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Television towers have a complex aerodynamic shape and low damping characteristics. As such, the wind load and the wind
induction response are key factors in their design and maintenance. To study these two parameters of high-rise TV towers, a wind
tunnel force test was conducted at a height of 280 m using the Foshan TV tower as a model. The TV tower model was divided into
seven detachable sections. Three wind fields with different turbulence intensities were simulated in the wind tunnel, corre-
sponding to different sections, and lateral force tests were performed on each section using a high-frequency dynamic balance. The
experimental results were used to calculate the wind-induced response when considering the modal (first three-order) coupled
response and were compared with the wind-induced response calculated using the complete quadratic combination (CQC)
method. The results revealed that equivalent static wind loads (ESQL) and CQC calculation methods were used in this study, and a

higher degree of coincidence was observed, which may be useful in engineering practice.

1. Introduction

Owing to their aesthetic appeal and extraordinary height,
TV towers are generally regarded as landmarks in cities.
Many super-tall TV towers have been constructed in recent
decades. Prominent examples include the Tokyo Skytree
(Japan) with a height of 634 m, the New Guangzhou TV
tower (China) with a height of 600m, the CN Tower
(Canada) with a height of 553.3 m, the Ostankion Tower
(Russia) with a height of 540 m, and the Milad Telecomm
Tower (Iran) with a height of 435 m. With the development
of new building materials, an increasing amount of light-
weight and high-strength materials are being used in high-
rise buildings. The complicated aerodynamic shape and low
damping render TV towers as wind-sensitive. Therefore, the
wind load and the wind-induced response are key con-
siderations in the design and maintenance of TV towers.
Active research is currently being conducted on the wind
resistance of high-tower buildings. The original wind re-
sistance design can be traced back to the Eiffel Tower. There
are three main ways to study the wind loading of these

buildings: wind tunnel tests, computational fluid dynamics
analysis, and field measurement. Among them, on-site
measurement is the most accurate and direct response, but it
is costly. Both wind tunnel tests and CFD can be used to
control related parameters for comparative studies. Cur-
rently, aeroelastic model vibration tests and rigid model
force tests are commonly used in wind tunnels. Reference [1]
used a circular cylinder tower rocking model to study the
characteristics of crosswind responses. The investigation
mainly focused on the vortex vibration of the tower. Ref-
erence [2] used a high-frequency force balance and a
lightweight tower model to conduct wind tunnel experi-
ments involving Nanjing Tower. The experimental results
validated his aerodynamic building block approach. Refer-
ence [3] conducted force tests on a lattice tower in Brazil at
the Boundary Layer Wind Tunnel Laboratory of the Uni-
versity of Western Ontario (UWO) in Canada and simulated
various turbulences in a wind tunnel. The influence of
turbulence on wind-induced response was discussed. Ref-
erence [4] conducted a wind tunnel test on the new
Guangzhou TV Tower. The model was divided into 19
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sections and a force test was conducted. Based on the modal
coupling, CQC was applied to random vibration response
analysis of the Canton Tower. Reference [5] investigated the
wind load and the response of a TV tower considering the
wind field environment at the top of a mountain. In par-
ticular, equivalent static wind load (ESWL) studies were
conducted considering the most unfavorable wind direction
angle. Reference [6] provided a hybrid aeroelastic-pressure
balance (HAPB) used in wind tunnel and also addressed
shortcomings of the classical quasisteady theory in pre-
dicting galloping instabilities of slender prisms. Reference
[7] used forced vibration to conduct wind tunnel tests on the
unstable pressure of the cone model and analyzed the wind
pressure distribution and unsteady force coeflicients on the
model. Reference [8] studied the bipolar behavior, vortex
shedding characteristics, and cross-point correlation of the
cone structure force systematically. Reference [9] conducted
on-site measurements on a steel-framed tower and obtained
the dynamic characteristics of the structure. The dynamic
response of the tower under wind loading was investigated
before and after the attachment of ancillaries. Reference [10]
performed long-term health monitoring of a TV tower and
processed the results using Palmgren-Miner criteria. Ref-
erence [11] described the monitoring of the Stuttgart TV
Tower using static and kinematic GPS modes and measured
the dynamic characteristics of this structure such as the
vibration frequency, damping, and response. Belloi et al. [12]
validated the calculated CFD based on wind load mea-
surements during a wind tunnel test. The results also
revealed that Eurocodes may underestimate the effect of
certain exposures. Reference [13] verified the calculated CFD
values using wind load measured using a force test in a wind
tunnel for towers with a triangular lattice form. Long-term
studies have shown that, due to the complexity of the
aerodynamic shape, the wind resistance of high-tower
buildings is important and the calculation of wind load and
response theory is complex. In this regard, the most com-
mon methods are the CQC method used by [4] that con-
siders modal coupling and the SRSS method proposed by
[14].

The Foshan TV Tower, with a total height of 238 m, is
one of the famous landmarks in Foshan City. Owing to its
complexity, narrow structure, and low degree of damping,
the tower is highly sensitive to wind loading. It integrates
TV signal broadcasting and tourist sightseeing. Therefore,
during operation, the structural integrity of the building
and the comfort of the visitors are critically important in
terms of the wind-induced responses. To study the wind
load and response of the Foshan TV Tower, a high-fre-
quency balance technique was used to perform force testing
in a wind tunnel. The tower was divided into seven sections,
and the force test was performed on each section. In the
experiments, wind fields with different turbulence inten-
sities were selected depending on the section of interest.
Based on the wind load of the wind tunnel test, the wind-
induced response of the tower structure was calculated, and
the results obtained for different methods (CQC and
ESWL) were compared to obtain a reference for similar
projects.
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2. Wind Tunnel Test

2.1. Introduction to the Tower and the Model. The Foshan TV
Tower has a height of 236 m, of which the antenna mast on
the top of the tower is 71 m long. The T'V tower is a high-rise
steel structure, and the main body of the facade is a mesh
steel structure, as shown in Figure 1. The bottom layer is
connected to the foundation by four limbs, similar to the
Eiffel Tower. The lower floor has a circular layout and is used
as an office area. The upper region has a spherical section,
which is a high-level sightseeing area. Owing to its complex
aerodynamic shape and low damping, the Foshan TV Tower
is a wind-sensitive building.

Figure 1 shows that the Foshan TV Tower is located in an
urban building complex, and the surrounding buildings are
much lower than the tower. Moreover, the tower is at a
considerable distance from the building complex. This figure
also reveals that the top antenna and the region of the tower
that connects the two large enclosed sections are very long. A
rigid model with a scale of 1:200 was fabricated using 3D
printing technology for the wind tunnel tests. The model
represented the appearance of the TV tower with a high
degree of accuracy. The model was divided into seven
sections, and the parameters of each section are listed in
Table 1.

2.2. Establishment of Turbulence Wind Field. Given that the
Foshan TV Tower is close to the center of the city, it should be
classified as a C-type terrain according to the “Chinese Building
Structure Design Code” [15]. This tower is located in a natural
wind field, and the turbulent flow field in the boundary layer
changes along the height. It is very tall, and changes in the height
along the wind field must be considered. Considering the
“Code for Design of Chinese Building Structures” [15] and AIJ
[16], the turbulence intensity is given as I, = 0.1 x (z/H)
~7005 where in the gradient height H and the exponent of
the mean wind speed profile o; are 450 m and 0.22 according to
[15].

To simulate uniform turbulence in the wind tunnel with
different intensities, grids with different air permeabilities
were used [17], as shown in Figure 2. The experiments were
conducted in a closed-circuit type, second test section of
the wind tunnel (XNJD-1), with a 24m (width), 2m
(height), and 16 m (length). The turbulence characteristics,
including correlation, were measured using the Cobra beat
at the model site. For each model section, the height
variation range was small. Therefore, the height variation
along the wind field was ignored. The Foshan TV Tower is
much taller than the surrounding buildings; thus, the in-
fluence of the surrounding environment on the wind field
can be neglected [18, 19]. Through constant adjustment of
the air permeability of the grille, two grilles and one type of
wedge were finally selected to generate turbulence. Three
different wind fields were simulated in the laboratory that
corresponded to different working conditions, as shown in
Table 2. Moreover, not only did the simulated wind field
meet the requirements to achieve the appropriate turbu-
lence intensity, but the wind spectrum was also compared
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TaBLE 1: Parameters of the different sections of the wind tunnel test model.

Number Range of height (m) Section description Scale ratio
1 0.0-25.0 The first nonclosed area of tower body 1:200
2 25.0-30.0 The first closed area of tower body 1:200
3 30.0-79.0 The second closed area of tower body 1:200
4 79.3-122.3 The third closed area of tower body 1:200
6 141.7-161.0 The fourth closed area of tower body 1:200
7 161.0-232.0 The antenna part 1:200

FIGURE 2: Grids with different air permeability.

TABLE 2: Parameters of the simulated turbulent wind in the tunnel.

Height range (m) Reference height (m) Number of sectional model Turbulence intensity (%) simulated/target

0.0-79.3 40 1,2,3 17.7/18.0
79.3-161.0 120 4,5,6 15.2/15.0
161.0-232.0 195 7 11.8/12.0

with the recommendations in the specification [20], as  2.3. Force Measurement in the Wind Tunnel. In this study, a

shown in Figure 3 (one of them). The results show that the
simulated wind field not only meets the required turbu-
lence intensity, but also satisfies the site category specified
by the code.

rigid model was used for force testing, as shown in Figure 4.
The structure of the Foshan TV Tower was narrow.
Therefore, if the tower is directly used to test the wind force,
a system error is generated. In particular, unlike many TV
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FiGure 3: Turbulence wind power spectrum.

FIGURE 4: Images of the sectional model of the tower in the wind tunnel.

towers, the base of the Foshan Tower has four bearings. In
this investigation, the model was designed to be removable
and consisted of seven separable sections, with the antenna
being a separate section. During the fabrication of models,
light and rigid materials should be used to ensure high-
precision measurements. The model was 3D printed, and the
material used was rigid, ensuring light weight and high
strength. The parameters of the section model used in the
wind tunnel test are listed in Table 1.

The force test was conducted in the wind tunnel lab-
oratory of Southwest Jiaotong University (XNJD-1). The
positions of the model and the grid are shown in Figure 4.
High-frequency dynamic balances (ATI Nano 17) were
used for force measurements. Given that the bottom of the
Foshan Tower has four supports, a special steel plate was
used to connect the high-frequency dynamic balances to
the model. The sampling frequency was 1000 Hz and the
sampling time was 60s, which is dozens of times higher
than the natural frequency of the actual structure. The
wind tunnel and measuring instruments are shown in
Figure 5. The model was installed on a turntable with a
diameter of 2.1 m. The direction of the model can be

changed to adjust the incident angle of the incoming flow.
The wind direction angle range of this test was —90°-90°, as
shown in Figure 6. Given that the model was narrow,
infrared instruments were used to ensure that the model
and the high-frequency dynamic balance were in a vertical
state during installation.

In the wind tunnel test, the model size and wind speed
are much smaller than the actual situation, the Reynolds
number is also smaller than the real condition (Simiu and
Scanlan 1996). As to some sections of the models, the effect
of Reynolds number can be neglected because of the exis-
tence of sharp leading edges. In addition, since the tests were
conducted under incoming wind of high turbulence, which
will further reduce the effect of Reynolds number on the
wind forces, the effect of Reynolds number is considered as
negligible for these tests.

2.4. Results of the Wind Tunnel Test. The wind time history
results were obtained under different working conditions. To
simplify the subsequent calculations, the experimental re-
sults were processed without dimensions:
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where F X0, F W), denote the time histories of the wind
forces and the torsional wind force, respectively, and U, V,
and W denote the longitudinal, lateral, and vertical direc-
tions, respectively. The subscript p represents the number of
sectional models. H, is the height of the sectional model,
and D, is the characteristic length of the sectional model.
Given that the TV tower consists of different sections, D
depends on the size at the center of each section.

In this study, a uniform test wind speed was used for all
the segment moduli, and the wind speed varied with height
in the actual building. So we introduced the reduced time
scale A, (A, = A;/Ay): the ratio between the length scale and
the speed scale [4]. In this way, the time histories of the
actual aerodynamic force coefficient, pr, (£), pg, (1), and
t,, (£), can be obtained by reference to A,. The peak factor g
is introduced here to calculate the maximum and minimum
values of the mean and RMS values of the aerodynamic force
coefficient.

p

where g = 3.5.
The wind force acting on a TV tower can be calculated
according to the following aerodynamic force coeflicients:

1
Fyy (1) = 3 PUinjD["FxFY (t),

1
M, (t) = 3 pUﬁjHjDMMz (1), 3)

Z; *
Uzj:UG H_ >
G

where Fy y (t) is the time history of the lateral wind force in
the X- and Y-directions. F .y, (t) is the time history of the
torsional moment around Z. Uy is the actual wind speed at
level Z;. H; and « are the gradfent height and exponent of
the mean wind speed profile, respectively. « is the actual
dimension.
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FIGURE 7: Variations of mean, maximum, and minimum wind force coeflicients with wind direction for the different sections. (a) Section 1,
(b) Section 4, and (c) Section 7.
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FiGure 8: Distributions of mean, maximum, and minimum wind forces along the tower. (a) 0° wind direction, (b) —90-degree wind

direction.

According to the preceding theory, the relationship
between the force coefficient, wind direction, and wind
value along the height of the tower can be obtained. The
calculation results for typical tower sections are shown in
Figures 7 and 8. Figure 7 shows the force coeflicient results
for the 1st, 4th, and 7th sections. It can be observed that the
force coeflicient changes with the wind direction. When the
wind direction foot was 0°, the wind coeflicient in the
X-direction was the largest. When the wind direction angle
was —90"and 90°, the force coefficient in the Z-direction was
very large. Moreover, there was a large difference between

the force coefficient obtained for the top of the tower and
the force coeficient of other towers.

Figure 8 shows the RMS wind force results (for a wind
speed of 32.2m/s and a return period of 100 years) for
typical wind directions. The figure shows the maximum,
minimum, and mean values. The results show that the
change of the wind force (RMS) with the wind direction is
consistent with the wind coefficient. When the wind di-
rection angle was 0°, the absolute value of the average wind
force in the X-direction had a maximum value; when the
wind direction angle increased to —90°, the mean wind
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FIGURE 9: A multiple-degree-of-freedom system with lumped masses in series.

force in the X-direction gradually approached 0. When the
wind direction angle was 0°, the absolute value of the mean
wind force in the X-direction was approximately 0, and
when the wind direction angles were 90° and —90°, the mean
wind force in the X-direction gradually increased. More-
over, the wind force (RMS) of the tower was not contin-
uous, owing to its complex aerodynamic shape, especially
the completely closed and the open regions. It can be seen
from the results that the results were not completely
symmetrical at different wind attack angles. On the one
hand, the high-rise structure was inevitably eccentric in the
test, and on the other hand, the turbulence is difficult to
achieve complete uniformity.

3. Wind-Induced Responses and Equivalent
Static Wind Loads

Given that the Foshan TV Tower is narrow, it can be
regarded as a linear structure when considering the wind-
induced response. A mechanical model of a multi-degree-of-
freedom lumped mass system is shown in Figure 9. A finite

element model was established to extract the dynamic
characteristics of the structure.

3.1. Method for Calculating Equivalent Static Wind Load.
The equation of motion can be expressed as follows:

[M1{6} +[Cl{o} + [K1{8} = [RI{F (1)}, (4)

where [M], [C], and [K] are the mass matrix, dampin
matrix, and stiffness matrix, respectively, and {8}, {8}, {8%
are the vectors of displacement, velocity, and acceleration,
respectively. The random wind load {F(f)} can be deter-
mined as follows:

{F @) =(Fx, (0, Fy, (0, My, (1),...., Fx_ (1), Fy (DM (1))".
(5)

By evaluating the response power spectral density matrix
using the CQC method, we have

[Sss (w)] =[] [H]* [¢]" [R][Ss (w)] [R] [¢] [H][9]",  (6)
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where [H] is the matrix of transfer functions, [¢] is the
matrix of mode shapes, and [¢] is the force spectrum matrix.
The CQC method involves all modal coupling terms that
consider the mutual influence effects between the mode
shapes. The RMS response of displacement and acceleration
can be derived by integrating the power spectrum as follows:

05(2) =1 J:O Sss (w)dw,

w*S5 (w)dw.
0

(7)

05(2) =

7

For buildings with noncoupled vibration modes, only
one term was included in the generalized force, and the other
two terms were zero.

3.2. Method for Calculating the Equivalent Static Wind Load.
In this study, the structural inertial force method was used to
calculate the equivalent static wind load [4, 21] as follows:

M
£ = k()| [mi (2wlo9; (2)]',

Jj=1

(8)
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where i = X,Y,R,, f{(z) is the equivalent static wind load,
\/Z?i | m; (z)w?aj% (2)]? is the inertial force of the tower,
k; (z) is the adjustment coeflicient of the inertial load that

varies along the height, m;(z) is the distributed mass or
distributed mass moment of inertia, w; is the j th natural

frequency, and, ¢ (2) is the mode shape. Only the first three
modes were considered in this investigation.

4. Results of Wind-Induced Responses and
Equivalent Static Wind Loads

Based on the theory described in the previous section, we
counted the test results. Considering the symmetry of the
structure, the range of the wind direction angle was set to
—-90°-90° with an interval of 15°.

The equivalent static wind load distributed along the
tower was obtained by distributing the static wind load along
the TV tower according to the mass distribution ratio, as
shown in Figure 10. This figure shows that the equivalent
wind load is very small at the bottom and gradually increases
with height. In the office area at the bottom and the
sightseeing area at the top, the equivalent wind load is
relatively large owing to the closed structure. Especially in
sightseeing areas, this result should arouse the attention of
design and maintenance personnel. In addition, it was
observed that the equivalent mass changes in the three di-
rections of X, Y, and Z were similar, because the bridge tower
was symmetrical. It is also evident that the equivalent static
wind load on each section also changes.

The response distributions were calculated when the
equivalent static wind loads were exerted on the TV tower as
exterior loads, as shown in Figures 11 and 12. The calculated
RMS responses using the CQC method are also presented in
Figures 11 and 12, which are regarded as the exact values in
this study. A comparison of the results obtained using the
two methods indicates that the equivalent static wind loads
presented in this study have a high degree of precision and
can be used in the structural design of the tower.

5. Concluding Remarks

As a well-known landmark, the Foshan TV Tower consists of
both the office area of the TV station and a high-rise
platform for tourists. Owing to its narrow structure, its wind
resistance is important, especially in terms of later opera-
tions and maintenance. As such, conventional test methods
used to measure the wind-induced response and equivalent
static wind load will be significantly affected. In this in-
vestigation, a novel method that uses segmented force
measurements to examine wind-induced responses was used
to calculate the equivalent wind load. This method considers
the coupling of multiple modes. However, to reduce the
workload, only the first three modes of coupling were
considered. The results were compared with that of the CQC
method, and the main findings are as follows:

(1) To accurately measure and calculate the response
and equivalent wind load of the TV tower, the

11

narrow structure was subjected to a wind tunnel test
of segmental force measurement. This test method is
applicable to narrow structures.

(2) Three different turbulent wind fields were simulated
in a wind tunnel test using different grids and
wedges. The turbulence degree of the wind field was
consistent with the change in the wind field with
height.

(3) The force measurement results of the wind tunnel
test showed that the wind force in the downwind
direction was the largest, whereas the force in the
crosswind direction was zero, and the wind direction
angle had a periodic influence on the wind force.
When the wind angle was 0°, the wind force was the
highest in the downwind direction. The force mea-
surement results also confirmed that the wind force
in the closed space was greater than that in the open
space. This is due to the relatively larger area of the
closed space, which is particularly noteworthy.

(4) This study further confirmed that the ESWL method
and the CQC method have similar structural re-
sponses in turbulence, and both can be used for
tower structure design. Considering the conve-
nience, ESWL method is more suitable for engi-
neering calculation.
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