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ABSTRACT

Based on the thunderstorm wind records from 356m Shenzhen Meteorological
Gradient Tower (SZMGT) which is the tallest in Asia, the characteristics of mean wind,
turbulence intensity, and wind spectrum are analyzed. In addition, the dynamic
response of SZMGT to downburst outflows is further investigated. It is observed that the
vertical profiles of thunderstorm change with time, and the profiles at different moments
are somewhat different from the current common empirical profiles. The variation of
turbulence intensity with height during thunderstorms is not significant in regularity, and
the wind spectrum is more consistent with von Karman spectrum and Solari spectrum.
The maximum dynamic response of SZMGT under the action of thunderstorm outflow
appears in the ramp-up stage instead of the peak stage of thunderstorm, and the
dynamic response as well as the along-wind vibration coefficient of the SZMGT both
increase with height. The multimodal participation for the response of SZMGT is very
obvious, and the effect of rope vibration is not negligible.

1. INTRODUCTION

Thunderstorms are sudden and destructive strong downdraft. The maximum wind
speed generally appears near the ground, which poses a great threat to the safety of
flexible structures. According to the surveys of high-rise tower accidents in the United
States, Australia, South Africa and other countries, more than 80% of climate-related
tower collapse accidents are caused by local strong winds such as tornadoes and
thunderstorms(Savory et al. 2001).

The duration of thunderstorms are short, and the time and place of occurrence are
relatively random, so the cognition of its wind characteristics needs to be further
improved and clarified through measurement. Choi (2000) compared wind speeds,
turbulence intensity, and gust factors during thunderstorms and non-thunderstorms
based on a 20 m high monitoring station in Singapore, and pointed out that turbulence
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The longitudinal, lateral, and vertical turbulent components,u'(t), v(¢), w(¢), can
also be re-written as:

u' (1) =V (t)sina(t)+V, (t)cosa(t)
v () =-V (H)cosa(t)+V, (1)sina(r) (3)
w(t)=V(2)

3.2 Mean wind characteristics and profiles

Fig. 4 shows the wind speed records of typical height on August 6 and 19. The
results of different moving average period are also given, and a, b and c¢ are located in
the ramp-up, peak and dissipation stages of the thunderstorm process respectively. It
can be seen from Fig. 4 that there is little difference in the slowly-varying mean wind
velocity under different moving average periods. In combination with the characteristics

of downburst, a moving average period T = 30s is selected to extract the slowly-varying
mean wind and fluctuating wind in this paper.
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Fig. 4 Wind speed sample at typical height

The evolution of the slowly-varying mean wind speed profile and wind direction
profile at different times (dominated by the WMT703 wind speed record) is given in Fig.
5 and Fig. 6, respectively. The empirical model proposed by Wood et al. (2001), Vicroy
(1992), and Oseguera and Bowles (1988) are also given in the figures. It can be seen
from Fig. 5(a) that the wind profiles of the record on August 6 in the ramp-up, peak and
dissipation stages all show a classic nose shape, and the height of the maximum wind
speed is basically around 80 ~ 100m. Near the ground, the profile is basically consistent
with the three groups of empirical models. But in the profile above the height of the
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maximum wind speed, the wind speed attenuation is significantly stronger than that of
the empirical models, especially at the peak stage. From Fig. 5(b), the wind direction of
this thunderstorm process gradually increases from about 230° in the ramp-up stage to
about 230° in the dissipation stage, and the wind direction at different heights in the
three stages is consistent, while the dispersion in the dissipation stage is slightly larger.
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Fig. 5 Variation of thunderstorm profile on August 6, 2018
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Fig. 6 Variation of thunderstorm profile on August 19, 2018

By the sample record on August 19 in Fig. 6, the wind speed profile only shows a
classic nose shape in ramp-up stage, and the maximum wind speed appears at 150 ~
160m. In the peak and dissipation stages, the profiles become at first almost flat and
then returns to growing with height, which is closer to the profile in atmospheric
boundary layer (ABL). Zhang et al. (2019) and Canepa et al. (2020) have also found this
phenomenon. Different from the significant difference between the wind speed profile
and the empirical profile on August 6, the profile of the thunderstorm record on August
19 is in good agreement with the empirical model in the peak stage. According to the
change of wind direction, the angle suddenly increases from 230° to 260° in the rising
stage, and further increases to around 280° in the dissipation stage.
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where n is the modal order number, L, F, and p is the length, tension, and mass per unit
length of the rope, respectively.
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Fig. 11 Acceleration PSD at different heights

Table 1 The natural frequency of the rope
Frequency/Hz 65m 130m 195m 260m 330m

1st 1.06 035 035 023 0.18
2nd 213 071 0.71 045 0.36
3rd 3.19 106 1.06 0.68 0.54

Fig. 11 shows that the frequency of x and y axes in the interval of 0.1 ~ 0.4Hz only
appears at a certain height. Combined with the shape of the vibration mode and the
rope frequency in Table 1, the modal frequencies less than 0.4Hz should not belong to
the gradient tower, but to the rope. For fx= 0.574Hz and fy= 0.579Hz, the energy is most
concentrated at the height of 300m, and the energy at the height of 250m is only slightly
reflected, while there is no energy concentration at the height of 160m and 50m.
Combined with the vibration mode of the gradient tower and Table 1, it is inferred to be
the third order modal frequency of the rope at 330m. For fx= 0.61Hz and fy= 0.604Hz,
due to the energy is evident at 300 m, 250 m, and 160 m, it is inferred to be the first
bending mode of the gradient tower in the x and y directions. Using similar method, it is
preliminarily concluded that fx= 0.665Hz is the rope mode; fx= 0.726Hz and fy= 0.714Hz
are the second order bending modes of the two axial directions of the gradient tower;
fx= 0.836 Hz and fy= 0.824 Hz are the third order bending modes in the two axes of the
gradient tower; fx= 0.958 Hz may be the torsional mode of the gradient tower.

4.3 Identification of dynamic parameters of tower body
In order to further clarify the modal frequencies of the gradient tower, the
covariance-driven stochastic subspace identification method (COV-SSI) is used to
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identify the modal parameters of the SZMGT (Zhang et al. 2010, Peeters and De Roeck
2007). Table 2 shows the first three frequencies and damping ratio of the gradient tower,
and the results obtained by finite element (FE) modal analysis based on ANSYS. For
the FE model, BEAM188 element is used for the rod, LINK188 element is used for the
rope, and pretension is applied through initial strain. The FE model is shown in Fig. 12. It
can be seen from the results in Table 2 that the frequency obtained by COV-SSI method
is slightly different from that in Section 4.2, which is caused by different analysis
methods. The first three frequencies obtained by the finite element method are basically
consistent with the measured frequencies, and the error of the second modal frequency
is the largest, which is about 7.3%. It may be that the distribution of mass and cable
tension in the finite element model is not consistent with the actual situation, and mast
structure has strong nonlinearity under wind load. For the structural damping ratio of the
gradient tower, on the whole, the first-order damping ratio of the structure is significantly
higher than the second-order and third-order, and the second-order modal damping
ratio is the smallest.

The filter is used to extract the first three modal signals in the x and y directions
respectively, and the vibration modes are drawn, as shown in Fig. 15, (the y-direction is
similar), and the finite element results are also given in the figure. It can be seen from
the figure that the measured and finite element vibration modes are basically the same,
which verifies the correctness of the first three modal frequencies of the gradient tower
deduced in the previous paper.

Table 2 Frequencies and damping ratio
1st 2nd 3rd
Mode
X y X y X y
Measured frequency/Hz 0.604 0.602 0.729 0.715 0.830 0.823
Finite element results/Hz 0.619 0.614 0.676 0.663 0.807 0.793
Measured damping ratio/% 2.99 129 061 067 1.09 1.17

(a) global model (b) local model
Fig. 12 FE model of the SZMGT
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4.4 Wind vibration coefficient
The longitudinal wind vibration coefficient is calculated by the inertial wind load
method:

_1, 8&mo,
ﬁ(z)_1+ﬂWA (5)

where m, 0a, Us, Wz, and A are the concentrated mass, standard deviation of
acceleration, shape coefficient, wind pressure and effective area at the measuring point
respectively, and g is a peak factor. Considering that wind-induced vibration response
under strong wind is non-Gaussian, g is taken as 3.0 in the calculation. Table 3 shows
the wind vibration coefficient of the gradient tower calculated based on the peak stage of
downburst. In analogy with Eq. (5), the lateral wind vibration coefficients are also given
in the table. It can be seen from the table that the wind vibration coefficient slightly
increases with the height. The longitudinal factors vary from 1.21 to 1.68, and the lateral
factors vary from 1.17 to 1.52. The longitudinal wind load factor is slightly larger than the
lateral wind load factor.

Table 3 Vibration coefficients at different heights

Height 50m 160m 250m 300m
longitudinal 1.21 1.22 153 1.68
lateral 117 120 150 1.52

5. CONCLUSIONS

1) The thunderstorm wind profile has a certain time-variation, and difference with
the common empirical profiles. Due to the movement of thunderstorms, the wind
direction changes with time.

2) The turbulence intensity of thunderstorm wind has no obvious regularity with
height, and mostly varies between 0.1 and 0.4.
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3) As time goes on, the energy of thunderstorm wind PSD increases first and then
decreases, and the PSD at different heights are consistent with von Karman spectrum
and Solari spectrum.

4) Under the action of thunderstorm wind, the maximum wind-induced vibration
response of the structure appears in the ramp-up stage of the thunderstorm rather than
the moment of maximum wind speed.

5) The wind-induced response and wind vibration coefficient of the gradient tower
under the action of thunderstorm wind increase with the increase of height.
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