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ABSTRACT: Non-stationary downburst winds can induce large-amplitude vibration on vertical
slender structures. Since the physical structure of a thunderstorm is currently not fully predictable,
several assumptions (modeling simplifications) and uncertainty sources (modeling errors) are pre-
sent. In this paper, the propagation of errors (due to random variability) through the dynamical
system and through limited knowledge of the downburst structure and loading is considered by
utilizing a Monte Carlo based quasi-static simulation method for random drag coefficient. To ex-
amine the along-wind dynamic response of a simplified vertical cantilever structure, numerical
integration of the linear and nonlinear dynamics is considered. The concept of structural fragility
curves associated with the maximum lateral vibration of a vertical slender structure is extended to
non-stationary wind loads due to thunderstorm downbursts. Furthermore, a preliminary parametric
study is conducted to investigate the influence of changing factors in the downburst aerodynamic
loading.

KEYWORDS: Downburst Model, Non-stationary Loads, Fragility Analysis, Performance-based
Engineering, Transient Response

1 INTRODUCTION

1.1 The downburst

Downbursts are meteorological wind phenomena typically occurring during thunderstorms. They
were first recognized by Fujita and Byers in 1977 after the investigation of several deadly aircraft
accidents [1-5]. In the following decade, a significant number of aircraft accidents caused by down-
burst-driven wind shear were reported. Due to difficulty in physically identifying downbursts (un-
like tornadoes), several on-site systematic recordings during thunderstorms were obtained by Dop-
pler radar stations as part of projects such as the Northern Illinois Meteorological Research in
Downbursts (NIMROD) in 1978 and the Joint Airport Weather Studies (JAWS) in 1982 [1, 2].
Using full-scale observations and records, meteorologists and researchers have formulated analyt-
ical models to characterize the main features of thunderstorm downburst winds [6-15]. These in-
clude a touchdown point, about which the storm is centered, a high-velocity non-stationary wind
field, and a boundary layer that differs greatly from that of synoptic winds. The downburst first
evolves from an intense vertical downdraft of wind that lands at a touchdown point from which it
then radially diverges and decays over a short period of time. As this outburst of wind flows out
from the touchdown point, the downburst travels along a path with translational velocity producing
transient and non-synoptic wind fields for a short duration of time between a few to dozens of
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Figure 1. Schematic of a microburst — reproduced from Zhang, Sarkar et al. [10]

minutes. Its velocity consists of several main components: radial, vertical, horizontal, and transla-
tional [8, 9]. In addition, the velocity can be defined as a combination of a slowly varying mean
wind speed and rapidly varying non-stationary turbulence. A schematic of a microburst (a type of
downburst) along with a comparison between an example radial wind profile and a conventional
boundary-layer wind profile is shown in Figure 1, reproduced from Ref. [10].

From a civil engineering perspective, downbursts present challenging problems as the com-
bination of a rapidly-varying non-stationary turbulence field with a slowly-varying mean wind
speed can generate complex aerodynamic loadings that lead to large amplitude vibrations. In ad-
dition, the structural response of a system under non-stationary wind loading is difficult to analyze
in the frequency domain due to coupled and nonlinear equations of motions [15]. Analysis is nec-
essary in time domain which increases computational demand or in wavelet domain which has
been recently proposed. Despite these issues, research work, both through numerical analysis and
physical simulation, provide insight into the importance of understanding the downburst for civil
engineering applications. For example, using a transient wind simulator consisting of a 1 m diam-
eter impinging jet with aperture control, Jesson et al. [16] subjected low-, mid-, and high-rise
building models to conditions similar to those present in downbursts and discovered that certain
building types would experience high levels of negative pressure coefficients. Le and Caracoglia
[17-19] utilized the wavelet-Galerkin method to obtain the stochastic structural dynamic response
of tall buildings from digitally simulated non-stationary, transient wind loadings. They selected
compactly supported Daubechies wavelets and employed the Galerkin approach to transform the
time-varying differential equations of motion into a discrete system of algebraic linear equations
in the wavelet domain. Additional developments in techniques coupled with robust physical ex-
perimentation can aid researchers in understanding the effects that transient wind loads impose on
civil engineering structures.

1.2 Performance-based engineering

Numerical analysis and physical simulation of non-stationary wind velocity fields typically in-
volve various assumptions (e.g. axisymmetry of the downburst, nonevolutionary spectra of turbu-
lence, spatial-temporal intensification functions, or pressure and load aerodynamics) due to limited
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knowledge of the downburst structure and loading. Thus, significant errors from random variabil-
ity accompany predictions or measurements of structural response and must be considered using
probabilistic models.

Owners or engineers can use probability to establish the likelihood that a target structure may
exceed a pre-defined limit state or hazard intensity. Limit states are thresholds of structural per-
formance specified by the design criteria or intended objective [20]. Modelling this likelihood of
exceedance of a limit state is an integral aspect of performance based engineering [21]. Advance-
ments in computational structural analysis have spurred interest in the study of performance based
engineering especially for the unique excitation mechanisms found in the field of wind engineer-
ing. Recent research endeavors have utilized methods such as Monte Carlo based simulations to
generate fragility curves for structures under stationary wind loads [22-26].

This paper capitalizes from recent studies on the estimation of downburst-induced load and
response by using Monte Carlo simulation to account for error propagation and variability in a
fragility approach. A simplified vertical cantilever “point-like structure” is subjected to digitally
simulated lateral downburst wind loads using a recently developed formulation for the mean wind
velocity field [17-19]. In addition, turbulence is simulated with an evolutionary spectral represen-
tation methodology utilizing digital modulation to describe the time-varying downburst intensity.
The linear and nonlinear dynamics of the structure are examined and fragility curves accounting
for wind load variability through random drag coefficient are calculated. Furthermore, a parametric
study is conducted to investigate the effects of maximum mean wind speed and distance between
the downburst touchdown point and the building structure’s location. The preliminary results dis-
cussed in this paper are part of an ongoing research activity oriented towards the development of
a performance-based methodology for fragility analysis of the structural response due to non-sta-
tionary downburst wind loads.

2 SIMULATION OF WIND VELOCITY COMPONENTS OF DOWNBURST

2.1 Basic structure of a downburst

Outside the core of the downdraft, velocity features of a downburst can be described by a slowly
time varying mean wind velocity (non-turbulent) and rapidly, temporally varying wind fluctua-
tions (turbulent velocity). A simulation of the downburst wind fields typically reproduces these
properties through a “deterministic-stochastic” approach, in which the turbulent and non-turbulent
components are separately generated and subsequently combined through vector summation [12,
27-29]. The deterministic mean characterizes the time-varying mean wind speed while the partially
coherent stochastic high-frequency fluctuation wind field describes the turbulence. This study ap-
plies a similar deterministic-stochastic approach to model the wind field. The transient horizontal
downburst velocities are defined in three-dimensional space:

U(x,y,z,y) =U(,y,zy) +u(x,y,zt) 1)

where the transient horizontal downburst velocity, U(x,y,z,t), is the vector sum of mean wind
speed, U(x,y,z,t), and amplitude modulated turbulence, u’(x,y,z,t).

2.2 Slowly, time-varying mean wind velocity

In this study, the downburst mean wind velocity, U, profile as a function of height z is calculated
with Vicroy’s model [8] as shown in Equation 2.
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where zmax is the elevation from the ground at which the maximum mean wind velocity in the wind
profile Umax 0ccurs. Time-dependent intensification functions proposed by Chay, Albermani et al.
[12] and Chen and Letchford [28] can then be used to generate the downburst mean wind field.

l_](x:yv z, t) = Ur(xly' z, t) + Utran(x'yv Z) (3a)
U, (o y,2,6) = 10T, (2)g () (3b)
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The resultant downburst mean wind velocity (slowly varying and time dependent), U, is the
vector summation of the radial wind velocity, Uy, and the translational velocity, Utan. For this
study, translational wind speed is a constant 10 m/s. Radial wind velocity, Uy, is calculated using
Equation 3b along with the intensification functions of Equations 3c and 3d. Equation 3c describes
the evolution and intensity of the downburst through its lifecycle (Fig. 2) where t is the time since
the downburst has landed at its touchdown point, to is the time at which the non-turbulent velocity
reaches the maximum intensity, and T is the duration of the downburst (total time of the simula-
tion). Equation 3d represents the intensification of the downburst as a function of the horizontal
radial distance, r, between the center of the downburst and the point of interest (e.g. geometric
center of a building structure). At a certain location rmax from the core of the downburst, the inten-
sity of the wind velocity reaches a maximum. R is the radial length scale. For the simulations in
this study, various maximum mean wind velocities are used at zmax = 80 m while the travelling
downburst has parameters to = 6 minutes, rmax = 1000 m, and R = 700 m [30]. The duration period
of the downburst, T, is 12 minutes.

The magnitude from the vector summation of Equation 3a is shown below in Equation 4.

U6,y,20%=0,0652)?%+ Upawm(® .22 + 2% 0,(x,7,2,y) x U,(x,,2,y) X cos(B(x,y, 1)) (4)

cos(0(%,y, 1)) = [U(%Y,2Y)? + Upan® ¥, 2Y)? = U (%, ¥,2,¥)?1/[2 X U(%,y,2,t) X Uran(%, ¥, 2 ¥)] (5)

Here, S is the angle between the radial and translational velocity vectors. Equation 5 calculates the
angle 8 which is the deviation from the prevailing travelling direction of the storm (based on Utran)
due to downburst mean wind speed. In this study, it coincides with the deviation from the along-
wind axis due to the downburst mean wind speed.

[] 5-10m/s
zzzy > 10 m/s
T-5min T-2min T T+5 min
g 3R “\ 188! W\ e\
T;-_*b 2_&\,’ W 1128 2
2. @B &N\ TIA)) &
. \
N —= \ } Vi (R, 2 | / \
Touchdown 0 1 213 4 4 5
= 1
Scale (km) Scale (km)

Figure 1. Schematic of the lifecycle of a downburst from touchdown to divergence — reproduced from Hjelmfelt [7].
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2.3 Rapidly, temporally varying wind fluctuations

The partially-correlated non-stationary turbulent wind field is simulated by superposition of par-
tially-correlated stationary processes with amplitude modulated by a slowly time-varying deter-
ministic function [17-19]. The technique behind this approach stems from evolutionary power
spectral density functions (EPSD). To simulate the one-dimensional multi-variate stationary tur-
bulence field, Di Paola [31] has suggested the discretization of the stochastic turbulence into the
superposition of single-variate, single-dimensional processes obtained through the proper orthog-
onal decomposition of the cross power spectral density (PSD) matrix. Using this method and the
Kaimal spectrum for longitudinal wind fluctuations [32], the discretized time-dependent stochastic
stationary turbulence, up(Xp,Yp,Zp,t) at discrete locations or nodes p = 1, 2,..., M can be written as
the following summation of M-independent processes each with frequency w::

Uy (Xp) Vpr Zp, t) = 2V A0 Ty e Wiy A (@) G (1) (6)

in which 4w = wyp/n is a circular frequency interval or “step” with wyp as the upper cut-off circular
frequency and n as the number of circular frequencies used by the wave-superposition method. wi
is a generic circular frequency (w1 = lA®). wmi is the I-th eigenvector of node p normalized with
respect to the identity matrix and 4m represents the eigenvalues of the PSD matrix for node p.
Equation 7 for gmi(t) represents harmonic waves of the zero-mean normal single-variate, single-
dimension, processes.

Imi1(t) = Ry cos(w;t) + Iy sin(w;t) (7)

Rmi and Imi are pairs of independent, standard, normally distributed (zero expectation, unit vari-
ance) random numbers generated by the Box-Muller algorithm [33].

Turbulence amplitudes in a thunderstorm are uniformly modulated using a deterministic co-
sine function [34]. The modulation depends on time t but is independent of w and the position [18]:

Ay(x,y,2,t) = (1 — cos(2mt/Ty)/2)" (8)

To is a reference duration which controls the time of maximum amplitude and # is a positive integer
even number for the width of the cosine window. In this investigation, To is half the time duration
of the simulated downburst and # is 2. For node p, the stationary signal is at last combined with
the amplitude modulation function as follows:

u, (%) Vpr Zp, t) = Ay (@, X, Vo Zp, 1)Uy (X, V) Zp, ) 9)

Up ' (Xp,Yp,Zp,t) is the spatially-correlated zero-mean stationary turbulence process in the same direc-
tion as the resultant downburst mean wind velocity, U. This process is repeated for turbulence
Vo '(Xp,Yp,Zp,t) in the lateral direction perpendicular to U. This component uses the Kaimal spectrum
for winds in the lateral direction instead [32]. Both turbulence components, thus, are generated
using spectrum models developed by Kaimal.

3 DYNAMIC RESPONSE DUE TO DOWNBURST WINDS

3.1 Simplified, vertical cantilever, “point-like structure”

The system is modelled after a simplified, slender, vertical cantilever structure. The “point-like
structure” resembles a thin plate with an area A of 2 m?, mass m of 6000 kg, stiffness constant kx
of 3840 N/m in the along-wind axis and ky of 4646.4 N/m in the across-wind axis, and damping
ratio {'of 0.01. The height h of the structure is at an elevation of z =30 m.
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Figure 2. Schematic showing the placement of the structure with respect to the thunderstorm’s path of travel. A three-
dimensional view of the structure is also provided.

Two scenarios are considered for the location of the structure with respect to the storm’s
touchdown point. The first involves placing the structure in the path of the travelling downburst.
This lends to a single degree-of-freedom (1DOF) analysis in the along-wind direction for the struc-
tural motion. The second scenario imposes an offset to the travelling downburst. The analysis is
two-dimensional (2DOF) and includes turbulence and structural motion in the across-wind direc-
tion.

Figure 2 provides a schematic of the described system for the 2DOF scenario. It is assumed
that the along-wind (“x-") axis corresponds to the prevailing travelling direction of the storm
(based on Utan). The local coordinate axis, perpendicular to it, is the across-wind axis (“y-").

3.2 Governing dynamic equations

The equation dictating the time-dependent motion of the structure, q(t), in the 1DOF scenario is
derived from the dynamic equation of motion for a “point-like structure” subjected to a drag force
(other aerodynamic forces such as transverse or lift force, moments and torque have been neglected
for this study):

mi(t) + cq(t) + keq(t) = 3 pUZACy (10)

m, c, ky are the known mass, damping, and stiffness coefficients with values given in the previous
section, p is the air density taken as 1.25 kg/m?3, A is the area of the point (representative of a plate),
Cp is the drag coefficient, and U includes the total downburst wind velocity component at time t
and the effects of fluid-structure interaction.

Only for the 1DOF scenario, a nonlinear damping of the VVan-der-Pol type (« = 0.01) is in-
troduced to study the effects of non-linearity in the structural dynamics [18]. The wind velocity,
U, is calculated by the simple addition of mean wind velocity, U, turbulence «’, and opposing
structural motion, ¢’. After linearization to remove second-order effects of turbulence and struc-
tural motion, the differential equation of the response is given in Equation (11).
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mij(t) + c(1 = pr(2q(0) + kyr(t) = 2pAC, (U + 20w’ — 2T, (1)) (11)

The addition of turbulence and structural motion in the across-wind direction adds complex-
ity to the motion equation in the 2DOF scenario. Hence, nonlinear damping has been later excluded
from the formulation when a more accurate 2DOF model is considered.

The wind velocity components in the 2DOF scenario cannot simply be summed together for
vector addition as is done in the simpler 1DOF case. The angle, S, between the radial velocity,
Uy, and the translational velocity, Uiran, must be considered as shown in Equation 4 to calculate the
resultant mean wind velocity, U, with angle & measured from the along-wind axis. Velocity of
structural motion is first designated as follows: ¢ which is parallel to U (i.e. direction denoted
by angle 6) and q'y’ which is perpendicular to U. Turbulence components, u” and as v’, are also

projected along the same pair of directions. The square of the magnitude of the effective velocity
vector, after accounting for turbulence and structural motion (aerodynamic damping), is consid-
ered and leads to Ues:

Ulp = U +u =G/ ()" + (v - ¢,/ (0))? (12)
The terms ¢ " and q'y’ are subsequently projected onto the along-wind and across-wind axes us-
ing angle 6:

0y’ (8) = G2 (t) cos(8) + g, ()sin(6) (13)
dy' () = =4 () sin(8) + g, ()cos (6) (14)

A change in angle, y, is introduced to model the fluctuation from the originally defined angle 6 due
to the turbulence and structural motion. It is calculated as follows:

I (CELHO)

Y = tan 1 ( /(U +u-— qx/(t))> (15)

After assuming small-angle deviations and U being significantly greater than u - g,y becomes:
A I(t)

A (16)

The angle from the along-wind axis, at which the effective wind speed is directed, presently con-
siders both mean wind (slowly varying) speed and turbulence fluctuations; is denoted by ¢, the
summation of 8 and y. The structural response in the along-wind and across-wind directions can
finally be formulated by projecting the resulting drag force in the along-wind and across-wind axes
shown in Figure 3. Eliminating second-order effects from turbulence and structural motion and
assuming small angles, the responses of the structure in both directions due to the travelling down-
burst can be found:

M, () + G, (t) + kyeqy (t) = %pACD (Uz +2Uu' - 20 (qx(t) cos(0) + %,(t)sin(@))) cos(@) a7
md, (t) + ¢, 4, () + kyq, (£) = %pACD (ﬁz +20u' =20 (qx(t) cos(0) + %(t)sin(@))) sin(p) (18)

3.3 Random simulation of drag coefficients

Random perturbation, thus far, has only been introduced in the generation of the standard Gaussian
amplitudes of the harmonic waves superimposed for turbulence. To account for additional error



propagation or uncertainty in the system, random simulation utilizing the Monte Carlo method is
performed to produce a sample of reference drag coefficients. As summarized by Di Paola [31],
“[the Monte Carlo method] mainly consists in generating sample functions having prescribed prob-
abilistic characteristics, then for each sample function the linear or non-linear dynamic structural
analysis is performed. From the time histories of the response the probabilistic analysis is made
on the sample functions of the response for ensuring overall safety of the various elements of the
structure.”

Monte Carlo methods have been previously employed in fragility and expectancy costs stud-
ies to examine wind hazards on vulnerable structures such as tall buildings and long-span bridges
[23-26]. They statistically assess the dynamic response due to “uncertain loading scenarios” in
which modelling simplifications and measurement errors are considered. The Monte Carlo method
is used here to generate stochastic occurrences of the reference drag coefficient, Cpo, at the begin-
ning of the simulation. This variable is assumed to follow a normal probability distribution with a
mean of 1.2 and coefficient of variation of 0.10. These values are compatible with a large sign or
support structure such as a highway sign or luminaire. If quasi-steady wind load hypothesis is used
but a direction-dependent drag coefficient is introduced to simulate a non-symmetric shape in the
source of aerodynamic load, this drag coefficient must be recalculated at each time instant using
Equation (19) where ¢ is the sum of deviation from the along-wind axis due to downburst mean
wind speed and turbulence fluctuations.

Cp = Cpo — 0.20(1 — cos(2¢)) (19)

To linearize the wind loads, subsequent instances of drag force in time are calculated from a
process utilizing the derivative of the drag coefficient with respect to angle ¢. This is described
below by Equation (20).

Cp-1in = Cpo + (dCD/d(p|9) % (20)

where dCp/da|s is the linear rate change of the drag coefficient with respect to the angle ¢, approx-
imately evaluated at an “average” angle of attack @ (roughly coincident with the relative direction
between the slowly-varying downburst velocity and the local direction x). It must be noted that
Equation 20 approximates the exact relationship between relative wind angle and the local axis
(orientation) of the structure. Therefore, it is only adequate for small angles only. Preliminary
investigation through inspection of Equation 20 has confirmed that the approximation is acceptable
in most cases and, therefore, it is used in the subsequent sections of this study. Additional investi-
gation, beyond the scope of this paper, is under way to further examine the implications of the
approximate Equation 20 on the predictions of dynamic response for point-like structures.

3.4 Evaluating the differential equations of motion

Approximate solutions to the differential equations can be obtained through a variety of ap-
proaches both in time and wavelet domains. This study utilizes the classic fourth order Runge-
Kutta-Fehlberg (RKF) numerical integration method to approximate solutions in the time domain.
For each time step that constitutes the temporal discretization, the RKF method requires infor-
mation of the variables for multiple instances in the future to calculate an approximation of the
integration for a differential equation. In this study, the integration result is the structural response,
g, while the variables needed in the future include mean wind speed, turbulence, and deviation
angle ¢. The assumption of constant loads (and accelerations) during each time step of the RKF
integration has been made to reduce computing time. A time step of 0.05s is used.
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The time step is calibrated to minimize the influence of any modeling simplifications and to
allow the elimination of second-order effects without compromising accuracy. The effect of line-
arization of the drag force coefficient is not fully investigated herein but may possibly be consid-
ered in future studies. Figure 3 compares the along-wind response in the 2DOF scenario produced
with and without the above-described assumptions. From Equation 19, variation of the drag coef-
ficient (0.2/1.2) may be large with respect to the angle of attack and may not be possible on a
realistic structure. Responses are thus normalized by the area of the cantilever system. Unax is 60
m/s, xo is 1500 m, and yo is 1000 m. Drag coefficients and turbulence realizations are identical in
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Figure 3. Example of along-wind response (a) with simplifying assumptions and (b) without any assumptions.

both cases. The results show that assumptions made for enabling numerical integration may un-
derestimate deflections of the cantilever structure. Differences from this solution technique require
further examination; this is beyond the scope of this study but must be accounted for in future
investigations.

4 RESULTS AND ANALYSIS

4.1 Parametric study

Using the 1DOF scenario, a parametric study of Xo is conducted for ten values: xo ={250 m, 500
m, 1000 m, 1500 m, 2000 m, 2500 m, 3000 m, 4000 m, 6000 m, 8000 m}; yo is always equal to
zero (Yo = 0 m). A sample random population of 5000 Cpo was generated. The quantity Cpo is the
reference drag coefficient of the structure (zero angle of attack), which initializes the time-domain
numerical integration of the differential equation of motion, Equation (11). Therefore, 5000 along-
wind response sets are obtained for each value of xo by Monte Carlo sampling. Figure 9 shows the
results for two separate downbursts with maximum mean velocities Umax = {40 m/s, 65 m/s} and
a translational downburst velocity of Ugan = 10 m/s. For each distance Xo, the maximum value of
the dynamic response time history is extracted. The collection of the maxima allows examination
of the statistics of the response. The median, q"wvep, of the sample is determined and normalized
with respect to the square root of the plate’s projected area, v/A. The normalized median response
exhibits absolute maximum at a “critical” touchdown position of xo = 4000 m for both velocities
(Fig. 5). With xo = 2500 m, the structural response in Figure 5 shows a second local peak. Special



considerations must be taken to properly assess the deflection of the cantilever system at this
touchdown position. A higher resolution of xo may perhaps reveal more cases exhibiting similar
local features.

An investigation is also conducted for Umax using variables between 40 m/s and 65 m/s. Even
though the upper limit has a less plausible physical meaning, it is selected to enable further inves-
tigation of the results. It is expected that allowing the wind field to achieve higher speeds may
result in strong responses and large structural motion. Figure 5 verifies this trend. The normalized

median of the maximum q’"MED/\/Z is plotted against the maximum mean wind speed of the

downburst, Unax. An exponential function is used for the empirical curve fitting of the numerical
data where a and b are suitable constants.

mep \/Z = aUmaxb (21)
At the critical touchdown point of 4000 m relative to the building center position, a downburst
achieving Umax of 65 m/s has the potential to impose more than double the amount of structural
motion in comparison with a storm that only reaches a maximum wind speed of 40 m/s. Perfor-
mance-based analysis in the following section must include the increased potential for exceedance
of limit states when downbursts achieve higher maximum mean wind speeds and when they land
at certain critical locations.
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Figure 4. Along-wind response of the benchmark cantilever structure as a function of downburst’s touchdown point
on the ground.
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Figure 5. Examination of the empirical relationship between Unax and the median value of the non-stationary response
maxima.

4.2 Fragility analysis

A parametric study is conducted to evaluate the performance of the cantilever structure against
different scenarios of travelling downburst wind loads. Additionally, structural response must be
examined in conjunction with the influence from a random variability or uncertainty in the wind
loading [35]. This study constitutes a fragility analysis where randomization of parameters in the
aerodynamic loading, such as drag coefficient and turbulence, reflects the presence of measure-
ment or modelling errors in both in-situ wind properties and wind tunnel data variability, possible
among various laboratories [36]. A typical fragility analysis includes fragility curves, estimated by
determining the complementary cumulative distribution function (CCDF) that a structure will ex-
ceed a pre-defined limit state (i.e. hazard level or threshold) conditional on the reference downburst
velocity (hazard intensity measure). These threshold levels can be used as indicators of structural
performance, for example, by the owner or the engineer. For this study, three limit states, Ti, are
defined as fractions of the height, h, of the cantilever structure. In the absence of either a specific
standard or design recommendations for downburst winds, the proposed Ti values are a preliminary
attempt at defining realistic thresholds for structural motion that apply to a full-scale “point-like
structure” (or building), subjected to winds induced by a downburst.

} ={06m,03m,0.15m} (22)

1 1 1
{Tlp TZ! T3} - h * {EJE;E
The CCDF, Fr, of the maximum structural motion, gmax, exceeding these limit states is represented
as a function of the maximum downburst “mean” wind speed, Unmax. It is numerically determined
by finding the probability, P, that a generic random variable X = qmax exceeds the thresholds set by

Equation (22), conditional on the presence of a downburst with V; = Unax.
FT(Umax) =PX>T|V, = Umax] (23)

The calculated fragility curves are approximations of the probability that the cantilever system’s
structural motion will exceed a limit state (i.e. threshold) when exposed to an incoming, travelling
system with maximum mean wind speed, Umax.



Figure 6 illustrates two examples of fragility curves approximated from the maximum struc-
tural responses selected from simulations where Uyan = 10 m/s. The interval of maximum mean
wind speeds between 40 m/s and 65 m/s coincides with medium to extremely severe wind veloci-
ties for a downburst. Additional simulation sets are generated at lower velocities to ensure proper
curve fitting. The log-normal cumulative distribution function (CDF) is selected to model the fra-
gility curves due to a relative simplicity, in a linear least-squares regression, to determine the ap-
propriate model parameters. The fragility curves approximated from Equation (23) are modelled
as follows using the log-normal CDF, @, with erf as the error function, x as the location parameter,
and o as the scale parameter [37]:

e = Yy [+ erg (M0med =8/ )] (24)

Additional simulations with lower maximum mean wind speeds between 5 and 35 m/s are needed
for proper fitting.

As the limit states become more stringent (i.e. lower in magnitude), the probability of ex-
ceedance increases for the same Umax Value. In addition, the downburst, when landing at xo = 4000
m from the building center position as opposed to Xo = 1500 m, will have a much higher likelihood
of exceeding a limit state at the same Unmax. This finding is corroborated by the results of the pre-
viously conducted parametric study, in which the median of the normalized maximum responses
is greatest at xo = 4000 m for a downburst translating with speed Uwan = 10 m/s. In a practical
application, an engineer or an owner may gauge the likelihood that a structural design exceeds a
given threshold, established to meet requirements such as human comfort or secondary system
sensitivity. Additional parameters may be incorporated in the fragility analysis and more simula-
tions sets will increase the resolution of the curves. Furthermore, this example of performance-
based thunderstorm load and response analysis can be extended to other structural models sub-
jected to a wider range of downburst cases.

For the 2DOF scenario, the touchdown point of the downburst is offset in the across-wind
direction by 1000 m (yo = 1000 m). The same six maximum mean wind speeds are used for the
Monte Carlo simulations with random reference drag coefficient. Additional simulation sets are
generated to develop the fragility curves as a function of a wider range of maximum mean wind
speeds from 5 m/s to 100 m/s. The curves are once again fitted with a log-normal CDF. The results
in both along-wind and across-wind directions are shown in Figure 7. In the along-wind direction,
the more stringent limit state (Ts) has a higher likelihood of being exceeded than in the across-
wind direction. For limit states T1 and T», the opposite is true since the probabilities of exceedance
in the along-wind direction more gradually increase than the one in the across-wind direction. In
addition, the slopes of these two curves can be associated with a measure of the uncertainty in the
structural behavior for a given threshold [38]. The steeper increments (greater slope) in probability
of exceedance for the curves in the across-wind direction indicate more structural uncertainty for
the cantilever system. Compared to the structural motion in the along-wind direction, a smaller
variation in Umax can cause the structure to deflect beyond any threshold in the across-wind direc-
tion. The tighter cluster of the curves demonstrates that the system has a diminished aptitude in
controlling structural motion beyond an initial sign of deflection exceedance. Further investigation
is needed to evaluate fragility curves under a wider variety of conditions (e.g. varying Utran, Xo, Yo,
or even building type). A more efficient means for calculating structural responses while main-
taining a sufficiently large sample size thus becomes a crucial task, if fragility analysis is to be
implemented for broader cases.
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Figure 6. Fragility curves for the 1DOF scenario for (a) xo = 1500 m and for (b) xo = 4000 m.
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Figure 7. Fragility curves for the 2DOF scenario for (a) along-wind response and (b) across-wind response (xo = 1500
m and yo = 1000 m).

5 CONCLUSIONS AND FUTURE STUDIES

Recent implementation of fragility analysis for non-stationary wind response of a “point-like struc-
ture”, subject to thunderstorm downburst winds is presented. A benchmark vertical cantilever
“point-like structure” at an elevation of 30 m is digitally subjected to simulated transient wind
velocity fields. The structural responses are determined by Runge-Kutta-Fehlberg (RKF) 4" order
method and numerical integration of the differential equations of motion for single degree-of-free-
dom and two degree-of-freedom systems. Error propagation and random variability are simulated
through a Monte Carlo sampling approach for the reference drag coefficient and through random
Gaussian variables in the synthetic generation of non-stationary turbulence. The main findings
from this study are as follows: (i) Utilizing time-dependent intensity functions, the mean wind
velocity field of a travelling downburst can be digitally simulated. Turbulent wind fluctuations are



replicated with an evolutionary power spectral density approach, involving proper orthogonal de-
composition of the power spectral density matrix and amplitude modulation using a cosine func-
tion. (i) Simplifications made to enable RKF numerical integration of a large population of syn-
thetically-generated downburst events, along with linearization of second-order terms in the wind
loads, is found to underestimate results for structural response. Other methods for the solution of
the differential equations of motion, which are less computationally demanding, must be investi-
gated to avoid these assumptions. Additional investigation for direction-dependent drag forces is
required since wind direction may significantly vary due to the downburst radial profile. (iii) A
parametric study demonstrates the influence of relative distance between downburst and structure
and maximum wind velocity on the stochastic structural response. Certain combinations between
these two parameters result in considerable increments in the structural dynamic motion. (iv)
Lastly, fragility analysis in both single and two degree-of-freedom scenarios shows promising po-
tential as a feasible approach in the design of a simplified vertical structure subjected to downburst
wind loading to meet selected limit states. Probabilities of exceedance of limit states are deter-
mined as a function of maximum “mean” wind speed of the downburst, used as intensity measure.

Future investigations may include more rigorous structural analysis modeling that considers
across-wind and torsional responses. In addition, the fragility analysis can be expanded to more
complex loadings and building models. This may require implementation of innovative techniques
to determine accurate values of the structural response while utilizing less computing resource.
Finally, additional parametric studies are still needed to clarify the effects of other factors such as
the continuous variation in the wind direction with time, downburst translational velocity, or var-
iable turbulence intensity of the wind field.
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