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ABSTRACT: The fundamental frequency of fixed-basetion of a 65-storey building

Is estimated by the wave travel time from the Wasthe top of the building, which is
measured from the impulse response function (IRRg IRF-based method also gives
the rigid-body rocking frequency due to the sailisture interaction. The results show
the rocking mode cannot be ignored for the high-rimiilding investigated. The
estimated IRF from one reference event is usedlidate the top floor responses from
the other events by convolving the reference IR wie input motions recorded at the
base. The high correlation between the simulatet ranorded responses shows the
possibility of predicting the building responses ¥arious earthquake scenarios based
on the reference IRF. The maxima of roof accelenatesponse and total base shear are
estimated for the simulated ground motion from teptial Mw 8.8 giant earthquake in
the Mentawai segment. The site amplification oft-sofl underneath the building is
also taken into account. The largest base she#arger than 1.5 percent notional
horizontal load (NHL), which is specified in therpent building design code in
Singapore.

1 INTRODUCTION

Although Singapore is in a low seismicity area,giqreriod ground motion from the
potential giant earthquake in the Mentawai segrpeses a real threat to the high-rise
buildings, especially those located on the soft $aeétermining the response of high-
rise building to long-period ground motion, incladi taking into account the site
amplification of soft soil, is therefore an impartdaask for structural safety assessment
and seismic risk mitigation. Impulse response fianc{IRF) of a building has been
proposed as an efficient tool to global system tifieation, local damage detection and
seismic response analysis (SniederSé&fak, 2006; Todorovska, 2009). This time
domain method has advantages over the traditioodbhanalysis methods. The modal
parameters give only the global properties of ddimg, while the wave propagation
method using the IRF does not only provide glolvapprties but also local properties
and therefore damage detection, upon the premagetib wave travel time between two
sensors is determined by the properties of thectstret between two sensors.
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Furthermore, the method can estimate the effectsadfstructure interaction by
decoupling the building fixed-base mode and rigadhp rocking mode, by using the
records from two horizontal sensors, one at thé aod one at the base of a building.
The IRF of a building when the reference sensatithe base, i.e., response of the
building to an input impulse at the base, is ol#diby inverse Fourier transform of the
system transfer function, which is the deconvohlutwf the roof response with the
motion at the base in the frequency domain. Theeefonce a well-identified IRF is
obtained, the structural response to earthquake fpven scenario can be predicted by
convolution of the IRF and the potential earthquadgt, assuming that the system is
linear.

In this paper, the seismic interferometry analygised on the IRF is carried out on an
instrumented high-rise building in Singapore. Téisstorey office tower has been a test
bed for implementation of structural health monitgrtechnologies for more than ten
years. The response mechanism of the building bas mvestigated thoroughly, from
ambient vibration studies for system identificatiém correlation analysis of dynamic
characteristics between measured (from both ambibrdtion and earthquake motion)
and simulated (finite element model) responseswBjohn & Pan, 2001; Pan et al.,
2004). However, these studies are all modal-arslyased. The study presented in this
paper is an alternative attempt at wave propagatoalysis and soil structure
interaction investigation based on the IRF. Fourteeents recorded from the period
2007 to 2010 are used to track the changes of iRRtaee identified modes, i.e., fixed-
base, rigid-body rocking and system frequencieslast, using the reference IRF, the
site-dependant structural responses for a potegisalt earthquakeMw 8.8) in the
Sumatran Megathrust are analyzed.

2 SYSTEM IDENTIFICATION

2.1  Transfer function and impulse response function

To compute various system transfer function fofedént input-output relationships, the
building response is extracted by deconvolvingdigmal recorded at any floar, (w)

with respect to the reference signal recordedetdp or the base of the building(w)
in the frequency domain (SniederS&fak, 2006):

H (e0) = Uy () uy () (1)

The simple spectral ratio representation is unetalfien the input spectrum is near to
zero. For this reason, a regularization paranzetsrused to stabilize the deconvolution:

o) = uy ()u, ()
el e ?

where the asterisk denotes the complex conjugatecdBnputing the inverse Fourier
transform oH (w), the corresponding IRF is given by

h(t) = FT(H (w) (3)

The system transfer function and its correspondRE of the building in the X-
direction estimated for the event on September2B09 are shown in Figure 1. The
upper left and upper right panels give the systeansfer function and IRF for the
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deconvolution of roof response with respect to basponse. In this case, the reference
sensor is located at the base. Hence the deconlvalaee at the top floor is causal, as
shown in the upper right panel. The first onsethef deconvolved wave, arrival time of
which is 1.07 sec, is a wave propagating upwardnfitbhe base to the top of the
building. On the other hand, the lower left and dowight panels are results for the
deconvolution of base response with respect to regbonse. In this case, the IRF is
comprised of superposition of one up-going wavéhm acausal part of IRF (negative
time) and one down-going wave in the causal padsifye time). From the
deconvolved wave of the base signal with respeobab signal, the wave travel time in
the building is 1.02 sec, as shown in the lowentrganel. The deconvolved waveform
at the base ((lower right panel) is relatively siep@llowing the picking of travel time
more effectively, as compared with that at the {apper right panel) where the
deconvolved wave consists of a superposition oftiphe up-ward and down-ward
propagation waves. Therefore, the wave travel tiroen the base to the top of the
buildings estimated in this study is adopted bipig the onset time of up-ward pulse
from the deconvolved waveform at the base, thdheyeference sensor is at the top of
the building.

System Transfer Function (Top/Base) Impulse Response Function (Top/Base)

~1.07sec

—0.177Hz

10°

10° 10 20 10 0 10 20
Frequency (Hz) Time (s)

System Transfer Function (Base/Top) x 10" Impulse Response Function (Base/Top)

-1.02sec

~0.18311Hz

O - T = N SR N

10 10° 0
Frequency (Hz) Time (s)

Figure 1. Estimated transfer functions and IRFs.

2.2  Soil-structure interaction

Todorovska (2009) proposed a method based on loreship among the rigid-body
rocking mode, the apparent system mode and theafoadtal fixed-base mode. Once
the wave travel time from the base to the top eflihilding is obtained, the structural
fixed-base frequencfy can be given by

f,=14r (4)

wherer is the wave travel time. The rigid-body frequergycan be estimated using the
relation:
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(5)

where fis the apparent system frequency, which is estidnfden the peak of the

system transfer function between the responselseofop and the base of the building.
For instance, as shown in Figure 1, the apparestesy frequency,, is 0.183Hz, as

shown in the lower left panel. The wave travel tmrem the base to the top of the
building is 1.02 sec, as mentioned in the lastisectConsequently the fundamental
fixed-base frequency isf, =1/(4x 102)=0.245Hz. Equation (5) gives the rigid-body
rocking frequency f; =0.275Hz. For the fourteen events, the estimation resialts

rigid-body rocking frequency are consistent. Therage value of rigid-body rocking

frequency is 0.33Hz. The system identification hsstor 14 events are listed in Table
1. Compared with the fixed-base mode, the natugabg of apparent system mode is
elongated due to the rocking mode. It is theretanmecluded that the rigid-body rocking

effect from SSI can not be ignored for the investig building.

Table 1. Recorded events and corresponding systentification results

Event details System identification based on IRF
No ; Fixed- )
Date Time M Distanc | Wave System base Rockin
oimid)  (h/mls) w S ravel ~ mode .. gmode
(km) time (s) (Hz) (Hz)
(Hz)
1 2007/08/ 17:05:0 7.4 888 1.16 0.18 0.22 0.33
08 4
2 2007/09/ 02:30:0 5.9 565 1.15 0.19 0.22 0.38
13 1
3 2007/09/ 03:35:2 7.0 604 1.07 0.18 0.24 0.28
13 8
4 2007/09/ 16:09:1 6.0 558 1.05 0.18 0.24 0.28
13 6
5 2007/09/ 06:01:3 6.4 668 1.09 0.18 0.23 0.30
14 4
6 2007/09/ 07:27:5 6.1 536 1.17 0.18 0.22 0.36
19 1
7 2007/09/ 08:31:1 6.6 549 1.15 0.19 0.22 0.38
20 5
8 2008/02/ 14:46:2 6.6 584 1.14 0.18 0.22 0.32
24 4
9 2008/02/ 08:36:3 7.3 589 1.15 0.18 0.22 0.32
25 5
10 | 2008/05/ 14:26:4 6.0 524 1.17 0.18 0.21 0.36
19 5
11 | 2009/04/ 20:01:3 6.6 612 1.10 0.18 0.23 0.30
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12 | 2009/09/ 10:16:1 7.9 494 1.02 0.18 0.25 0.27
30 0

13 | 2009/10/ 01:52:3 6.8 493 1.17 0.18 0.21 0.33
01 0

14 | 2010/03/ 16:07:0 6.7 645 1.17 0.18 0.21 0.36
05 3

3 STRUCTURAL RESPONSE VALIDATION

For the sake of evaluating the ability of estindalfeF to predict structural response to
potential ground motion for a given scenario, wenpare the recorded roof response
and the simulated roof response, which is obtairthgy convolution of the IRF and
input ground motion. The reference IRF is stilingsthe event on September 30 2009
due to its highest signal-noise-ratio and therefyivéng the best IRF. Since the base
signal is assumed as the input ground motion, deemlvolved wave at the top floor, as
shown in the upper right panel of Figure 1, is uasdthe reference IRF. Here, an
example of structural response validation for thené on August 09 2007 is shown in
Figure 2. The upper panel gives the recorded andlated roof displacement, and the
lower panel gives the recorded and simulated tearfahction. The estimation error of
the maximum displacement between the simulatedrecarded responses is 0.036%.
For selected 13 events except the reference etlentsimulated responses validated
from the reference IRF are in good agreement withrecords both in the time and
frequency domains. Hence, the reference IRF frognetlent on September 30 2009 is
accurate enough to forecast the building’s respémske ground motion from a given
potential earthquake.
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Figure 2. Response validation both in time domaith faequency domain
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4 STRUCTURAL RESPONSE TO POTENTIAL GIANT EARTHQUAKE

The simulated input ground motion for structuradpense prediction to the potential
giant earthquake is obtained from the above twgesf@ocessing: 1) scale the ground
motion to match the target response spectra foptibential Mw 8.8 earthquake in the
Mentawai segment; 2) estimate the ground motidhesoil site by considering the site
amplification of soft soil.

4.1  Ground motion scaling

The Sumatran megathrust beneath the Mentawai slaneery likely to rupture within
the next few decades. The acceleration responstrgpe(5% damping ratio) from the
potential Mw 8.8 earthquake in Mentawai has beenvel@ in Megawati and Pan
(2009), as shown in Figure 3. To simulate the gdomotion from the potential giant
earthquake, the ground acceleration record atlkagite in Singapore from the event on
September 30 2009 is scaled to match the targetrspe The acceleration response
spectrum of scaled ground motion in NS directiod ds target response spectrum are
shown in the left panel of Figure 3. The right dasteows the time histories of scaled
and recorded acceleration ground motion in NS toec The amplitude maximum of
scaled ground motion is about 5 times of the remdigtound motion before scaling.
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Figure 3. Scaling of ground motion.

4.2  Site amplification of soft soll

The central and southeastern parts of Singapogeliapverlie Quaternary marine clay
deposits, and a significant portion of the southmastal area is reclaimed land (Pitts,
1984). As the building is located at a soft sai sthe site effect of soft soil should be
considered in order to accurately simulate the mgomotion. The location of this
building is near to the KAPK site, the detailed| qmiofile of which has been well
investigated. The shear-wave velocity profiles, alihwere obtained by cross-hole PS
logging, are shown in Table 2. The KAPK site owslimarine clay deposit, i.e., the
Kallang formation. The average shear-wave velogdyes of the upper 30 m (VS,30)
at KAPK is 130 m/s. Hence, it is classified as soft (Site Class E).
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Table 2. Shear wave velocity profiles at KAPK site.

. Total Shear
Thickness = .
Layer Layer of layer unit wave
Number (m) weight  velocity
(kN/m*)  (m/s)

Fill 1 6.5 16.38 120
Upp Marine
Clay 13.0 15.79 120
Clay 2.0 19.03 190
Lower M
Clay 4 9.0 16.58 145
OrganicClay 5 4.0 15.89 225
Residual soil 6 5.0 15.89 225
Silty Sand 7 5.9 20.31 225
Silt 8 1.9 20.70 440
Bedrock 9 26.00 2700

Equivalent linear site response analysis is caoigdor the KAPK site using the scaled
ground motion described above. In this study, theuivalent-linear Earthquake site
Response Analyses (EERA)’ program (Bardet et2800) is used. The analysis results
of site amplification are shown in Figure 4. Thghti panel compares the input motion
recorded at the rock site and the output motiontfstic ground motion) subjected to
site amplification. The left panel denotes the dated transfer function between the
input and output motions. The maximum of simulageound motion at KAPK site is
about 4 times of input motion, i.e., recorded gbumtion at the rock site.
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4.3 Response prediction

In this section, similar to the procedure of regmralidation described in Section 3,
we use the IRF from the event on September 30 a6Q8e reference IRF and estimate
the roof acceleration response by deconvolving@tewith the input ground motion at

the base. The roof accelerations in two directimesshown in the upper two panels of
Figure 5. Since the modal analysis using the amienation measurements have been
carried out and the building mass distribution isown from the construction

corporation, the predicted base shgaand its maximum can be obtained by summing

contributions over the first three dominant mod&®ynjohn & Pan 2001):
3
V, =Y L X, (5)
=1

wherer is the mode orderl, =) "¢,m, is the summation of product of normalized

modal shapgs, and lumped mass, over storeyg for ther -th mode. X, is the

component of roof acceleration response at tttemode, obtained by applying a band-
pass filter to extract the vibration signals ofleatode. The estimated total base shears
in two directions are shown in the lower two pard#l&igure 5. The maximal total base
shear (maximum of 2-norm of two base shears in & drdirections) is 19.495MN,
representing about 2.7% of the total building de&ight, which is slightly larger than
the notional lateral resistant capacity requiredBi®8110 (BSI, 1987), i.e., 1.5% of the
total building dead weight.

Roof Acceleration X-direction (ACCXmax = 77.1817gal) Roof Acceleration Y-direction (ACCYmax = 117.4474gal)
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Figure 5. Predicted roof acceleration and basergbepotential giant earthquake.

5 CONCLUSION

The rocking frequency of the building was estimatesing an IRF-based system
identification method. For the high-rise buildingvestigated, the rigid-body rocking
mode influences greatly the system function andefoee can not be ignored in the
coupled soil-structure system. The roof respondelatad by the reference IRF has
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shown high consistence between the simulated aocdrded responses. The well-
correlated reference IRF was then used to preldécsite-dependant structural response
to the potential giant earthquakeMiv 8.8. The largest total base shear is slightlydarg
than the notional lateral resistant capacity resgulyy the current building design code.
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