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ABSTRACT: A long-term structural health monitoring (SHM) system consisting of about 700 
sensors has been designed and is being implemented by The Hong Kong Polytechnic University 
to the Guangzhou New TV Tower (GNTVT) of 618m high. This monitoring system is one of 
few SHM practices that integrate in-construction monitoring and in-service monitoring. As the 
city of Guangzhou is located at the edge of the most active typhoon generating area in the 
world, this SHM system has monitored the wind properties and structural responses of GNTVT 
during four typhoon events in 2008. This paper presents the measured wind properties (wind 
speed, wind direction, wind rose diagram, etc.) and the corresponding structural responses 
(including accelerations obtained by the accelerometers, displacements by the GPS, and strains 
by the strain gauges) during the four typhoons. The modal properties of GNTVT are identified 
using the measured acceleration responses acquired during the typhoon periods, and compared 
with those obtained under normal ambient vibration conditions. Some issues influencing the 
accuracy of operational modal analysis and environmental effects on the modal identification 
are also discussed. 

 
 

1 INTRODUCTION 

The Guangzhou New TV Tower (GNTVT) located in the city of Guangzhou, China, is supertall 
tube-in-tube structure with a total height of 618m. As shown in Figure 1, the main tower of 
454m high comprises a reinforced concrete inner structure with an ellipse cross-section of 
14m×17m and a steel lattice outer structure with its cross-section being a varying oval which 
decreases from 50m×80m at the ground to the minimum of 20.65m×27.5m at the height of 
280m (waist level), and then increases to 41m×55m at the top of the main tower (454m). There 
are 37 floors connecting the inner and outer structures that serve for various functions including 
TV and radio transmission facilities, observatory decks, Ferris wheel, revolving restaurants, 
computer gaming, exhibition spaces, conference rooms, shops and 4D cinemas. The (antenna) 
mast of 164m high supported on the main tower is a steel spatial structure with an octagonal 
cross-section of 14m in the maximum diagonal. In synchronism with the construction process of 
the GNTVT, a sophisticated long-term structural health monitoring (SHM) system consisting of 
about 700 sensors has been implemented by The Hong Kong Polytechnic University (Ni et al. 
2009) for integrated in-construction and in-service monitoring of GNTVT. Up to the end of 
September 2008, the tower has been erected to the height of 450m, and more than 560 sensors 
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have been installed in parallel with the construction 
progress. The sensors for in-construction monitoring 
include a weather station, a total station, a global 
positioning system, anemometers, level sensors, zenithal 
telescopes, digital video cameras, vibrating wire gauges, 
theodolites, thermometers, and accelerometers (for 
vibration monitoring at different construction stages); and 
the sensors for in-service monitoring include a weather 
station, a global positioning system, a seismograph, wind 
pressure sensors, anemometers, thermometers, vibrating 
wire gauges, digital video cameras, accelerometers, 
corrosion sensors, tiltmeters, and fiber optic sensors (for 
dynamic strain and temperature monitoring). 

As the city of Guangzhou is located at the edge of the most 
active typhoon generating area in the world, this SHM 
system has monitored the wind properties and structural 
responses of GNTVT during four typhoon events in 2008, 
i.e., the Neoguri typhoon (April 18th, 2008), the Kammuri 
typhoon (August 6th, 2008), the Nuri typhoon (August 
22nd, 2008), and the Hagupit typhoon (September 24th, 
2008). This paper presents the measured wind properties 
(wind speed, wind direction, wind rose diagram, etc.), and 
the corresponding structural responses (including accelerations obtained by the accelerometers, 
displacements by the global positioning system, and strains by the strain gauges) during the four 
typhoons. With the aid of an output-only modal identification method, the modal properties 
(modal frequencies, mode shapes, and damping ratios) of the structure are identified using the 
typhoon-induced acceleration responses, and compared with the modal identification results 
obtained under normal ambient vibration conditions. Some issues which affect the accuracy of 
operational modal identification are discussed and the correlation of identified modal properties 
with environmental factors is addressed. 

2 MONITORING DATA DURING TYPHOON PERIODS 

The models and deployment locations of the sixteen types of sensors installed on GNTVT for 
both in-construction and in-service monitoring refer to Ni et al. (2009). As shown in Figure 2, 
the sensors for monitoring the wind properties and structural responses during the four typhoons 
include an anemometer (R M YOUND Model 05103L), a global positioning system (LEICA 
Geosystems Model 1230), accelerometers (TOKYO SOKUSHIN Model AS-2000C) positioned 
at eight different cross-sections, and strain gauges (GEOKON Model GK4200) embedded into 
reinforced concrete at twelve cross-sections. 
 

          
(a)                                      (d)                                        (c)                                        (d) 

Figure 2. Sensors used for monitoring: (a) anemometer, (b) vibrating wire gauge, (c) global positioning 
system (GPS), and (d) accelerometer. 

   Figure 1. GNTVT under construction.
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2.1 Wind properties 

Figure 3 shows the 2-minute mean wind speeds measured at the tower top during the Neoguri 
typhoon, Kammuri typhoon, Nuri typhoon, and Hagupit typhoon. The cooresponding wind rose 
diagrams obtained using the measurement data from the anemometer are illustrated in Figure 4, 
in which 0o denotes due north. It is also measured that the maximum 3-second gust wind speed 
at the tower top is 28.1 m/s during the Neoguri typhoon, 32.3 m/s during the Kammuri typhoon, 
25.5 m/s during the Nuri typhoon, and 34.6 m/s during the Hagupit typhoon. 
 

 
(a)                                                                                 (b) 

 
(c)                                                                                 (d) 

Figure 3. Two-minute mean wind speeds at tower top during four typhoons: (a) Neoguri typhoon,  
(b) Kammuri typhoon, (c) Nuri typhoon, and (d) Hagupit typhoon. 

    
(a)                                   (b)                                   (c)                                   (d) 

Figure 4. Wind rose diagrams obtained during four typhoons: (a) Neoguri typhoon, (b) Kammuri typhoon,  
(c) Nuri typhoon, and (d) Hagupit typhoon. 

2.2 Strain responses 

Vibrating-wire strain gauges were embedded into reinforced concrete at twelve cross-sections of 
GNTVT. Figure 5 shows the layout of measurement points on a cross-section and the measured 
vertical strains of point 2 and point 4 on the cross-section of 121.2m high during the Neoguri 
typhoon. It is observed that large strain variations occured between 6:00 and 7:00 pm when the 
wind speed reached the maximum. It is also observed that the vertical compressive strain at 
point 2 decreases and the vertical compressive strain at point 4 increases because the Neoguri 
typhoon was blowing mainly from east to west. The maximum stress variation during the four 
typhoons is approximately 0.5MPa, which is about 20% of the static stress produced by the self-
weight of the structure. 
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(a)                                                                                 (b) 

Figure 5. (a) Layout of measurement points, and (b) vertical strains of points 2 and 4 at 121.2m height. 

2.3 Displacement responses 

Figure 6 shows the dynamic displacements measured by the GPS with its observation point at 
the tower top during the Neoguri and Nuri typhoons, respectively. The maximum displacement 
during the four typhoons was measured to be approximately 15 cm. The displacement response 
spectra obtained during the Nuri tuphoon are shown in Figure 7, from which the first two modal 
frequencies are identified as 0.14 Hz and 0.20 Hz in comparison with 0.1429 Hz and 0.2034 Hz 
identified using the acceleration response spectra as shown later. 
 

 
(a)                                                                                 (b) 

Figure 6. Measured dynamic displacements at tower top (upper: east-west direction; lower: south-north 
direction): (a) during the Neoguri typhoon, and (b) during the Nuri typhoon. 

 

 
(a)                                                                                 (b) 

Figure 7. Displacement response spectra obtained during the Nuri typhoon: (a) displacement response  
in the east-west direction, and (b) displacement response in the south-north direction. 
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2.4 Acceleration responses 

Figure 8 shows the measured acceleration responses at the height of 386m during the Hagupit 
typhoon. The upper diagrams plot the acceleration responses in the east-west direction while the 
lower diagrams illustrate the acceleration responses in the south-north direction. It is observed 
that the maximun acceleration at the height of 386m is close to 0.05 m/s2. Figure 9 shows the 
power spectral density (PSD) of the measured acceleration responses. In comparison with the 
dispacement response spectra as illustrated in Figure 7, the acceleration response spectra exhibit 
more peaks, from which the higher modes of the structure can be identified. 
 

 
(a)                                                                                 (b) 

Figure 8. Measured accelerations at 386m height during the Hagupit typhoon (upper: east-west direction; 
lower: south-north direction): (a) 3-hour records, and (b) 100-second records. 

 

 
(a)                                                                                 (b) 

Figure 9. Power spectral density of accelerations obtained during the Hagupit typhoon: (a) acceleration 
response in the east-west direction, and (b) acceleration response in the south-north direction. 

3 OPERATIONAL MODAL ANALYSIS 

3.1 Modal identification under different excitation conditions 

Operational modal analysis has been studied by a number of investigators. A comparison of 
various output-only modal identification algorithms has been made by the authors by using the 
field measurement data and the simulated response data of GNTVT, and it is concluded that the 
Enhanced Frequency Domain Decomposition (EFDD) algorithm (Brincker et al. 2000) provides 
the most consistent modal identification results from both the monitoring and simulated data. 
Table 1 shows the identification results of modal properties under normal ambient excitation 
condition and under typhoon (Hagupit) excitation condition obtained by the EFDD algorithm, 
together with the modal frequencies predicted by finite element analysis (SAP2000) of the 
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structure. It is found that the modal frequencies obtained under typhoon excitation condition are 
slightly less than those obtained under ambient excitation condition. The discrepancy is mainly 
due to the fact that the acceleration data under ambient excitation condition were obtained a few 
days earlier than the data under typhoon (Hagupit) excitation condition and thus additional mass 
is added to the structure due to the construction activities. However, some higher modes, e.g. 
the 2nd torsional mode, can be activated only under the typhoon excitation. The predicted modal 
frequencies by the finite element model (FEM) are less than the identified results, and therefore 
FEM updating is desirable. 
 
Table 1. Modal properties identified under different conditions and computed by FEM 

FEM 
(SAP2000) 

Under normal ambient 
vibration condition 

Under typhoon condition 
(Hagupit typhoon) 

Mode No. 
Frequency 
(Hz) 

Frequency 
(Hz) 

Damping 
ratio (%) 

Frequency 
(Hz) 

Damping 
ratio (%) 

1st short-axis bending 0.1327 0.1397 1.225 0.1361 1.455 

1st long-axis bending 0.1894 0.1995 0.839 0.1947 1.071 

2nd short-axis bending 0.3970 0.4559 0.451 0.4490 0.685 

2nd long-axis bending 0.5118 0.5721 0.687 0.5641 0.686 

3rd short-axis bending 0.7715 0.8578 0.320 0.8556 1.016 

3rd long-axis bending 0.9718 1.0520 0.305 1.0520 0.556 

4th short-axis bending 1.1670 1.3550 0.305 1.3730 0.719 

4th long-axis bending 1.4170 1.6070 0.352 1.6260 0.975 

1st torsional 0.5660 0.7165 0.319 0.6989 1.065 

2nd torsional 1.2650 --- --- 1.4320 0.734 
 

3.2 Errors in output-only modal identification 

The output-only modal identification algorithms are usually confined to the cases when the 
excitations can be assimilated to stationary white-noise inputs. In practice, however, excitations 
are generally non-stationary and vibration modes may be weighted by the non-uniform spectral 
distribution of the input force. Some environmental factors, such as temperature, wind, and 
construction activity, may also affect the modal properties (Hua et al. 2007, Zhou et al. 2008). 
As a result, the modal parameters identified using operational modal analysis are subjected to 
measurement error and environmental uncertainty. An investigation on confidence assessment 
of operational modal analysis using the long-term monitoring data from GNTVT is currently 
under way, and several basic criteria have been initiated. 

The chosen monitoring data segment length must be long enough to grant a sufficient number of 
averages in FFT to reduce the noise effect. In the present study, one-hour monitoring data is 
selected as a segment (time interval) to identify the modal properties of GNTVT after trying 
different time intervals. Figure 10(a) illustrates the PSD obtained using 10-minute acceleration 
data under the Hagupit typhoon excitation. The PSD shown in this figure contains much heavier 
noise in comparison with the PSD in Figure 9, evidencing that 10-minute data segment is too 
short to reduce the noise effect. 
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The signal-to-noise ratio of the chosen monitoring data for modal identification must be high 
enough. Figure 10(b) shows the PSD obtained using the ambient vibration data with low signal-
to-noise ratio. Comparing Figures 10(b) and 9, it is seen that the peaks in the PSD obtained from 
the data with low signal-to-noise ratio become ambiguous due to noise contamination; whereas 
the PSD obtained under the typhoon excitation exhibits clear and sharp peaks. 

 

 
(a)                                                                                (b) 

Figure 10. Power spectral density of accelerations: (a) using 10-minute data under typhoon excitation 
condition, and (b) using low signal-to-noise ratio data under ambient excitation condition. 

It is almost impossible to keep the environmental conditions unchanged in each exercise of data 
acquisition and modal identification. Consequently, the correlation between modal properties 
and environmental factors should be investigated using the long-term monitoring data. Table 2 
shows the statistics of the identified modal frequencies at 1-hour intervals for a time period from 
0:00 to 6:00 am with no construction activity and weak wind. The change in identified modal 
frequencies is mainly attributed to temperature variation. Figure 11(a) illustrates the measured 
modal frequency for the 2nd mode versus the measured hourly-average temperature. A decrease 
in the modal frequency with the increase of temperature is observed. Figure 11(b) illustrates the 
damping ratios for different modes identified under typhoon excitation condition (triangle) and 
under normal ambient excitation condition (circle). It is seen that the damping ratios obtained 
under typhoon excitation condition are much higher than those obtained under normal ambient 
excitation condition. 
 
Table 2. Statistics of identified modal frequencies for a time period without construction activity 

Mode No. Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Average frequency (Hz) 0.1397 0.1995 0.4559 0.5721 0.7165 

Maximum frequency (Hz) 0.1401 0.2002 0.4570 0.5746 0.7174 

Minimum frequency (Hz) 0.1391 0.1982 0.4543 0.5687 0.7154 

Variance (%) 0.708 1.000 0.582 1.030 0.276 
 

 
(a)                                                                                (b) 

Figure 11. (a) Identified frequency of 2nd mode versus hourly-average temperature, and (b) damping 
ratios identified under typhoon excitation (triangle) and under ambient excitation (circle). 
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Stationary white-noise random excitations are assumed in most output-only modal identification 
algorithms. While normal ambient vibrations can be approximately treated as to be stationary, 
typhoons acting on a structure are certainly non-stationary. However, for large-scale structures 
like GNTVT, some higher modes (such as the second torsional mode of GNTVT) can only be 
activated by typhoons with high forcing intensity. In the subsequent study, a modal-energy-
based index will be formulated to verify the accuracy of identified modal parameters (especially 
mode shapes or modal components) and to identify appropriate excitation sources required to 
activate some particular modes that are unidentifiable under normal ambient excitations. 

4 CONCLUDING REMARKS 

A sophisticated on-line SHM system has been installed on GNTVT for both in-construction and 
in-service monitoring. This paper reports the measured wind properties and structural dynamic 
responses (acceleration, displacements, and strain) of the instrumented GNTVT during the four 
typhoons in 2008, i.e., the Neoguri typhoon, the Kammuri typhoon, the Nuri typhoon, and the 
Hagupit typhoon. The measured structural response of GNTVT during the Wenchuan (Sichuan) 
earthquake of magnitude 8.0 occurring at May 12th, 2008 is reported in Xia et al. (2009). 

It is observed that the maximum 3-second gust wind speed at the top of GNTVT is 28.1 m/s, 
32.3 m/s, 25.5 m/s, and 34.6 m/s respectievly during the four typhoons. The maximum stress 
variation due to the typhoons was measured to be approximately 0.5 MPa which was about 20% 
of the static stress produced by the self-weight of the structure. The maximum displacement was 
measured to be about 15 cm, while the maximun acceleration was approximately 0.05 m/s2. The 
modal properties of GNTVT have been identified using the acceleration response data obtained 
under the typhoon excitations and under normal ambient excitations. Some issues affecting the 
accuracy of operational modal identification have also been addressed in this paper. 
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