Chapter 4

Time domain analysis

4.1 Introduction

In the past 20 years, the wind-excited response of structures to thunderstorm outflows has
been studied by many researchers. Choi and Hidayat (2002) were the first to indicate that
the commonly adopted method of gust response factor for atmospheric boundary layer winds
underestimates the wind-excited response of structures due to thunderstorm outflow winds. They
proposed the application of a running mean wind speed averaged over 60 seconds, instead of a
constant mean averaged over 10 minutes to 1 hr, for the separation of the mean and turbulent
component of wind speed. Following this indication, several recommendations were made for
the averaging period and technique of the running mean wind speed(Chen and Letchford, 2005,
2006; Holmes et al., 2008; Lombardo et al., 2014; Solari et al., 2015a; Tubino and Solari, 2020).
However, since the turbulent component of the wind speed obtained as a residue of the running
mean separation is also nonstationary, the frequency domain approach applied for atmospheric
boundary layer winds could not be directly adopted. As a result, different time domain, frequency
domain, and time-frequency domain methods for the calculation of wind-excited response due to
thunderstorm outflows were proposed by researchers.

Chen and Letchford (2004) applied time-domain analysis, to study the along-wind response
of a tall building to downburst winds assuming a perfectly correlated wind field. Holmes et al.
(2005) studied the along wind response of single degree of freedom structures to a recorded
wind speed time history during a downburst using Duhamel’s integral, to obtain the dynamic
response factor which is the ratio between the equivalent static force and the maximum loading.
Chen (2008) proposed a frequency domain approach to estimate the along-wind response
of structures to transient, nonstationary winds by modeling the wind loads as the sum of
deterministic time-varying mean and evolutionary random fluctuation. Kwon and Kareem (2009)
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proposed the generalized gust front factor framework that encompasses the gust loading factor,
a widely applied procedure for synoptic winds, under a single umbrella with the procedure
for thunderstorm/downburst winds. Solari et al. (2015b) proposed the thunderstorm response
spectrum method, a method analogous to the response spectrum in earthquake engineering, for
a single degree of freedom systems using the numerous thunderstorm wind records collected
by a network of anemometers. Working in the time-frequency domain, Roncallo and Solari
(2020) proposed a new approach to the derivation of the evolutionary power spectral density
(EPSD) function for the residual turbulent fluctuations of the downburst wind speed based on the
hypothesis of a uniformly modulated process.

However, each of the studies considered several simplifying assumptions for the wind field
and the wind load. Recent monitoring campaigns for the collection of thunderstorm wind data
through a closely spaced network of anemometers and Lidar vertical profilers provided crucial
input on the wind field property (Canepa et al., 2020; Huang et al., 2019; Repetto et al., 2017,
Solari et al., 2020). On the other hand, it would be convenient to measure wind-and-structural
response simultaneously during thunderstorm outflows, to compare the response calculated using
the simplifying assumptions of wind load with the registered response.

In this chapter, the response of the monitored structure introduced in Chapter 2, during
two real downburst records presented in Chapter 3, is calculated in the time domain adopting
simplifying assumptions for the wind field and aerodynamic loading. The result is then compared
with the registered response of the structure during the two downburst records to highlight the
implication of the considered simplifying assumptions.

The procedure for the calculation of response in the time domain with a detailed explanation
of the generation of the wind field, calculation of the aerodynamic load, and the dynamic response
is presented in Section 4.2. The calculated response time history is compared with the registered
response in Section 4.3. On the basis of the comparison, a second numerical analysis is made,
adopting optimized aerodynamic coefficient, and the result is compared with the registered
response in Section 4.4. Finally, conclusions are made and prospects for future research are
recommended in Section 4.5.

4.2 Calculation of response in the time domain

In this section, the wind speed time history recorded during the two case studies of downbursts is
used to calculate the wind load time history on the monitored structure. Then, the wind load time
history is applied to the equation of motion of the monitored structure to obtain the response time
history. The considered time history for wind load and response calculation is the most intense
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part of the wind which is the 10-minute time interval centering the maximum instantaneous

wind.

4.2.1 Wind field

In order to calculate the wind pressure and the total wind load acting on the structure, the wind
speed time history at various heights is essential. However, since measurement of wind speed at
various heights was not available, it had to be estimated from the reference time history of wind
speed registered at the anemometric location, assuming suitable models for mean wind speed
profile, turbulence intensity profile, and turbulence coherence.

Extending the model already introduced in Eqs 3.10 and 3.11 spatially, the wind field in the
alongwind and crosswind direction can be calculated by:

u(z,t) = it(z,t) +u'(z,1t)

@.1)
— IZ(Z,Z) [1 —|-IM(Z,Z‘)IZI(ZJ)]

v(z,t) =V (z,t) = ia(z, 1)1, (z,1)V (2,1) (4.2)

Thus, the vertical profile of the three components of the wind speed, namely, slowly varying
mean wind speed, turbulence intensity, and the reduced fluctuating component must be modeled.

Time-varying mean wind speed profile

Few models are available for the vertical profile of mean wind speed during a downburst (Li et al.,
2012; Oseguera and Bowles, 1988; Vicroy, 1991, 1992; Wood et al., 2001). For this research,
the empirical formula derived by Wood et al. (2001) through a wind tunnel simulation has been
used to calculate the slowly varying mean wind speed at various heights of the structure. The
mean wind speed at height z from the ground, ii(z,7), is given by

E)l/() [l—erf (07§)] 43)

i(z,1) = it(h,1) (h [1—erf(0.7%)]

where ii(h,t) is the mean wind speed registered by the anemometer; 6 = 6Zyy is the height at
which the mean wind speed is 0.5umax, Umax being the maximum mean wind speed in the vertical
direction; Zn,x is the height of the maximum wind speed; erf is the error function.
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Fig. 4.1 Profile of mean wind speed

Applying this empirical formula, the vertical profile of the mean wind speed increases up
to a certain height, Z,, attaining the maximum wind speed, umax, and decreases afterward,
creating a nose shape profile. The height Z,,,« is an uncertain parameter that varies for different
downburst events. Recent studies (Canepa et al., 2020) showed that the vertical profile of the
mean wind speed is not nose-shaped throughout the period of the downburst, rather it varies in
time, from nearly constant to nose-shaped and nearly logarithmic. However, for this research,
the profile of the mean wind speed is considered constant in time but a range of values from
25 m to 100 m are considered for the value of Z,,x, to have vertical profiles of varying shapes.
Fig. 4.1 shows the considered vertical profiles of mean wind speed normalized with respect to
the maximum wind speed.

Turbulence intensity profile

A study of measurement of the wind speed at various heights ranging from 40 m to 250 m
using a LiDAR profiler has shown that the turbulence intensity is not constant in the vertical
direction and it varies in time (Canepa et al., 2020). However, the possibility of defining a model,
for the vertical profile of turbulence intensity in thunderstorm winds is not yet studied. As a
result, in this study, turbulence intensity is assumed to be constant in the vertical direction, equal
to the turbulence intensity obtained at the anemometer location, so that 1,(¢,z) = 1,,(¢t,h) and
L,(t,z) = L,(t,h).
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Reduced fluctuating component

Previous studies have shown that the power spectral density (PSD) of the reduced fluctuating
component of wind, @’ and ¥, has similar properties with the PSD of the fluctuating component
in the classical ABL winds (Chen and Letchford, 2004; Holmes et al., 2008; Kwon and Kareem,
2009; Lombardo et al., 2014; Solari et al., 2015a). However, the coherence of this reduced
fluctuating component of wind in space is not sufficiently addressed. In previous studies, the
coherence in space was assumed to be the same as the coherence of fluctuating components of
wind speed in the atmospheric boundary layer (ABL) winds (Brusco et al., 2019; Solari, 2016;
Solari et al., 2017). Although sufficient investigations have not been done on the coherence of
wind fields during downbursts, researchers indicated that coherence models proposed for ABL
winds might not be applicable to downburst outflows. In the present study, the coherence of the
wind field in the vertical direction was considered to be an uncertain parameter. In particular, a
wind field whose reduced fluctuating component is perfectly correlated (Case A) and a wind field
whose reduced fluctuating component is partially correlated, with coherence in space similar to
ABL winds (Case B), were considered in this research.

The assumption of a perfectly correlated wind field (Case A) can be interpreted as a case
in which the reduced fluctuating component of wind speed is constant in the vertical direction
and equals the reduced fluctuating component registered at the anemometric height. Thus, the
time and height-dependent wind speed components &' (z,¢) and ¥'(z,¢) will be simplified as only
time-dependent, i/’ (h,t) and ¥/ (h,t). This case will give the ideal upper limit of the fluctuating

component of wind. With this assumption, the wind field is given by:

u(z,t) = ii(z,t) +u' (h,t) “44)
= ii(z,1) [1+1,(h,t)id (h,1)]
v(z,t) =V (h,t) = ii(z,t)I,(h,t)¥ (h,t) (4.5)

where the vertical variation is only due to the mean wind profile.

The assumption of a partially correlated wind field (Case B) considers the coherence in
space of the reduced fluctuating component of the wind speed to be similar to the case of
ABL winds. In addition, to avoid the numerical generation of cross-correlated time histories at
various heights of the structure, the equivalent wind spectrum technique (EWST) is applied. This
technique initially introduced in Solari (1988), was enhanced specifically for slender structures
in Piccardo and Solari (1998). It substitutes the fluctuating wind field along the height of the
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structure, i’ (z,) and ¥(z, ), by equivalent fluctuating wind fields, i, (¢) and ¥,,(t). Note that
iy, (1) and ¥, (t) are not height dependent, which makes them identically coherent in space. The
fluctuating time history of the wind speed registered at a reference location is converted into an
equivalent fluctuating time history in such a way that the first modal force obtained by applying
the equivalent wind load is equal to the first modal force obtained by the generation of cross-
correlated time histories at various heights of the structure. The method works in the frequency
domain, applying a frequency filter, C, to the Fourier-transformed fluctuating components of
the wind speed registered at a reference location, i’ (h,n) and V' (h,n), and converts them to
equivalent fluctuating components, ﬁ;q(n, o) and ﬁéq(n, 0y), expressed by

ilyy (n,8,) = & (h,n)\/C (8,n) (4.6)

Voq (n,8,) =¥ (h,n)\/C (8yn) 4.7)

where i’ (h,n) and ¥/ (h,n) are the Fourier transforms of the reduced turbulent fluctuations i’ (h,¢)

and V' (h,t) respectively; and £ is the height of the anemometer.

The frequency filter C can be expressed by:

C(n):%—%nz(l—e_zn) ;>0 ;C0)=1 4.8)
where 7 is the argument of C. §, and §, are non-dimensional parameters expressing the
dependence on the modal shape, the height of the structure, the exponential decay coefficients of
coherence, and the mean wind speed at the reference height of the structure. They are expressed

by

KcyH Ky H
Umax (Zeq) Umax (Zeq)

where iin,x 1s the maximum value of the time-varying mean wind speed at the reference height of

514 = 76\) = (49)

the structure; Z,, is the reference height of the structure, considered to be 0.6H; and ¢,; and c,,
are the exponential decay coefficients of «’ and V' respectively in the vertical direction. ¢,; = 10
and ¢,, = 6 are considered following the recommendation in Solari and Piccardo (2001) for ABL
wind field. k¥ is a mode shape dependent parameter given by:

0.5 0.55
K:(§1+1> (4.10)
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where ) is the power coefficient of the modal shape. For simplification, {; = 1.9 corresponding
to the first vibration mode shape in the Y-direction was considered.

The frequency filter, C, calculated for the two downburst events with their respective values
of d, and 9, is plotted in Fig. 4.2. It can be observed that the reduction in amplitude of turbulent
wind is significant, close to 0.4, for frequency components near the first two modal frequencies
of the structure (nyy = 0.75 and n; x = 0.85).
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Fig. 4.2 Frequency filter function for the application of the EWST

The frequency filter in Fig. 4.2 was applied to the two reduced fluctuating components
of wind speed, @ (h,t) and ¥ (h,t), following the deterministic procedure introduced in Solari
(2016) and the equivalent fluctuating components, i, () and ¥, (¢), were obtained, applying

S

the inverse Fourier transformation to the equivalent fluctuating components, I;/eq (n,8,) and

Vg (1,8,).

Finally, with the application of the equivalent wind spectrum technique, the equivalent wind
field for Case B was obtained as

@.11)

Veq(2,1) = Vi (2,1) = it(z,1)1,(h, 1), (1) (4.12)
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4.2.2 Wind loading
Aerodynamic coefficients

An experiment to investigate the aerodynamic properties of the monitored structure was done
in a conventional boundary layer wind tunnel by Orlando et al. (2023). Since the cross-section
of the pole is not uniform and decreases with height, the experiment was done by realizing a
3-D model of the 16-sided polygon with scaled dimensions of the largest cross-section at the
bottom of the pole and the smallest cross-section at the top of the pole. In addition, a separate
experiment was done for the rectangular platform at the top of the structure. The attached ladder
on one of the sides of the cross-section of the pole was also part of the experimentation. Detailed
explanations of the wind tunnel study can be found in Orlando et al. (2023).

The applicability of aerodynamic coefficients obtained through the conventional boundary
layer wind tunnel requires further examination. Wind tunnel investigation on circular cylinders
under downburst-like outflows indicated that the location of the cylinders in downburst-like
outflows plays a major role in the aerodynamics and the results in lift coefficients are different
at the base and the top of the cylinders (Romanic et al., 2020). On the other hand, the rapid
increase and decrease in wind speed, as well as the change in wind direction also results in
further complexity to the problem because the aerodynamic coefficients are in general dependent
on the angle of attack and Reynolds number. Apart from uncertainties arising from the nature
of downburst outflows, the geometry of the monitored structure also calls for further attention
due to, the presence of two platforms at the intermediate and at the top level of the structure,
non-prismatic tapered geometry, and the attached ladder on one of the sides of the cylinder.

In this study, aerodynamic coefficients, C; and Cj, obtained through wind tunnel experiments
for the large and small cross-sections as well as the rectangular platform were used to obtain
time-varying aerodynamic coefficients, Cy(t) and C;(t), depending on the angle of attack, ().
Figs. 4.3 and 4.4 show the aerodynamic coefficients of the large section, small section, and
rectangular platform corresponding to the time-varying angle of attack, in the two case studies of
downbursts. Furthermore, aerodynamic coefficients of the pole that varies with time and height,
C4(z,t) and Cy(z,t), were obtained from C,(r) and C;(r) of the large and small section, through
linear interpolation.

Aerodynamic loading

In section 4.2.1, the wind field along the height of the structure was defined considering the partial
and perfect correlation of the wind field in the vertical direction. Assuming strip and quasi-steady
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Fig. 4.3 Aerodynamic coefficients for the downburst on April 04, 2019
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Fig. 4.4 Aerodynamic coefficients for the downburst on October 02, 2019

theory, and considering time and height-dependent aerodynamic coefficients (Section 4.2.2), the
drag and lift forces were calculated, as follows

1

fd(zut) = pr(Z)UZ(ZJ)Cd(Zut) (4.13)
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1
fl(Z,t) = pr(Z)Uz(th)Cl(th) 4.14)
where f; (z,t) and f; (z,t) are the drag and lift forces respectively; b (z) is the windward breadth
of the structure; c4 (z,7) is the drag coefficient; ¢; (z,?) is the lift coefficient; U (z,7) is the resultant
of the alongwind and crosswind speed given by Eq. 4.15 for the case of perfectly correlated

wind field (Case A) and for the case of partially correlated wind filed field (Case B).

U(z,t) = \/(u(z7t))2 + (v(z,t))2 CaseA

4.15)
Ul(z,t) = \/(ueq(z,t))2 + (veq(z,t))2 CaseB

Since the equation of motion will be solved in the principal bending directions of the structure,
the drag and lift forces were projected on the principal axes X-Y (Fig. 4.5), obtaining the two
orthogonal components given by

Fx(z,t) = Fy(z,1)cos (44.5 =V (z,1)) + Fi(z,t) sin (44.5 — ¥/ (z,1)) (4.16)

Fy(z,t) = —Fy(z,1)sin (44.5— ¥ (z,1)) + Fi(z,t) cos (44.5 — ¥ (z,1)) (4.17)

where ¥ is the direction of the instantaneous wind velocity (Fig. 4.5) given by Eq. 4.18 for the
case of perfectly correlated wind field (Case A), and for the case of partially correlated wind
field (Case B):

Y (z,1t) = B(r) +atan2 [%] (CaseA)

Veg (1)
i(z,1) + up, (1)

(4.18)
(CaseB)

in which B(t) is the angle that the mean wind speed makes with the horizontal axis.

4.2.3 Dynamic response

The structure is modeled as a simplified linear cantilever beam clamped at the base. The equation
of motion for multiple degree-of-freedom systems is
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Fig. 4.5 Projection of aerodynamic force on the principal axes

Mi(r) + C(1)q(r) + Kq(r) = F(r) (4.19)

where M is the mass matrix; C is the damping matrix; K is the stiffness matrix; q(z) is the
displacement vector; and F(7) is the equivalent node force vector. Eq. 4.19 can be uncoupled as
follows,

1

Pri(t) + 280 0niPni(t) + OF ;pui(t) = — fui(t) (4.20)

n,i
where n is the mode; pj, ;(7) is the n-th principal coordinate in the i = X,Y direction; @, is the
n-th circular frequency in the i direction ; &, ; is the n-th modal damping ratio in the i direction;
fn,i(t) is generalized force; and m,, ; is the n-th modal mass in the 7 direction.

The modal mass and the generalized force are given by
H
my; =Y m(2)ys(2)dz 421)
0

H
fni(t) =Y fi(z,t) Wni(z)dz (4.22)
0

where y,, ;(z) is the n-th mode shape in the i direction; m(z) is the mass per unit length; and
fi(z,t) is the aerodynamic wind forces per unit length in the i-direction defined in Egs. 4.16 and
4.17.
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Since the damping ratio is uncertain, damping ratio &,; of 0.2%, 0.5%, and 1% were
considered for each mode, and aeroelasticity has been neglected.

The dynamic response is intended to be evaluated for the 10 minutes wind speed time history
with the maximum instantaneous wind speed at the center. However, to consider the effect of
initial conditions, the previous 2 minutes’ wind time history was also considered. In addition, a
cosine window function was applied to the 1st 1- minute wind loading time history to avoid the
effect of an initial load. The application of this windowing function resulted in a wind load that
starts from zero and reaches its registered intensity after one minute. The equation of motion was
solved in the time domain using the state space method at a time step of 0.1 seconds to obtain
the principal coordinates.

The displacement of the structure at any height, z, can be obtained from the principal
coordinate as

C]i(Z,t) = lefn,i(z)pn,i(t) (423)

Since only the first two modes that are single curvature bending modes in the two orthogonal
principal directions, X and Y, are considered, Eq. 4.23 reduces to:

qi(z,t) = v1,i(2)p1,i(t) (4.24)

In wind engineering, it is common to present the dynamic response in the alongwind and
crosswind direction instead of the principal axes of bending. Thus, the calculated time history of
response in the X and Y directions was projected on the time-varying alongwind and crosswind
directions, x and y, as:

qx(z1) = gx(z.1)cos (44.5— B(t)) — gy (z.1)sin (44.5— B (1)) ; (4.25)
qy(z.1) = gx(z.1)sin (44.5— B(t)) + gy (z,1) cos (44.5— B (1)) ; (4.26)

4.2.4 Results of the time domain integration

The response of the structure during the two case studies of downbursts was calculated using the
10 minutes registered wind speed time history during these events. Although many parameters
have been estimated by means of full-scale monitoring and wind tunnel tests, time domain
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Fig. 4.6 Results of time domain analysis with the assumption of a partially correlated wind field,
Zmax = 25m, experimental aerodynamic coefficients, and & = 0.5%

analysis is still affected by unpredictable parameters. The main sources of uncertainty in this
calculation are the vertical profile of the mean wind speed, the turbulence intensity and the
coherence of the wind field, the transient aerodynamic coefficients, and the damping ratios of the

structure.

The uncertainty of the vertical profile of mean wind speed was addressed by varying the
parameter, Z,,,, assuming the values Z,,,, = 25,50,75,100 m in the adopted empirical formula
of mean wind speed profile (Eq. 4.3). This assumption affects both the static and dynamic

response of the structure by a similar scale.

The uncertainties of turbulence intensity and coherence of wind field in the vertical direction
affect the dynamic response. In the present research, turbulence intensity is assumed as constant
in height and equal to the one measured at the top of the structure; the variability of the coherence
is addressed by considering two cases of perfectly and partially correlated wind fields as described

in Section 4.2.1.
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Table 4.1 Percentage decrease in response relative to results with the assumption of Z,,,,x =25 m

Zmax [meters]

Direction

100 50 75
X 6.4% 5.8% 4.4%
Y 6.1% 5.5% 4.2%

Table 4.2 Dynamic amplification due to the mean wind speed

o Damping

Event Direction 0.2% 0.5% 1%
Alongwind 1.0189 1.0098 1.0074

Apr 04,2019 Crosswind 1.0594 1.0310 1.0174
Alongwind 1.0122 1.0102 1.0085

Oct02. 2019 Crosswind 10449 10241 1.0175

The uncertainty of aerodynamic coefficients is addressed by adopting two different ap-
proaches. Firstly, the dynamic response is calculated using experimental time-varying drag
and lift coefficients according to the time-varying angle of attack, B (Figs. 4.3 and 4.4). Later,
optimized aerodynamic coefficients are retrieved from the comparison between the calculated
and measured responses.

The uncertainty of the damping ratio affects both the structural and aerodynamic damping.
Aerodynamic damping was neglected as its prevalence in short-lived transient events is not
widely studied. The structural damping ratio was varied as 0.2%, 0.5%, 1%. Generally, the
damping ratio highly affects the dynamic response.

As an example, Fig. 4.6 shows the principal coordinate of displacement in the X and Y
directions, and the polar plot of the resultant principal coordinate of displacements for the two
case studies of the downbursts calculated with the assumption of Z,,,, = 25 m, partially correlated
wind field, experimental aerodynamic coefficients and structural damping ratio & = 0.5%.

4.3 Comparison of registered and calculated response

The displacement at the top of the structure in the alongwind and crosswind directions is selected
to be the basis of comparison for the calculated and registered response. The top displacement
time history in the alongwind and crosswind direction is calculated as explained in Section 4.2.
The registered strain time histories during the two case studies of downbursts were analyzed
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to obtain the top displacement time history, which will be referred to as the registered top
displacement time history, in subsequent sections.

The comparison between the calculated and registered time history of top displacement
is made for the mean and fluctuating part of the top displacement separately in the following
subsections.

The time-varying mean wind speeds for the case studies of downbursts in this research
were extracted using a 30-second moving window (Section 3.3.2). Similarly, the mean top
displacement was extracted from the time history of the top displacement by calculating the
running mean over 30 seconds for both the calculated and registered response. Thus, the mean
top displacement is also time-varying. The fluctuating top displacement was then obtained by
subtracting the time-varying mean from the total displacement.

4.3.1 Mean response

Since the mean wind speed is time-varying, the possibility of having a dynamic amplification
due to the mean wind speed was checked. The dynamic amplification was calculated as the ratio
of the dynamic and static response due to the mean wind speed. Table 4.2 shows the maximum
dynamic amplification due to the mean wind speed obtained in the alongwind and crosswind
directions. It can be concluded that the dynamic amplification due to the mean wind speed is
negligible for all the assumed cases of damping ratios.

The effect of the variability of Z,,,, on the response of the structure has been evaluated. From
Fig. 4.1, it can be observed that the total wind load decreases as Z,,,, increases from 25 m to
100 m. As a result the total response also decreases with an increase in Z,,,. The significance
of this uncertain parameter is evaluated by calculating the percentage decrease in the response
of the structure relative to the response obtained with Z,,,, = 25m. The results, summarized in
Table 4.1, show that the mean displacement of the structure, calculated through time domain
integration, is not significantly affected by the assumption of Z,,,, different from 25 m.

On the basis of these discussions, the comparison between registered and calculated mean top
displacement is presented for the case where Z,,, is 25 m, experimental aerodynamic coefficients
are considered (Figs. 4.3 and 4.4), and damping ratio & = 0.5%. Fig. 4.7 shows the comparison
between the time histories of the mean calculated and registered top displacement for the two
downburst case studies. The correlation coefficient, r, between the time histories of the registered
and calculated mean top displacement, is also shown at the top right corner of each sub-figure.
In general, the time histories of the calculated and the registered mean top displacements in the
alongwind direction have a similar trend. The maximum calculated mean displacement in the
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alongwind direction is slightly higher than its registered counterpart, for both case studies of
downbursts. However, the calculated and registered mean top displacements in the crosswind
directions are not comparable in correlation and magnitude. Table 4.3 shows the percentage
difference between the registered and calculated mean top displacements shown in Fig. 4.7, at the
instant of maximum wind speed. Significant underestimation of the calculated mean crosswind
response can be observed for both case studies of downbursts. In particular, the differing
calculated and registered crosswind movement directions for the event of April 04 (Fig. 4.7(b)),
indicate that this may be due to the uncertainty of the considered aerodynamic coefficients,
especially the lift coefficients when used for the wind load calculation in thunderstorms.

Fig. 4.8 shows the comparison of the calculated and registered structural mean response
direction during the two case studies of downbursts, calculated considering the experimental
aerodynamic coefficients. The mean directional time history is qualitatively captured by the
calculated response, with a shift of ~ 19° and 10° clockwise at the instant of maximum wind
speed in the April 04 and October 02 events respectively. As the ratio between the drag and lift
forces dictates the response direction relative to the wind speed direction, the deviation of the
calculated response direction from the registered one confirms that the aerodynamic coefficients
evaluated in stationary conditions are not able to capture the behavior of the structure during the
two transient events. As can be observed in Figs. 4.3 and 4.4, the magnitude and sign of the lift
coefficient vary notably for small changes in the angle of attack. These results call for further
research on transient aerodynamics and the applicability of quasi-steady theory especially when
strong directional variations are expected.

4.3.2 Peak response

Fig. 4.9 compares the time histories of the calculated and registered peak top displacement for the
two downburst case studies for the case where the wind field is assumed to be partially correlated
and the damping ratio is considered as 0.5%. Similar to the mean response, an overestimation
of the calculated alongwind peak top displacement can be observed. In addition, the peak top
displacement in the crosswind direction is underestimated for both case studies. The difference
between the registered top peak displacement and the top peak displacement calculated with a
range of assumptions of damping ratio and wind field correlation is summarized in Table 4.4.
The values in brackets are the percentage differences between the registered and calculated peak
top displacements. Positive values imply that the calculated peak top displacement is higher than
its registered counterpart. It can be observed that while errors are below 20% in the alongwind
direction, the calculated responses are significantly lower than the measured ones in almost all
cases in the crosswind direction. The underestimation in the crosswind direction is up to 72.3%
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Fig. 4.7 Mean top displacement: registered vs. calculated with the assumption of Z,,,, = 25 m,
experimental aerodynamic coefficients, and £ = 0.5%

considering partial correlation and up to 51.5 % considering perfect correlation. Taking in mind
the comparison shown in Section 4.3.1, it is not trivial to recognize and discuss the origin of the
differences highlighted.

4.3.3 Root mean square of fluctuating response

The difference between the calculated and registered response is examined in further detail by
comparing the root mean squared (RMS) of the top displacement fluctuation. The RMS of
the top displacement fluctuation is in fact an essential parameter for comparing the fluctuating
part of the response. The time-varying RMS of the top displacement fluctuation was obtained
using a constant moving window of length 30 seconds. Figs. 4.10 and 4.11 show a comparison
of the RMS of the calculated and registered fluctuating response. The comparison is done by
calculating the moving RMS for results of different assumptions of damping ratio and wind
field coherence because of their importance to the top displacement fluctuation. The correlation
coefficient between the RMS of the calculated and registered top displacement fluctuation, r,
is also shown in the legend of each subfigure. In general, it can be observed that the trend of
the RMS of the top displacement fluctuation time history is well predicted in the alongwind
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direction, although an underestimation of the dynamic response is shown for the October 02
event, even with perfect correlation and very low damping. The RMS of the response fluctuating
is not satisfactorily predicted in the crosswind direction, where the numerical calculation was
not able to predict the instant of maximum dynamic response.

Table 4.3 Percentage difference between the mean registered and calculated response with
the assumption of a partially correlated wind field, Z,,,, = 25m, experimental aerodynamic
coefficients, and & = 0.5%

Alongwind Crosswind

Event (%] [%]
April 04, 2019 20.1 -154.7
October 02, 2019 24.2 -85.9

Table 4.4 Difference between registered and calculated peak top displacement with Z,,,, = 25m
and experimental aerodynamic coefficients

Damping Difference [cm]
Event ratio Alongwind, x Crosswind, y
[%] Partial Perfect Partial Perfect
correlation correlation correlation correlation
Apr 04 0.2 0.7 (7.7%) 2.0 (19.4%) -1.1 (-37.5%) 0.1 (3.3%)
25)19 ’ 0.5 0.6 (6.3%) 1.7 (17.4%) -1.6 (-61.0%) -0.8 (-26.9%)
1 0.3 (2.8%) 1.2 (12.1%) -1.8 (-72.3%) -1.4(-51.5%)
Oct 02 0.2 0.2 (4.2%) 0.6 (10.2%) -0.9 (-40.5%) -0.3(-11.4%)
2019 ’ 0.5 0.1 (1.5%) 0.6 (10.4%) -1.2 (-60.5%) -0.8 (-38.2%)
1 0.1 (2.4%) 0.6 (9.1%) -1.2 (-63.7%) -0.9 (-43.2%)

4.4 Comparison of registered and calculated response based

on optimized aerodynamic coefficients

In a previous study of the two case studies of downburst events, the trend of the mean wind speed
squared time history and the alongwind and crosswind mean displacement time history was
found to be similar. In addition, the correlation coefficients between the time history of the mean
wind speed squared and the time history of the alongwind and crosswind mean displacement
were also greater than 0.98 (Chapter 3). This result indicated that the mean alongwind and
crosswind responses can be predicted with high accuracy if proper aerodynamic coefficients
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Fig. 4.8 Polar plot of the mean calculated (with experimental aerodynamic coefficients) and
registered response trajectory ((a) and (b)), the time history of the mean calculated and registered
response direction ((c) and (d))

are considered. However, in the previous Section significant differences between calculated
and measured responses were shown in both the mean and the fluctuating part of the response.
The uncertainties of the aerodynamic coefficients prevented a meaningful discussion on the
uncertainties related to the coherence model and damping ratio.

In order to investigate the different sources of uncertainties in depth, further comparison of
the calculated and registered peak response and RMS of the response fluctuation are proposed,
after minimizing the uncertainties associated with the aerodynamic coefficients and the mean
wind speed profile. To this aim, optimized aerodynamic coefficients are retrieved from measured
mean response and then used to re-calculate numerically the top displacement of the structure
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Fig. 4.9 Peak top displacement: registered vs. calculated with the assumption of a partially
correlated wind field, Z,,,x = 25 m, experimental aecrodynamic coefficients, and & = 0.5%

during the two considered events. This enabled the comparison of the registered and calculated
peak response after the uncertainties due to aerodynamic coefficients and mean wind speed
profile are removed.

4.4.1 Optimization of aerodynamic coefficients and mean response

In this section, the uncertainties in the aerodynamic coefficients and mean wind speed profile
are minimized by finding equivalent aerodynamic coefficients, optimized in such a way that the
calculated and registered mean responses of the structure are approximately similar.

With this objective, optimized aerodynamic coefficients that are constant in time and height
were found for both downburst case studies. The optimization process is described in Table 4.5
and the resulting equivalent drag and lift coefficients are presented in Table 4.6 and reported as
constant lines in Figs. 4.3 and 4.4. It can be observed that they are higher than the ones obtained
from wind tunnel experiments.

The time-varying mean top displacement was calculated again using the optimized aerody-
namic coefficients, which are constant in time, following the procedure in Section 4.2. The result
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Fig. 4.10 RMS of the registered and calculated fluctuating top displacement with the assumption
of Zax = 25 m and experimental aerodynamic coefficients for the downburst event of April 04,

2019

Table 4.5 Procedure for calculating optimized aerodynamic coefficients

Step  Operation

1 Assume a combination of drag and lift coefficient from the range of values obtained
in the wind tunnel testing.

2 Calculate the aerodynamic force using the assumed coefficients and obtain the dis-
placement at the top of the structure in the two principal directions of the structure
through time domain analysis.

3 Calculate the time-varying mean displacement at the top of the structure from the
results obtained in step 2 using a constant moving window of length 30 seconds.

4 Calculate the time-varying displacement at the top of the structure using the registered

strains, following the procedure in section 4.4, and extract the time-varying mean
following a similar procedure as step 3.

5 Compare the time-varying mean displacement at the top of the structure obtained
through time domain analysis with the one obtained from strain registrations. Quantify
the similarity between the two results as a mean square error.

6 Repeat steps 1 to 5 for all combinations of drag and lift coefficients in the range and
extract the combination that resulted in the smallest mean square error.
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Fig. 4.11 RMS of the registered and calculated fluctuating top displacement with the assumption
of Z,.x = 25 m and experimental aerodynamic coefficients for the downburst event of October

02,2019

Table 4.6 Optimized aerodynamic coefficients

Event Cy (o]
April 04,2019 1.90 0.40
October 02, 2019 1.75 0.35

is compared with the registered time-varying mean top displacement in Fig. 4.12. The correlation
coefficient between the registered and calculated mean response time histories, r, is also shown
at the top right corner of each sub-figure. It can be observed that the time histories of the
calculated and the registered mean top displacements are highly correlated, and their magnitude
is approximately similar. Table 4.7 shows the percentage difference between the registered and
calculated mean top displacement shown in Fig. 4.12, at the instant of maximum wind speed. In
all cases, the percentage difference between the calculated and registered time-varying mean top

displacement, at the instant of maximum wind speed, is lower than 6%.

Fig. 4.13 shows the comparison of the calculated and registered structural mean response
direction during the two case studies of downbursts, calculated considering the optimized
aerodynamic coefficients. As the ratio between the drag and lift forces dictates the response

direction relative to the wind speed direction, the similarity between the calculated and registered
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response direction confirms that the considered optimized aerodynamic coefficients are able to
capture the behavior of the structure during the two events.
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Fig. 4.12 Mean top displacement: registered vs. calculated with the assumption of a partially
correlated wind field, Z,,,, = 25m, optimized aerodynamic coefficients, and & = 0.5%

Table 4.7 Percentage difference between the mean registered and calculated response with the
assumption of a partially correlated wind field, Z,,,, = 25 m, optimized aerodynamic coefficients,
and £ =0.5%

Alongwind Crosswind

Event (%] (%]
April 04, 2019 3.6 -1.2
October 02, 2019 5.2 4.9

4.4.2 Peak response

Since the calculated and registered mean displacements are now approximately similar, uncertain-
ties due to the vertical profile of mean wind speed and aerodynamic coefficients are compensated

by the optimized aerodynamic coefficients, and a comparison of the peak responses can be made.
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Fig. 4.13 Polar plot of the mean calculated (with optimized aerodynamic coefficients) and

registered response trajectory ((a) and (b)), the time history of the mean calculated and registered
response direction ((c) and (d))

Fig. 4.14 shows the top displacements calculated using the optimized aerodynamic coeffi-
cients and the registered top displacement, for the case where the wind field is assumed to be
partially correlated and the damping ratio is considered as 0.5%. Since the absence of dynamic
amplification due to the time-varying mean wind speed is proved, the difference between the
peak and the mean response, which is the fluctuating part of the response, is mainly the result
of the resonance between the modal vibration of the structure and the turbulent wind. This
fluctuating response is highly dictated by the frequency content of the turbulent wind and the
damping ratio of the structure. Thus comparison of the peak and fluctuating responses should
be made considering the uncertainty of the coherence of the wind field and structural damping
ratio. The difference between the registered top peak displacement and the top peak displace-
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ment calculated with a range of assumptions of damping ratio and wind field correlation is
summarized in Table 4.8. The values in brackets are the percentage differences between the
registered and calculated peak top displacements. Positive values imply that the calculated peak
top displacement is higher than its registered counterpart. In most of the considered assumptions,
the peak alongwind displacement is underestimated by the numerical calculation even with the
assumption of a perfectly correlated wind field and a damping ratio as low as 0.2% for both
events. The underestimation decreases with the assumption of a perfectly correlated wind field
and low damping ratio. The comparison for the event on October 02, 2019, showed that the
peak response is underestimated both in the alongwind and crosswind direction regardless of
the assumption of damping and correlation of wind field. Note that the event on April 04 had a
background ABL wind before the occurrence of the sudden increase in wind speed while the
event on October 02 occurred with no evident ABL wind. In general, the assumption of partially
correlated wind with a correlation of the reduced fluctuating component similar to ABL wind
underestimated both the alongwind and crosswind response except for one considered case. The
case of perfect correlation was expected to give the upper bound of the response; however, it
was exceeded by the registered response in most of the considered cases. The reason for the gap
between the calculated and registered response fluctuations is still an open question. However, it
may be attributed to the possibility of underestimation of turbulence through the assumption of
constant turbulence intensity in the vertical direction. The turbulence intensity at various heights
of the structure was assumed to be equal to the turbulence intensity registered at the anemometric
location while in reality, the turbulence intensity at various heights of the structure may be higher
than the intensity at the anemometric location.

Table 4.8 Difference between registered and calculated peak top displacement with Z,,,,, = 25m
and optimized aerodynamic coefficients

Damping Difference [cm]
Event ratio Alongwind, x Crosswind, y

[%] Partial Perfect Partial Perfect

correlation correlation correlation correlation

Apr 04 0.2 -0.6 (-6.7%) 0.4 (4.5%) 0.2 (5.9%) 0.9 (23.3%)
2519 ’ 0.5 -0.9(-99%) -0.0(-0.1%) -0.0(-1%) 0.6 (14%)

1 -1.1 (-129%) -0.4(-4.4%) -02(-55%) 0.3 (7.4%)
Oct 02 0.2 -0.8 (-14.4%) -0.5(-8.4%) -0.5(-22%) -0.1 (-4.5%)
2019 ’ 0.5 -09 (-17.9%) -0.5(9.1%) -0.7(-30.1%) -0.4 (-16.5%)

1 -0.9 (-16.3%) -0.6 (-10.6%) -0.7 (-30.7%) -0.4 (-17.5%)
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Fig. 4.14 Peak top displacement: registered vs. calculated with the assumption of a partially
correlated wind field, Z,,,c = 25m, optimized aerodynamic coefficients, and & = 0.5%

4.4.3 Root mean square of fluctuating response

In Figs. 4.15 and 4.16, the RMS of the top displacement fluctuation, calculated using the
optimized aerodynamic coefficients with the assumption of different damping ratios and wind
field correlations are compared with the RMS of the registered top displacement fluctuation.
The correlation coefficient between the RMS of the calculated and registered top displacement
fluctuation, r, is also shown in the legend of each subfigure.

For the event on April 04, the RMS of top displacement calculated with the assumption
of partially correlated wind speed is underestimated while closer results are obtained for the
case where a perfect correlation is assumed. For the event on October 02, the RMS of top
displacement is underestimated in all the considered assumptions of damping ratio and wind
field correlation. The underestimation is more pronounced in the second part of the time history,
after the peak response. Comparing the two events, the event on April 04 that had a background
ABL wind prior to the occurrence of a ramp-up in wind speed shows better predictability of the
peak response and its fluctuation. In addition, observing the correlation coefficient, the RMS
of the calculated response time history with a damping ratio of 0.2% is less correlated with the
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RMS of the registered response time history, indicating that the damping ratio of the structure
might not be as low as 0.2%.

Although the damping ratio has always been known to affect the dynamic amplification of
response, the proper modeling of the correlation of wind fields is shown to be a factor that plays

a significant role in the estimation of the dynamic response of the structure.
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Fig. 4.15 RMS of the registered and calculated fluctuating top displacement with the assumption
of Zyax = 25m and optimized aerodynamic coefficients for the downburst event of April 04,

2019

4.5 Conclusion

The dynamic response of a slender light structure during two case studies of downburst winds
was calculated using the registered time history of wind speed by the anemometer mounted on
the structure. The calculation considered the uncertainty of wind field parameters, such as mean
wind speed profile, turbulence intensity, and coherence, as well as structural parameters, such
as the aerodynamic coefficients and damping ratio. The result is compared with the structure’s
response registered by the structural response monitoring system. The main conclusions of the

study are as follows.
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Fig. 4.16 RMS of the registered and calculated fluctuating top displacement with the assumption
of Z.x = 25m and optimized aerodynamic coefficients for the downburst event of October 02,

2019

From the numerical analysis, the dynamic amplification due to the time-varying mean
wind speed averaged over a 30-second moving window was negligible for all the assumed

cases of damping ratios.

The effect of the mean wind speed profile parameter Z,,,, on the response was small, at

least for the current slender structure.

The comparison of the calculated and registered mean response of the structure showed
that the crosswind response was underestimated when aerodynamic coefficients obtained
from wind tunnel testing are applied. The mismatch between the registered and calculated
crosswind response and mean trajectories indicated that quasi-steady theory might not be
applicable for transient events and the aerodynamic coefficients obtained from the wind
tunnel testing might not be reliable for transient wind loading calculation.

The comparison between the calculated and registered peak response of the structure
obtained using the experimental aerodynamic coefficients showed that the calculated peak
response is underestimated, especially in the crosswind direction. Comparisons between
calculated and registered RMS of the top displacement are also shown. Uncertainties of
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the aerodynamic behavior prevented a meaningful discussion about the dynamic response
calculation.

Optimized aerodynamic coefficients were retrieved from the comparison between the mean
registered and calculated response to overcome uncertainties in aerodynamic behavior. The
obtained equivalent time-invariant aerodynamic coefficients are larger than the experimen-
tal ones. Although the wind tunnel testing showed high sensitivity of the lift coefficient to
the angle of attack, the comparison between the mean response of the structure calculated
with optimized time-invariant aerodynamic coefficients and the registered response showed
a good agreement in the structural response trajectory.

The comparison between the calculated and registered peak response of the structure
obtained using the optimized aerodynamic coefficients showed that the calculated peak
response is mostly underestimated, even when the perfectly correlated wind field and
the lowest damping value are considered. Such results make the assumption of space
coherence similar to ABL wind and height-invariant turbulence intensity questionable.

The peak response was found to be less predictable for the event in which the downburst
had no background ABL wind. This observation should be further investigated using a
wide set of downburst data.

The RMS of the top displacement fluctuation, calculated with the assumption of different
damping ratios and wind field correlations, was compared with the RMS of the registered
top displacement fluctuation, showing a general underestimation even when optimized
aerodynamic coefficients are used. Moreover, the RMS of the calculated response fluctua-
tion with a damping ratio of 0.2% was found to be less correlated with the RMS of the
registered response fluctuation, indicating that the damping ratio of the structure might not
be as low.

In line with the results presented in Chapter 3, this research indicated that the mean response

time history of the structure can be predicted with high accuracy if appropriate aerodynamic

coefficients are considered. Such a result calls for further investigation of transient aerodynamic

effects. However, the peak registered response was higher than predicted for most assumptions,

even when optimized aerodynamic coefficients were adopted, indicating the need for further

studies on the dynamic response to downbursts.

It is worth noting that the calculated alongwind response of the structure was comparable

to the registered response with a percentage difference of not more than 25% in all cases. This

has a positive implication for the analytical downburst response calculation approaches and
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studies that are based on time domain analysis using similar assumptions for the wind field and
aerodynamic load.

Although the structural damping ratio has always been known to affect the dynamic amplifi-
cation of the response, transient aerodynamic coefficients, turbulence intensity, and coherence of
downburst wind fields in space are shown to be parameters that need further attention.
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