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Introduction
Fink et al. (2009) – Proc. Joint Workshop of COST 
Actions TU0601 and E55, Ljubljana, SloveniaIntroduction

Monitoring:  Determination and assessment of the condition with the 
recommendations on steps to be taken (SIA 2004 – Basis of Structural design)p ( g )
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IntroductionIntroduction
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Various damage identification algorithms have been developed for structural 
assessment and identification purposes.  Although there has been much development in 
this area many difficulties need to be overcome in practical applications such as thethis area, many difficulties need to be overcome in practical applications, such as the 
treatment of measurement uncertainties, the presence of inadequate test data, etc. 
Also, another important difficulty stems from the difference between the analytical models 
and the real structures. Generally, the error in analytical models is related to severaland the real structures. Generally, the error in analytical models is related to several 
aspects, such as: 

(1) the approximation in the boundary conditions of the analytical models, which may 
make the analytical stiffness matrix deviate from the practical one, y p

(2) the connectivity conditions of the elements in analytical models, which cannot reflect 
the real connective state of structural members, 

(3) some important material parameters in analytical models, e.g. Young’s modulus, which ( ) p p y , g g ,
may not represent the real ones, 

(4) the presence of many stiffness sources in practical structures, which are ignored in 
analytical models due to computational capacity; 

(5) a coarse mesh or the selection of unsuitable element types, which can cause errors 
in the analytical models.

For these reasons, in practical applications, it may be preferable to avoid employing too p pp y p p y g
much information of the analytical models. Hence, the kinds of algorithms presented are 
not dependent on analytical models, but they are rather dependent on the modal 
parameters, i.e., natural frequency, damping ratios, and mode vectors, which are obtained 
by the operational modal analysis that deals with the output only measurements of a
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by the operational modal analysis that deals with the output-only measurements of a 
structure subjected to external forces. 



Canton Tower (former Guangzhou TV and Sightseeing Tower)
The tallest structure in China (followed by Shanghai World Financial Center)  the Canton 

It was designed by the Dutch architects Mark Hemel and 

The tallest structure in China (followed by Shanghai World Financial Center), the Canton 
Tower is the seventh tallest structure and the third tallest freestanding structure in the world.

g y
Barbara Kuit of Information Based Architecture together 
with Arup.

Oval concrete inner tube with 
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constant dimensions of 14 m × 17 m



Construction begins in February 2007 
and is completed in October 2010.
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Long-term Structural Health Monitoring 
(SHM) System

Benchmark problem launched in 2008, under the auspices 
of the Asian-Pacific Network of Centers for Research in Smart 
Structure Technology (ANCRiSST).

Goal:  to monitor the tower dynamical behavior in various 
weather conditions and under exposure to extreme events, and 
to analyze this response by the aid of several algorithms to 
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y p y g
reach a full performance assessment in real time.



Monitoring the structural response to extreme events
•The response of the tower under 5 typhoons and 2 earthquakes was 
recorded at different times and at different stages of the tower construction. 
•Three of these typhoons (named Kammuri, Nuri, and Hagupit) occurred in 
2008,  before the total completion of the tower height, while the last two p g
typhoons (named Molave and Koppu) occurred after it. 
• The two earthquakes both have a Ritter magnitude of 6.4 (MMM VI – strongly 
perceived, light damage) and occurred off the coast of  Taiwan, in 2009, and in perceived, light damage) and occurred off the coast of  Taiwan, in 2009, and in 
southwestern Taiwan, in 2010, respectively.
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(Frequency Domain Decomposition) Modal Parameters

•The frequencies remain nearly constants with wind speed variations, not only for the first 
d  b  l  f  h  h h   mode but also for the higher ones. 

•The damping ratio slightly increases with the mean wind speed and the rate of increase 
differs from one direction of the structure to the other depending on the geometry of the 
t t  d th  i d di ti
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structure and the wind direction.



Structural condition assessment

Frequencies:  0.094, 0.14, 0.36, 0.42, 0.47, and 0.52 HzFrequencies:  0.094, 0.14, 0.36, 0.42, 0.47, and 0.52 Hz
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The Hilbert-Huang transform (HHT) method 
improved by filtering

It is based on the assumption that each signal is composed of different 
simple intrinsic oscillatory mode functions (IMFs) associated with energy at 
different timescales. 
First, the tower principal frequencies are approximately estimated by 
manually picking the peaks of the Power Spectrum Density (PSD) of the 
signal obtained by FFT. 
Each detected peak is then separately considered to extract the associated 
monocomponent function from the signal made of multiple dominant 
harmonic components. For this purpose, a band-pass filter with central 
frequency set equal to the corresponding natural frequency of the towerfrequency set equal to the corresponding natural frequency of the tower 
and a frequency bandwidth of 0.001 Hz is applied. This filtering procedure 
ensures that completely isolated IMFs are obtained also when narrowband 
multi-harmonic signals are treated. The derived monocomponent function in 
th lib t d th t th i dthen calibrated so that the energy is preserved. 
Finally, the Empirical Mode Decomposition (EMD) method (Huang et al., 
1998) is employed to extract the first IMF, cj(t), from the jth calibrated 
monocomponent function j = 1 n with n the number of the selectedmonocomponent function, j = 1, …., n, with n the number of the selected 
principal frequency components in the PSD. 
The resulting signals are symmetric about the local zero-mean line and do 
not contain any riding wave
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not contain any riding wave.
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(a) Sensor 11, Molave typhoon (b) Sensor 12, Koppu typhoon( ) , yp ( ) , pp yp
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(c) Sensor 17, 2010 Taiwan EQ (d) Sensor 14, 2009 Sothern Taiwan EQ
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With the aim of detecting any commencement of structural damage and introducing a damage 
metrics based on the results of the HHT method improved by the filtering approach, the 
following essential phenomena are investigated: (1) the spread of vibration energy between 
near modes, such as an energy intensity decrease, suggests the presence of structural 
nonlinearity; (2) a reduction in the modal frequencies may indicate the loss of structuralnonlinearity; (2) a reduction in the modal frequencies may indicate the loss of structural 
stiffness, and hence it is a sign of structural deterioration; (3) Physically, any damage in a 
structure alters the speed at which the energy traverses the structure; once the wave passed 
through the damage, the energy speed is no longer affected. The Hilbert phase behaves in the 
same manner. Furthermore, the slope change appears to be dependent on the size of the 
damage so that the energy speed propagation would be altered in a different way depending on 
the size of the damage. This implies that one can track increasing amount of damage as a 
function of phase Thus the Hilbert phase should enable to determine the size and the location
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function of phase. Thus, the Hilbert phase should enable to determine the size and the location 
of damage.



Conclusions and Future WorkConclusions and Future Work
Whereas the FFT spectrum of a signal cannot give any local time information, the energy 
content can be captured in both the time and frequency domains by adopting the improved p q y y p g p
HHT method and the resulting natural frequencies coincide quite well with those of the FFT 
spectrum. When investigating the response to earthquakes, the improved HHT method clearly 
identified the high energy imparted to the dominant higher modes of the tower. 
Furthermore, it was possible to detect the time at which the tower started to have a significant 
response to the ground motions by tracking the point at which the energy started to have a 
sudden increase in the tower various vibration modes. The capability to detect the occurrence 
in time of the consequences of an extreme event on the structural response is mostlyin time of the consequences of an extreme event on the structural response is mostly 
useful not only in the case of earthquakes, but also upon the occurrence of a vehicle collision 
with the structure or a nearby explosion.  This valuable information would enable to send, in 
real-time, an alarm about the structural conditions to the responsible persons who could 
take a suitable decision in order to avoid or limit the catastrophic consequences of a failure
Different damage metrics have been proposed based on the HHT method improved by the 
filtering procedure. Nevertheless, a reliable judgment of the performance of the different damage 

t it i ld i th i li ti t th d t f i t l d l hi hassessment criteria would require their application to the data from an experimental model which 
actually underwent some damage. The selected case-study offers, however, the unique 
possibility to advance the long-term SHM studies from laboratory investigations to practical 
applications.
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applications.



Conclusions and Future WorkConclusions and Future Work

“Smart” systems “Smart” systems for civil for civil Smart  systems Smart  systems for civil for civil 
structures are described as structures are described as 
systems that can automatically systems that can automatically 
adjust structural characteristics adjust structural characteristics 

MeasuresMeasures toto increaseincrease robustnessrobustness
defineddefined asas the the abilityability ofof a a stucturestucture

or or itsits membersmembers toto withstandwithstandjj
in response to external in response to external 
disturbances and/or unexpected disturbances and/or unexpected 
severe loading toward severe loading toward 

eventsevents likelike firefire, , explosionsexplosions, impact , impact 
or or consequencesconsequences ofof humanhuman errorerror, , 

withoutwithout beingbeing damageddamaged toto anan
di idi i h  h  

gg
structural safety, extension of structural safety, extension of 
the structure’s life time, and the structure’s life time, and 
serviceabilityserviceability

extentextent disproportionatedisproportionate toto the the 
originaloriginal cause (CEN 2006 cause (CEN 2006 --

EurocodeEurocode 11--11--7 7 –– ActionsActions on on 
structuresstructures))((OtaniOtani et al.  2000 et al.  2000 –– Proc. Proc. SPIESPIE)) structuresstructures))
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