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Abstract

The use of design spectra is common practice in earthquake engineering design as opposed to
wind-resisting design. Nonetheless, previous research has identified ways to map such tech-
nique to study wind effects on structures. The present investigation introduces a novel frame-
work to deal with the dynamic performance of infrastructure subject to thunderstorm
downbursts. It builds on recent developments that demonstrate that spectral analysis is appli-
cable to wind engineering given various equivalences developed to quantify random loading
generated through non-synoptic wind environment. The new framework is tested on a bench-
mark building via a simplified model, which demonstrates its validity. In this framework, the
dynamic response of the multi-degree-of-freedom (MDOF) system subjected to non-stationary
wind can be obtained assuming that the first mode of vibration is dominant when the mechani-
cal properties of the structure and aerodynamic characteristics of the thunderstorm downburst
are identified.
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1 INTRODUCTION

The potentially destructive effect of thunderstorm downbursts on structures raises concerns
amongst societies for the safety and serviceability of infrastructure. The recorded highest mi-
croburst wind reached up to 150 mph, which is in the range of an EF3 tornado [1] with poten-
tially severe damage to the buildings. The peak velocity of such events locates between 30m
and 100m above the ground [2, 3], hence covering the height of critical civil engineering infra-
structure. The study of the wind actions and damages on structures induced by the downburst
outflows becomes crucial for the current wind engineering design.

Various researchers in the past have discussed the downburst wind load and the dynamic
response of structures, see for example [4-9]. However, they acknowledge that the transient
properties and limited measurements of this complex phenomena make its study uncertain and
challenging, starting from the characterisation of the unsteady wind load. Considering the lim-
ited experimental measurements of the thunderstorm downburst, the wind field of these typical
characteristics has been simulated through hybrid models [5, 6, 10], based on the theoretical
velocity profiles. The state of the art is therefore limited to specific yet disperse techniques to
estimate wind loading of thunderstorm downbursts.

The short duration and instantaneous properties of the downburst outflow lead to similarities
with earthquake loads which are generally evaluated by the response spectra technique [11-13]
— widely used in the past to deal with random vibrations, where the structural performance was
combined with the inter-storey displacement and roof displacement ductility of the buildings.
The proposed framework merges the response spectral technique applied in earthquake engi-
neering with a refined characterisation of wind loads [14, 15]. It revisits the originally devel-
oped wind design spectra [16, 17] for the structural vibrations of regular buildings subjected to
stationary wind to enhance that basic methodology to study non-stationary wind events.

2 MATHEMATICAL FRAMEWORK UNDERPINNING WIND DESIGN SPECTRA

Martinez-Vazquez [17] dealt with the wind design spectra for regular prismatic buildings
subjected to stationary wind. The method requires the generalisation of force exerted by wind,
structural mass, and stiffness, as well as the characterisation of partially correlated wind fields
and its interaction with bluff bodies, to then apply classic spectral techniques for generating
design spectra. The design spectra could be used to analyse MDOF systems via modal analysis,
which unfolds the response of the oscillators (implicit in the design spectra) to capture the con-
tribution of higher-order modes. The following paragraphs describe how the original formula-
tion by Martinez-Vazquez [17] was tailored to thunderstorm downbursts.

The method departs from establishing the physical relationship between force and accelera-
tion as established by Newton’s Second Law on a vertical slender structure — see Eq. (1)-(2).
The relationship enables the spectra of the input acceleration induced by the wind on a MDOF
system, to be determined. The force spectrum being the scaled wind power spectrum.

Se(2,m) = (S (z,m) (1)
Saem) = (“2) sy @

In these equations, Si is the force spectra; S+ 1s the power spectra for reduced horizontal

fluctuating velocity component @', i.e., nSy/(z,n) = %, where f = 1z/Upqx(2) [18]

and U, 4, is the maximum value of the slowly varying mean velocity; S, is the input accelera-
tion spectra, i.e., the acceleration imparted by the wind to the structural system; m is the mass
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of the structure excited by the wind force; n is the frequency of gust wind; z is the height above
the ground; q is a force factor, expressed as,

q(2) = cppAURax (2)[1 + 0.5, ()11, (2) 3)
In Eq. (3), cp is the drag coefficients, p is the air density, A is the air exposed to wind, I, is
the slowly varying mean turbulence intensity. It needs to note that the force factor is purely
induced by fluctuating turbulence where the fluctuating force f' = 0.5¢ppAQUu’ +u'%). In
this case, The second-order term of the fluctuating turbulence, u'?, is replaced by o, u’ to sim-
plify the calculation process, ie., 20u’' +u'’ = QU 4+ u)u' ~ U + a,)0,i' =~ (2U +
L,U)L U .
Considering the spatial correlation of wind gusts on MDOF system, the normalized cross
spectra proposed by Davenport [19] is adopted, given in Eq. (4).

JGE + A7 o

In Eq. (4), A, and A, are the horizontal and vertical distances between two points, i, j, lo-

n
1/2[Umax(z)+ Umax(zj)]

x(m) = exp{-

cated at coordinates {y;, z;} and {yj,zj} respectively. C,, and C, are non-dimensional decay
constants along with the horizontal and vertical directions, in this case, assumed equal to 10.
Upnax(Z) and Uy qy (z;) represent the maximum value of the slowly varying mean velocity at
height z; and z;, respectively. In this case, we adopted the suggested shape function for the
vertical velocity profile of horizontal wind suggested by Wood, et al. [20].

It follows that, by combining the spectra of input acceleration given in Eq. (2) with the cross
spectra of the horizontal turbulence component given in Eq. (4), the cross-spectrum of the input
acceleration can be obtained, see Eq. (5).

1 1
SAij(Zi: Zj, n) =z CI(Zi)Q(Zj)\/Sﬁ’ (z;,n)Sw (z;,n) ;X(Zi' zj,n) (5)

The integration of Eq. (5) across the area exposed to wind flow, contributes to the power
spectral density of the generalised input acceleration S, (Zl-, zj, n), given in Eq. (6).

Scu(zi'zj'n) = ffA¢(Zi)¢(Zj)SAij(Zr n)dJ’id)’deide (6)

In Eq. (6), ¢(2) represents the fundamental modal shape at height z above the ground. This
provides the acceleration inputted to a system, therefore the variance of the overall spectral
response can be obtained by passing the signal through the transfer function, as shown in Eq.
(7). The integration of this equation can be done in two parts, to separate the background and
resonant response components. This is expressed in Eq. (8) and Eq. (9) [15]. In this model, we

adopt the transfer function with varying frequency ratio for wind excitation given in units of
1

VI-(/no)2]2 +4§2(n/n)>
ural frequency of structures, ¢ is the damping ratio) - derived by Martinez-Vazquez [16].

02 = ["IJ()|*Seu(zi, 25, m)dn ™
Oap = f0°° Seu(zi zj,m)dn (8)

) nnoScu(zi,zjng)
Gc%,r = Scu(Ziijfno) fo U(n)lzdn = % )

acceleration, i.e., J[(n) = (n 1s the frequency of the wind, n, is the nat-
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Furthermore, the design spectra of the output acceleration can be evaluated by the square
root of the sum of the background component (see Eq. (8)) and the resonant component (see
Eq. (9)). Therefore, the design spectra for vertical MDOF system are defined as Eq. (10).

S, =402 = /aj’b + 02, (10)

3 ESTIMATION OF WIND DESIGN SPECTRA

The input variables of the wind design spectra are investigated based on the building dimen-
sions with the width of 20m, the aspect ratio of 10, and the ratio between chord and width of 1.
The damping ratio of this building is 0.025 and the assumed height of peak velocity of down-
burst wind is 50m. The reference velocity at 10-metre height above the ground is set as 25m/s.
Then, the overall design spectra of the output acceleration with varying Uy,qx 10 is shown in
Figure 1 (a) with varying natural period, T. According to the properties of the structures, it is
reasonable to assume that the investigating range of the natural frequency changes from 0.1Hz
to 10Hz and the corresponding range of the natural period varies from 10s to 0.1s. When the
natural frequency of the structure matches 0.2, the overall design spectra of the output acceler-
ation at 50m/s is about 5 times higher than the counterpart at 25m/s. When the natural frequency
reduces to 0.1, the ratio of the overall design spectra at 50m/s and 25m/s is around 5.4.

The dimensions of the structure are also non-negligible, shown in Figure 1(b) for the aspect
ratio, H/W and Figure 1(c) for the ratio of L /W . The descending dimensions of the structures
relative to the structural width can lead to higher design spectra for both ratios of H/W and
L/W, since lower structures have higher natural frequency with high acceleration. For the nat-
ural frequency of 0.2, the ratio of the design spectra when H/W = 1 and H/W = 10 is around
4.2. The ratio of these decreases to 4.0 for the natural frequency of 0.1. Similarly, the ratio of
the design spectra when L/W = 0.4 and L/W = 2 isaround 5.1 and 5.0 forn; = 0.2 and n; =
0.1 respectively. This tendency demonstrates that when the natural periods of the structures
increase from 5 to 10, the effects of the input parameters mitigate.

A slight influence of the height of peak velocity can be observed in Figure 1 (d), since the
height of peak velocity approaching the top of the building can increase the velocity at the top
of the building. Therefore, the reference velocities of the downburst outflow and the dimensions
of the structures are important parameters for the design spectra of the output acceleration.
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Figure 1: Design spectra of output acceleration with variable parameters, (a) Uy,q; (b) H/W; (¢) L/W; (d)

ZUpeak'
4 DYNAMIC RESPONSE OF CAARC TALL BUILDING

4.1 CAARC tall building

The CAARC benchmark building is utilized in this section for the validation of the wind
design spectra. The CAARC building was experimentally analysed in five different laboratories
and has been regarded as a standard prototype of the tall building to study on the dynamic
analysis [21]. The dimensions of the building are shown in Figure 2. The natural frequency of
the building is 0.2Hz along the x and y direction. The fraction of the critical damping equals
0.01 and the mass per unit volume of the building is 160 kg - m~3. The turbulence intensity at
the top of the building is around 10.57% and a linear relationship of the turbulence intensity
with varying height is assumed, where the turbulence intensity at height of 0.5H is around
13.34%.
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Figure 2: The dimensions of the CAARC benchmark building.

4.2 Application of wind design spectra and validation

The CAARC building was assumed as a uniform cantilever structure with a series of single-
degree-of-freedom (SDOF) oscillators. This building is equally divided into 18 elements with
19 nodes in the vertical directions of the domain, i.e.,z; = (i —1) X 9.89m,i =1,2,...,19
starting from 5m to 183m (see Figure 2). In running a modal spectral analysis (where the pro-
posed design spectra fit), the dynamic displacement response, o4 (rms of dynamic displace-
ment), can be obtained by using Eq. (11). In addition, the static displacement response of the
structure can be obtained with Eq. (12) which is the ratio of the first modal static force (Eq.
(13)) and the first modal stiffness k; = 4m%n?m,.

L1Sq

01a(2) = $1(2) 2 (11)
dis(z) = B2 (12)
fi(@) = cp X 0.5pW T (z) T4 [ [7 > (2) 1 (2)dz (13)

In these equations, ¢, is the first modal amplitude at height z and can approximately take
the form ¢, (z) = (¢ / H)‘l’ with H representing the vertical dimension of structures. The con-

stant 1 is taken as 1 in this case since a frame structure with large columns and shear bracings
is considered [22]. Further variables n;, m; and L; represent the first natural frequencies, first

modal mass, m; = [ OH m; (2)p%(z)dz (where m; is the structural mass per unit height), and

first modal excited masses, L; = [ OH m;(z)¢p,(z)dz), respectively. In Eq. (13), i represents the

i-th number of recorded velocity time history and a(z) = Upygx(2)/Upmax(2;) Which is the non-
dimensional vertical shape profile of horizontal wind. Finally, the peak displacement response
can be obtained by d7(2) = dy5(2) + 014(2).

The displacements at the top of the building calculated from the wind design spectra are
shown in Table 1. In Eq. (4), the correlation function in both vertical and transverse directions
of the windward surface of the building is considered. The results from the design spectra com-
bined with the partially correlated function only in vertical direction are also demonstrated in
Table 1, where the oscillation amplitude of the displacement at the top of the building in x
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direction, i.e., 0.351m, is larger than 0.328m since the correlation in the transverse direction is
considered as full correlation, that is the same consequences as the displacement response in y-
direction where the counterpart is 0.206m which is higher than 0.196m. Higher correlation can
cause higher displacement amplitude of the oscillation. The peak displacements calculated from
the simulated wind field using time series analysis methods, i.e., the Newmark method (M1)
and interpolation of excitation method (IOE, M2) (detailed in Chopra [23]), are illustrated in
Table 1, where the results are slightly higher than those from the wind design spectra.

irecti i Num. Int. Num. Int.
Direction Design spectra for thunderstorm downburst um. i um. n

(M1) M2)
Davenport S coher- Partial correlated Partial correlated
ence (vertical and (vertical only) (vertical only)
horizontal) y Y
Static  Dynamic  Total = Dynamic  Total Total Total
X 0.200 0.128 0.328 0.151 0.351 0.435 0.434
y 0.112 0.084 0.196 0.094 0.206 0.244 0.243

Table 1: Lateral displacements at the top of the building (Unit: metre).

5 CONCLUSIONS

This paper presents a newly developed design spectra technique in the frequency domain
subjected to thunderstorm downburst which attempts to extend the successful performance-
based design philosophy to wind engineering application. The investigation for the input pa-
rameters of the design spectra illustrates that the design spectra of the output accelerations sig-
nificantly rise with the increasing velocities of the downburst outflow, and obviously mount
with the decreasing aspect ratio and cross-sectional ratio of the buildings. The consistent com-
parison between the results of the wind design spectra in frequency domain and the equivalent
numerical simulation in time domain for the benchmark tall building enable design spectra
technique to be developed, assuming that the displacement response is mainly reflected on the
first mode. This technique identifies the mechanical properties of the structure and aerodynamic
characteristics of the outflow winds, which enable to obtain the structural performance for
MDOF oscillators. Further validations of the proposed design spectra by using the finite ele-
ment method will be carried out.
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