind speed fluctuation (blue) and top displacement
fluctuation (red) for the event on April 04, 2019.

and o,, and standard deviation of the fluctuating top displacement,
o, and ¢, in the alongwind and crosswind direction. This comparison
is based on the quasi-steady theory, in which the fluctuating part of
the response is made of two contributions; one proportional to iau’
and one proportional to iiv’, whose respective weight depends on the
aerodynamic coefficients (Piccardo and Solari, 2000). The results show
that the alongwind response fluctuation is always highly correlated
with ' due to the weight of C, with respect to the other coefficients.
Regarding the crosswind response, the contributions of 4’ and of v’
are more balanced due to the great variability of C; and C,. However,
the overall high correlation values show the considerable contribution
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Fig. 22. Relationship between wind speed fluctuation (blue) and top displacement
fluctuation (red) for the event on October 02, 2019.

of all the aerodynamic coefficients (C,, C"i, C, Cl’ ) which, except for the
drag coefficient are usually disregarded for polar symmetric structures.

5.3. Relationship between wind and response direction

The direction of the structure’s response was compared with the
wind direction by calculating the direction of the structure’s response
from displacements obtained using orthogonal strains. Figs. 23 (a) and
(b) show a polar plot of the normalized mean wind speed, i, and its
direction, §, as well as the normalized resultant mean top displacement
and its direction. On the other hand, Figs. 23 (c) and (d) show the time
history of mean wind direction and mean response direction. The shift
in the mean response direction relative to the mean wind direction is
also shown on the same plots. Comparing polar plots of mean wind
speed and mean top displacement for the event on April 04, 2019, it
is evident that the mean wind direction is approximately between 330
and O degrees but the response shows a shift towards the northwest
direction relative to the mean wind direction. A similar shift can be
visually observed for the event on October 02, 2019. This shift plotted
in Fig. 23(c) and (d), is varying with time and it is around 15 degrees
at the time range closer to the instant of maximum wind speed, 300 s.
The shift proves the lift aerodynamic effect; however, the value of the
shift is not completely coherent with the lift coefficient evaluated in the
wind tunnel, suggesting further research on transient aerodynamics.

6. Conclusion and prospect

This study addressed the dynamic response of a slender lighting pole
whose wind and structural response were monitored simultaneously
with a long-term continuous monitoring system. Initially, an automatic
algorithm was written for the separation of downburst and gust winds
from depressions based on the wind speed measurement. The automatic
algorithm was supplemented with qualitative judgment to separate
downburst and gust winds. This enabled the selection of two case stud-
ies of downbursts whose wind-and-structural responses were registered
by the monitoring system. The strain and acceleration measurements
during ambient conditions were used to obtain the structure’s dynamic
properties through operational modal analysis methods. Although the
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Fig. 23. Polar plot of normalized mean wind speed and normalized mean top displacement ((a) and (b)), and time history of mean wind direction and mean response direction

((c) and (d)) for the two downburst events.

modal frequencies, modal shapes, and the axis of bending were found
for the modes of interest, the estimate of damping presented a large
uncertainty. The time history of the displacement of the structure was
estimated from the strain and acceleration measurements considering
the first vibration modes of bending in the orthogonal directions. It
was possible to obtain both the quasi-steady and resonant components
of the displacement from strain measurements. This will be useful in
future studies of the aerodynamics of similar structures under down-
burst winds. The contribution of higher vibration modes was studied
by separating the first vibration modes in the orthogonal bending
directions from the rest of the vibration modes and comparing the
maximum response in both cases. The contribution of higher modes
was found to be less than 15% relative to the first bending modes.
The relationship between the square of mean wind speed and the
alongwind and crosswind displacement was studied and they were
found to be highly correlated. In addition, the standard deviation of
wind speed fluctuations and response fluctuations were found to be
partially correlated.

Because of the structural simplicity, availability of the structural
properties, and availability of simultaneous measurement of wind-and-
structural response time history for the two downburst case studies,
this research will serve as one of the stepping stones toward validation
of analytical downburst wind load calculation techniques. Validation
of selected analytical downburst wind load calculation methods will
be presented in future publications. However, to extend the validation
to the common structures susceptible to downburst-induced damages,
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similar full-scale wind-and-structural response monitoring are neces-
sary for various groups of structures. Future monitoring stations might
have to consider the installation of additional meteorological mea-
surements such as temperature, atmospheric pressure, and relative
humidity sensors on the monitored structures to facilitate the sepa-
ration of downburst events from other gust fronts and ABL winds.
Although wind speed was registered only at the top of the monitored
structure, the installation of anemometers at various heights of moni-
tored structures is highly recommended for future studies, to validate
the existing vertical profile of the mean wind speed and turbulent wind
field models.
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