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Abstract

Seismic response of a tall steel tower in Tokyo, Japan has been monitored by an integrated
RTK-GPS and accelerometer system and compared to results of finite element models (FEM)
and frequency domain decomposition (FDD) method. The integrated results presented herein are
consistent with FEM predicted values. Because of the inherent limitatiors of GPS and
accelerometer when applied to civil structural monitoring, a solid reliability can only be realized
through the multi-sensor integration. The integration enables system redundancy through
information fusion by using digital signal processing techniques in the transformation of one
form of measurement (e.g. displacement) to another (e.g. acceleration). Moreover, the newly
developed agorithm for time-dominant frequency anaysis presented in this paper supplies the
frequency change information with respect to time. The findings have demonstrated the
advantages of using high precision GPS sensor together with traditional accelerometer in civil
structural monitoring under extreme loading conditions. The effectiveness of digita signd
processing in optimal analysis of structural monitoring data from different sensors has been
highlighted.

1. Introduction

Preliminary studies have proven the technical feasibility of usng GPS and accelerometer to
monitor dynamic structural deformation due to winds, traffic, earthquakes and similar loading
events in, eg., Hong Kong (Ding et a, 2002), UK (Ashkenazi and Roberts, 1997), USA
(Kilpatrick et al, 2003), Singapore (Brownjohn et a, 1998) and Japan (Tamura et al, 2002).
However, in current monitoring systems (Part 2) measurements from different sensors are
usually analysed separately. There is much room for developing new methodologies to exploit
the integrated monitoring system.



Advanced digital signal processing techniques provide us the possibility to reach the goa of a
robust, high quality monitoring system through best utilizing the advantageous properties of each
sensor. By analysing the spectrum of each sensor’ s measurements comprehensively (Part 3), the
FEM predicted structural natural vibration frequency can be evaluated and any shift from the
origina frequency can also be detected. But usually such spectrum analysis gives no time
information as to when the frequency shift occurs and hence what is the driving force. Applying
the short time Fast Fourier Transform (FFT) through a new agorithm developed by the first
author, the dominant frequency evolution along with time can be obtained (Part 4). Another
significant improvement is that measurements can be transforned from one form to another
using law of motion after digital filtering the original data (Part 5).

It iswell known that light, flexible buildings are more favorable for resisting seismic force, while
heavy, stiff buildings are more favorable for resisting wind force. Tall buildings in Japan have to
satisfy these two opposite design criteria, and this is one of the most difficult design issues for
tall buildings in Japan (Tamura, 2003). Measurement transformation has been successfully
applied to data collected during a typhoon event by the authors in previous studies (e.g Li, 2004).
Because earthquake induced structural response is very different from that due to typhoon, it is
necessary to analyse the monitored seismic response as well in order to evaluate the reliability
and robustness of the whole monitoring system

Through the results from analyzing data collected during the earthquake event, this paper will
showcase the effectiveness of digital signal processing techniques in integrating RTK-GPS and

accelerometer sensorsfor civil structural monitoring.



2. Information in RTK-GPS and Accelerometer Time Series Collected During the
Earthquake

Figure 1 illustrates the experimental setup (Li, Anemometer /T, oo |
2004) which has been used to monitor this GPS Antenna [ ]
108m high steel tower continuously. Note the Accelerometer /|1
locd  monitoring-coordinate  system was y Wil
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is pointing to the Zenith. The RTK-GPS and | ”Eg X% Mid
accelerometer data were recorded at 10 Hz and Amemometr S 4 £ 5
20 Hz sampling rates respectively. The e R
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a 16m high rigid building. Data used in this (Relercntt Pom) Blc 4
study were collected from 18:00 to 19:00 JST ~ _ §_>
when an earthquake event of magnitude Ms 7.0 éé%é £ M§,7

occurred on 26 May 2003 at a depth of 71 km.
Studies on a typhoon induced response of the

tower has been published previously (Li, 2004). .
It would be interesting to compare and find the ~Figure 1 The 108m sieel tower for GPS and

differences between earthquake and typhoon as accelerometer field experiment.
to their effects on the structure.
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When an earthquake takes place, it causes two types of deformation: static and dynamic. The
static deformation is represented by the cracks along the seismic fault. The dynamic motiors are
essentially sound waves radiated from the hypercentre as it ruptures. Two main waves are very
important to be detected in red time, in order to mitigate the disaster caused by the quake. They
are thefirst type of body waves named the P wave or primary wave which is the fastest seismic
wave, and the second type of body waves called the S wave or secondary wave which is the
second wave you fed in the earthquake. The P wave can move through solid rock and fluids. It
pushes and pulls the rock as it moves through just like sound waves push and pull the air. AnS
wave is dower than a P wave and can only move through solid rock. This wave moves rock up
and down, or side-to-side (Shearer, 1999). Due to different characteristics of sensors the
monitored structural response by RTK -GPS and accel erometer reveals different details, outlined
below.

The overdl two hour plots of RTK-GPS time series of displacementsin X, Y and Z directions
are shown in Figure 2. Measurements from the accelerometers (X and Y directions only) are
given in Figure 3. Note the acceleration (Figure 3) has been limited to a period of 300 secondsin
order to see both the P and S waves clearly. The peak-to-peak acceleration is almost 200cm/s?.

The least-squares polynomial fitting on GPS measurements can give us the static and semi-static
displacements. The results from fitting (blue lines in Figure 2) show that maximum
displacements in X and Y directions are all less than +/-1cm during the two hour period,
indicating no significant static or semi- static movements. But in the Z direction the polynomial
fit seems to suggest vertical ground movement of more than the +/-2cm GPS noise floor and the



peak-to-peak fluctuation also averaged over two centimeters after the 1500sec mark, probably
due to surface waves induced by the strong earthquake.

Meanwhile, the S waves caused a peak-to-peak dynamic vibration of the tower of more than 6cm
inthe X and Y directions. However, P waves cannot be seen in the RTK -GPS time series (even
when zoomed in). This is because the magnitude of P waves is 23 times smaller than the S
waves and hence can be buried in the GPS noise. These P waves, however, can be recovered
through double differentiating the GPS measured displacement and converting it to acceleration.
No obviousdynamic movement was picked up in the Z direction when the seismic waves arrived
due to the much higher noise level with the vertical component than with horizontal components.

From Figures 2 and 3, it can be seen that it is difficult to directly obtain the excited vibration
frequencies from the time series. Both civil and earthquake engineers are interested in the
seismic induced frequencies of the full-scale tower and need to know them accurately in order to
compare with the originally designed free vibration frequency modes. Part 3 focuseson this.
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Figure 2 RTK -GPS measured displacements Figure 3 Acceleration time series measured by
accelerometers.

3. Vibration Signalsobtained from traditional “global” FFT analysis

It is possible to assess the accuracy of recorded data by analysing the spectrum of the seismic
induced vibration of the tower. The Fast Fourier Transform (FFT) yieds the spectrum of RTK-
GPS measurements (Figure 4. Studying the three spectrums closely by zoomng in, e.g as
given in Figure 5, it is obvious that the largest amplitude at OHz presents a strong static
movement. And semi-static movements, centred at 0.13Hz and ranging from0.05 to 0.2Hz, are
contributing to all three components This could be multipath effects combined with semi-static
movements. It has been suggested that 0.05-0.2Hz is the spectrum range of multipath through
analysing the wind speed fluctuation in the typhoon event (Li, 2004). In the meartime, both X
and Y directions show peaks at 0.57Hz and 2.16Hz. There is no clear peak in the Z direction at
the expected signals, but signal or noise at the lower frequency end (0-0.8Hz) is much stronger
than in the other two directions. This can be partly explained as the static and semi-static



movements during the quake affected the tower mostly along the Z direction. This agrees with
the time series shown in Figure 2.

The accelerometer’ s performance in the seismic event s analysed in the same way. Figure 6 is
the FFT gpectrum of accelerometer measurements. There are three pesks al in the same
locations in the X and Y directions, of which the 0.57Hz and 2.16Hz peaks are identical to the
GPS spectrum, while the 4.58Hz as a high order harmonic cannot be identified with confidence
from the spectrum of GPS. A very clear difference between the spectrums of the two sensorsis
that accelerometer spectrums do not contain static and semi-static components at all.
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Figure 4 FFT spectrums of GPS.
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It is clear that the spectrums for both the accelerometer and RTK -GPS have the frequency of
0.57Hz, indicating that it is the lbbwest natura frequency of the steel tower. This result agrees
with Tamura et a (2002), using the power spectral density analysis to processthe typhoon event
data in 10 min mean. FEM and FDD analysis have aso confirmed that 0.57Hz is the first mode
natural frequency of the tower, 2.15Hz and 4.48Hz are the 2'* mode and 3% mode respectively
for FEM modeling, although these are slightly higher with the FDD method, i.e. 2.18Hz and
458Hz (Yoshida et a, 2003). Hence the 2.16Hz and 4.58Hz from practical full-scale
measurements are the 2'® and 39 mode natural frequencies of the tower. Despite of this good
agreement, from the traditional FFT it is not possible to tell when the vibrations of different
frequencies are excited, i.e. the crucial time information i missing. This shortcoming will be
partially addressed in Part 4.

4. Dominant Frequency Signals Obtained From Short Time FFT Analysis

Traditional FFT spectrum represents the frequency compositionof the WHOLE time series. It
tells the relative strength (amplitude) of the frequency components, but does NOT tell when a
particular frequency component occurs or takes over as the most significant frequency. It might
be very useful to assess the response of or damage to the structure if it can be detected when a
particular frequency component becomes dominant. One way of determining this frequency-time
relationship is to apply the FFT to a short segment of the time series each time and to focus on

the strongest peak in the spectrum. Thus the time and dominart frequency relatiorship is
established.

Consider the measured digital signal of x[n] asa time serieswith respect to t. The spectrum X][f,]
obtained by using Fourier transform of a discrete signal (DTFT) is a function of t, which can be

derived as follows. First, Fourier transform of a discrete signal (Ambikairajah, 2003) is.
¥ .
X[a] = § x[nle’™, -p £q£p 6
n=-¥

Where, g =WT is the relative frequency, T is sampling period, and w is the frequency of the
signal in radians.

Considering fa is the frequency of the signal, and w=2p f, . The sampling frequency is
determined as f :?1. Therefore, g can be given by:

q=2p% @

Then, the time length t of the measurements can be calculated by using the sampling period T
multiply the numbers of samples n.

t=nT, -¥Enf£¥ 3

Substituting Eq. (1) with (2) and (3), Eq. (1) can be rewritten as:
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Hence, from Eq. (4) we can see that the frequency f, of the digital signal x[n] is a function of

time t. When t approaches zero, the output frequency from DTFT becomes the instantaneous
frequency. In other words, by applying DTFT onsmall samples of measurements, the time-
frequency relationship can be established. The instantaneous frequency output can be expressed
as.

S - JnZD%

X[f,]J=a xinle =, ©)

n=0
The obvious approach is to segment the samples into smaller frames, then apply FFT to each
frame in turn. Truncating the sampled signa into the N-sample record is equivalent to
multiplying it by a rectangular window of width Ct=NT (Mulgrew et a, 1999). This
“Windowing” process introduces a dlight distortion into the frequency representation of the
signal being analysed. This windowing process is norravoidable, because we can never have
access to an infinite data record. However it can be mproved by choosing an appropriately
tapered window.

In order to have a digital frequency output in discrete form sample the continuous f_ in N
equally spaced interval, the obtained frequency resolution Df, is:

f
Df, =-= 6
N ©)

From Eq. (6) obviously the frequency resolution (spacing in Hz) between the discrete Fourier
transform (DFT) values is dependent on the number of samples. Larger number of samples will
give a higher frequency resolution. But the time resolution Ct is just the opposite, i.e. larger
number of sampleswill lead to lower time resolution.

Now we apply Eg. (5) to analyse the tower’ s frequency response with respect to time during the
earthquake event. To represent the typical frequency which appeared in the FFT spectrum with
an appropriate frequency and time resolution it isimportant to select appropriate window length
of measurements to be analysed each time, and only the maximum peak will be taken into
account. Figure 7 is the result for GPS measurementsin Y direction clearly showing the abrupt
frequency shift. A total of 256 samples were processed each time. Hence the time length is 25.6s.
It can be seen clearly that he tower experienced the strongest vibration lasting for about 7
minutes around 18:30 when the tower’ s first order natural frequency 0.57Hz became dominant.
This cannot be determined from the GPS displacement time series itself because it is too noisy
(cf. Figure 2).

It is interesting to see that this duration estimated from accelerometer measurement in Y
direction is about 14 minutes, as shown in Figure 8. Please note that the starting time for 0.57Hz
signal is the same for both GPS and accelerometer. The finishing time is different because the
anplitude of seismic waves decreases gradually and when the induced displacement is smaller
than the RTK-GPS noise floor it cannot be tracked by GPS anymore. The seismic induced
acceleration, however, will continue to be tracked by the accelerometer for as long as 0.57Hz is



dominant. Because acceleration measurements were obtained at the sampling rate of 20Hz, using
the same window length of 256 samples, the frequency resolution is half of that for displacement
measured by GPSwhile the time resolution is twice higher.
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Structural response is very complicated. Even in a very short time segment the appeared
spectrum is not of a single frequency due to it nonstationary features caused by fluctuations of
driving force. Thereis a bandwidth for each central frequency at the natura vibration mode in
the global FFT spectrum as well. If we take more frequencies into account in the frequency
evolution analysis, the frequencies forming the “band” would be revealed clearly. Figures 9 and
10 are results when up to three major frequencies are considered for GPS and accelerometer
measurementsin Y direction respectively. These two figures were generated using the window
lengthof 256 samples as well and focused on the period of the earthquake.
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5. Information Fusion Through M easurements Combination and Transfor mation

From the above signa analysis, the GPS sensor gives more information at the low frequency end
(static and semi-gtatic) while the accelerometer sensor gives more at the high frequency end
(dynamic). This means that both of them lose information which is very important for civil
engineers in evaluating the deformation of a structure. The following analysis will attempt to
address this problem

First, a double differentiation procedure is applied to a segment of RTK-GPS measured
displacement data (Y direction) of 200 second duration in order to convert them into acceleration.
Figures 11 shows the results of acceleration derived from RTK-GPS measured displacement,
compared to accelerometer-measured acceleration. In the figure, the upper plot is the GPS
displacement; the middle plot is the acceleration derived from the GPS measurements; and the
bottom plotis the accelerometer- measured acceleration. Comparing the time series in the middle
and bottom plots, it can be seen that they agree well with each other, although the converted
acceleration time series shows high frequency fluctuations due to GPS-specific noise. It is dso
interesting to see that the P and S seismic waves are clearly visible in the horizontal directions
from the accelerometer data. However, these waves (especially the P waves) are not so obvious
from the original GPS displacement time series. After the double differentiation, the
accelerations derived from RTK-GPS also show clearly the seismic waves. Therefore, GPS can
be used as a seismometer (Ge, 1999).

In the reverse data processing of Figure 11, the upper plot in Figure 12 is displacement directly
measured by GPS and bottom plot is displacement derived from accelerometer data through
double integration. Results of their polynomial fitting are given as well. From the results shown
in Figure 12, it can be seen that in the dynamic part during the quake the two agree very well
with each other. However, significant differences can be seen in the part measured shortly before
the quake because the static and quasi-static displacements are missing from the accelerometer
derived results.
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In order to compare monitoring results directly and to deal with the unexpected data lose
especialy with RTK-GPS, it is essential to transform the measurements faithfully from one form
(e.g. acceleration) to another (e.g. displacement). There is no way to directly transform the
measurements by a simple mathematical function, because RTK-GPS is good at monitoring
static and lower frequency components while the accelerometer is better with dynamic high
frequency component GPS measurements are also contaminated by multipath. Thus filtering
techniques have to be applied in pre-processing. Moreover, time delay and phase lag caused by
filtering need to be compensated. Figuresl3 and 14 are the zoom+in on a segment of Figures 11
and 12 respectively. These figures give fine details and support earlier discussions on
information fusion for the integrated monitoring system.
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6. Concluding Remarks

GPS and accelerometer sensors have been installed on a108m tall steel tower and data have been
collected at 10Hz and 20Hz respectively during the Ms 7.0 earthquake on 26 May 2003. The

10



earthquake induced responses of the tower have been anaysed in both the time and frequency
domains. In the frequency domain, both the GPS and accelerometer results show strong peaks at
0.57Hz, which agrees with previous studies using different methods with typhoon induced
responses and the FEM and FDD analysing results although GPS measurements are noisy in the
low freguency end. Short time FFT has been successfully applied to esteblish the frequency
evolution, not only for the dominant frequency but also for another two major freguencies.
Measurements have been converted to displacement (in the case of accelerometer) and
acceleration (in the case of GPS) through double integration and double differentiation
respectively, for the purpose of direct comparison and data fusion The results agree with each
other very well, except that the static component is missing from the accelerometer derived
results. The benefits of an integrated GPS and accelerometer system to monitor structural
deformation have been highlighted. Digital signal processing techniques do provide
opportunities to significantly improve the performance of the whole monitoring system.
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