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SUMM ARY

Since 1993 a 280m building in Singapore has been instrumented using an evolving
monitoring system that began with manual static readings of stressand strain and progressed
through a full-scde vibration survey to a permanent remote @ntrol system using basement
and roof accelerometers together with anemometers to capture the dfed of wind and seismic
loads. Recantly a dual-rover RTK GPSsystem has been operating in synchronisation with the
wind and accderation system in arder to test the feasibility of GPSfor building performance
monitoring and to understand the way the building responds quasi-staticdly to wind,
temperature and seismic loads. The paper describes the system integration for the present
monitoring system and pesents ome results on performance of the building and the GPS
system.
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1. INTRODUCTION

The city state of Singapore, at Latitude 1.3°, Longitude 103.8 with land area of
approximately 620km?, has no locd seismic adivity and nostrong cyclonic or anti-cyclonic
wedaher systems. The only real limitations on tal buildings are aviation regulations
restricting maximum height of permanent structures to 280m. So far, only office towers have
been bult to heights excealing 150m, bu high rise gartment blocks are now being
constructed upto 168n stories, for which a better understanding of lateral static and dynamic
loading is required.

In Singapore, building design has to consider lateral loading (still ) usually according to CP3*
and design wsing either BS595F or BS811C. There is currently no specific code provision
for dynamic lateral |oading due to seismic activity and equivalent static goproadhes are used
for wind. According to BS8110 a ‘national horizontal load’ (NHL) equivalent to 1.8% of
deal load has to be gplied to cater for acddental eccentricity and is believed to cater for
seismic actions, whil e using the CP3 3-second gust as a static wind load is believed to cover
dynamic wind effeds. While on the surface specific provisions for dynamic efects sem to
be unnecessary, close examination shows the need to assesshow far existing code provisions
are adeguate to provide for occasional unusual dynamic loads.

Despite having no loca seismic activity and noseismic code, Singapore is 700km from the
sourceof the largest reaurring earthquakes on the planet. The wind speeds used for design are
widely regarded as over-conservative yet attempts to determine amore gpropriate design
value and procedure face the difficulty that the locdised, short-lived and highly turbulent
storms provide the strongest loads and such loading is only recently being addressed in the
wind engineaing community. As the best gauge of seismic and wind loads is the buil ding
performance, it is natural to observe load together with resporse, an approach used for
example by Rainer & Dalgleish®.

This paper describes the lateral resporse monitoring program that has been running on
Repubic Plaza Singapore since 1996. Originaly using acelerometers and anemometers it
now incorporates a dual-rover GPSsystem to provide ultra-low frequency resporse data. The
original aim was to cgpture locd wind characteristics but the system has found ged usein
cgoturing the dtenuated locd ground motions due to the numerous large eathquakes
occurring in the region.
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2. DESCRIPTION OF INSTRUMENTED STRUCTURE

The 280m, sixty-six storey Repuldic Plaza (Fig. 1) has been studied through static and

dynamic resporse measurements snce 1998 in parallel with analytical exercises®. Hencethe
structural behaviour of the building is very well
understood and it has been possble to use
inverse methods to estimate gplied loads via
measurements of resporse.

Figure 1 (left) Repubic Plaza

Figure 2 (below) Plan at level 18
showing orientation d core wall.

.

The tower has a frame-tube structural system with an internal lateral 1oad-bearing core wall
conreded to a ring of eight externa columns by horizontal sted framing system at every
floor (Fig. 2). The external columns are designed to cary the bulk of the verticd load, and for
enhanced stabili ty are fill ed with concrete up to 49" storey.

3. MODAL CHARACTERISTICS

Fundamental latera vibration modes do nd align with any obvious axes of symmetry and it
has been convient to use aes A and B which repesent 'weak’ and 'strong’ directions to |abel
vibration modes.

The lowest threepairs of lateral modes have been tracked duing and after construction and
presently the first and second retural frequencies which daminate the structural resporse
occur at frequencies closeto 0.2Hz and 0.Hz respedively, with damping ratios lessthan 1%.
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4. ANALOG DATA ACQUISITION SYSTEM

From October 1996 to the present, accderation and wind signals have been recorded and
analysed, with afew bregks due to equipment maintenance and system halt for data download
or due to hardware faults. Except for the last two months of 1996,this part of the monitoring
system comprised two pairs of accelerometers, one dtached to the wrner of the core wall at
locaion 1in Fig.2 at basement level (B1) and ae vertically above on the top mechanica end
eledrical floor (65), and a pair of UVW anemometers, ore & each corner of the roof parapet..
The accderometers are wnreded by signal cable to a four channel signal condtioner
comprising power supdy, low passfilter, accelerometer offset adjust and amplification. The
four condtioned accderation signals and six anemometer signals feed directly into a sixteen
channel acquisition system.

The accderometers are Honeywell QA-700 servo accd erometers that have noise threshold of
around 1micro-g, can be run on \ery long cables withou loss or noise rruption and
generate aurrent propartional to total (static+dynamic) aaceleration that is dropped across a
user suppied load resistor to provide aljustable gain. In 2001the two level 65 accderometers
were replaced with unts having temperature modeling to corred thermal drift using recorded
internal temperature.

Wind and acceeration signals have been sampled in frames of 4096 samples aaquired either
at 7.59Hz (before 11/2007) or 8Hz (after 11/20017). In fact the data are over-sampled in short
frames and dedmated in order to benefit from the sharper cut off charaderistic of digital
filters in the aquisition software that was written in FORTRAN to drive al12-bit AT-bus
analog to dgital converter card and processthe data. The system uses doulde-buffering where
one buffer is being written to while data from the other is being processed, involving
cdculation d FFTs and various gatisticd properties of the signals. Hencefor every frame of
approximately 9 minutes duration a set of parameters describing mean, total variance and
narrow band RMS correspondng to knavn vibration modes are stored. In addition, when
trigger condtions are met such that the signal contains interesting feaures, the frame of time
series is saved to a compad binary file. Necessary trigger conditions relate only to the level
65 aacelerometers and include strong broadband resporse @ well as resporse in specific
lower vibration modes. Modal RMS trigger levels are relative to a moving average of
resporse so that weak signals can be captured against a weak background at night when
buil ding resporse due to bah wind and internal machinery isvery low.

Figs. 5, 6and 7show how the system deteds and signals 'interesting events. Total A and B

diredion 543semnd RMS vaues are plotted in the top row of Fig. 5, the second row plots
RMS contribution from modes A2 and B2 and the last row is mean wind total wind speed
from two anemometers and the dots indicated triggered events. The strong total dynamic is
due to wind; Fig. 6 zooms into ore data point showing a triggered time series recrding of
strong wind and resporse. Fig. 7 corresponds to strong resporse in the sscond modes A2 and
B2 (second row in Fig. 5), and the catured signa clearly demonstrates the caise & an
eathqueke (in Indoresia). Basement signals are shown in the top rows of Figs. 6 and 7; The
basement hardly moves due to wind (Fig. 6) but indicaes the locd ground motion die to
eathquekes (Fig. 7).
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Figure5 Accderation and wind statistics for record duing 1997
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5. RECOVERY OF DYNAMIC DISPLACEMENTSBY INTEGRATION

Fig. 8 shows accderation signals (units are gal, equivalent to 1cm/sec) recorded die to an
eathqueke in adistant part of Indoresia and the crrespondng displacements obtained using
a basdline @rrection and doulbe integration procedure (x) incorporating a high pessfilter
with full and zero attenuation at 0.009Hz and 0.04z. From this and aher eventsit is clea
that ultra-long period cscill ations of complete building and passble the whole of Singapore
occur subsequent to the main shock, which itself survives as relatively low frequency
comporents typically concentrated in the 0.5Hz-1.0Hz band, a feaure that makes the mode 2
trigger mechanism very effective. The filter will not work at lower frequencies  the
resporse & periods more than one or two minutes canna be catured, if it exists. Such low
frequency may be expeded in resporse to wind, whose frequencies range down to DC. Even
fierce tropicd storms with sharply rising wind speeals are unlikely to generate quasi-static
respore & such (relatively) high frequencies.

6. RECOVERY OF STATIC DISPLACEMENTSFROM M EAN ACCELERATION

Wind ads as a distributed lateral load with a height dependent profile that depends on the
diredion d the wind die to the surface roughnessin the fetch before the buil ding. Withou
dired measurements this profile can na be known, bu wind codes offer such profil es badked
up by wind tunrels dudies. The anbient vibration survey served a very useful purpaose of
cdibrating finite dement studies of the building and the resulting validated model has been
used to estimate the deflection o the bulding due to the assumed wind welocity profile
normalised to a spedfic wind speal at the roof. The model demonstrates that the building
behaviour lies between that of a cantilever and a shear building, such that a given loading
profile, the lateral displacement is accompanied by a specific rotation. If this rotation is
known the correspondng dislacement can be estimated. For example if buil ding behaves as a
perfect cantilever with a point load at the tip, the rotation a is related to deflection d by
d =2ha/3 where h is height. Sincethe accderometers operate down to OHz (DC) a rotation
of the acderometer by a small angle a is ®nsed as a (mean) static aceleration &= g>xa so
that defledtion can be estimated from accderation via d = 2h&3g . Hence alOmm.sec” mean
acceleration can be interpreted as a static defledion d 188mm. For vibration in mode Al
(again asuming cantil ever behaviour) a 10 mm.sec? acceleration amplitude orrespondsto a

6.3mm defledion which, via the @rrespondng tilt equates to a negative aceleration d
0.33nm.sec?i.e. thetranslational accderations are 3% higher than those recorded.

7. STATIC AND QUASI-STATIC RESPONSE TO TEMPERATURE AND WIND

A seoondary cause of a shift in mean accderation is therma effects in the structure, and
drifting of bias in accelerometers and signa condtioning. The aceerometers themselves
have atemperature-dependent bias and gain, the latter having minimal effect due to the low
mean value, while the thermal bias is generally less than 0.5mill-g per 10°C temperature
variation.
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Figure 8 abowve: accderations, below: displacements due to remote tremor
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Fig. 9 shows the value of mean acceleration at level 65, converted drectly to ‘pseudo
displacement’ on the assumption that the variations are dl due to bulding tilt. The dfed of a
sudden strong wind appears to be seen as a discernible shift in mean value. The @rrelation
with temperature in A direction is clear, for B diredion it is relatively wea&k. Correction o
thermal bias with manufadurer-supgied thermal modelli ng coefficients has littl e impad; the
accelerometers are relatively exposed to the open area of level 65 which itself has vents to
outside. There is a suspicion that temperature drop die to a strong wind may cause the
variation in pseudo-displacement, yet any thermal effeds on the a@uisition system, which is
well i nsulated, shoud generate a @mmon effect on bah channels. Henceit is gill not clea if
pseudo-displacament correspondsto red displacement and the answer is ‘probably naot'.

Figure9 Pseudo-displacements and temperatures during March 2004
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8. PEAK DYNAMIC RESPONSE IN EXTREME EVENTS

Building acceleration and dsplacement resporse & level 65 diwe to the Magnitude 8.0
Bengkulu (Indoresia) tremor and a storm having a 9-minute mean wind speed of 10m/sec
gusting to over 21m/sec d the roof, are given in Fig. 10.These events baoth accurred in 2000,
the values arein gals, equivalent to cm/sec?.

Even for such atall building the dynamic resporse to the tremor, +48mmi/sed, is far greaer
than for the wind which produced +15mmi/sec. The tremor resporse may have been even
greaer as the acquisition system (having range of +/-50mm.sec?) almost certainly clipped the
high frequency comporents. Correspondng dynamic displacenents, by integration, were
respedively +14mm and £18mm. What is remarkable is that while, as expeded, wind-
induced resporse is dominated by first mode, the building resporse during the tremor was
strongest in the second mode of vibrationin ead dredion, athough the aftershock generated
strong first mode resporse (hence larger displacements). As with ather tremors, basement
inpu (not shown) concentrates within the 0.5Hz-1Hz band and there is a very low frequency
(sub-modal) response where the whale buil ding moves as arigid bady.

For tremors all the loading is dynamic, bu for wind the loading comprises comporents due to
the mean wind speed, nm-resonant resporse to bufeting (turbulence) and resonant
comporent. The ratio o total loading to the mean wind (static) comporent is expressd in

modern codes by the fador C,,, =1+2g,1 By1+ R’/B® where g, is a pe& fador relating
maximum Vel ocity Vpex to standard deviation s (v), having avaluein the range 3.0to 3.7for

randam gusts and |, is turbulent intensity in along-wind dredion. Bis a badkgroundfactor,

lessthan or equal to 1, that accourts for ladk of correlation d gusts over tall structures and R
is afador acournting for resonant amplification. Surprisingly, for typicd high-rise buil dings
in Singapore, the reduction dwe to B approximately balances the additional resporse due to
resonance and C,, may be littte more than 2. Using the same logic, an approximate

relationship between pesk dynamic eccderation a, and mean deflections d for abuilding
with retural frequency f,is a, =2g,,B(R/B)X2p1,)" d leaing to a value a,/d =0.64
for Repulbic Plaza, or for dynamic displacement, d; /5 =0.45,i.e. total displacement due to

wind could be over threetimes the peak displacenent obtained from integration d dynamic
first mode resporse.

The total displacement resporse of the building is the sum of static response due to mean
wind speed, dynamic resporse in first mode due to resonant amplification d the buffeting
spedral load around first mode frequency, together with a nonresonant dynamic resporse.
Resonant resporse can be measured, while the other comporents have so far eluded
measurement except in a few incompletely reported studies (7). In addition there is possble
sway due to themal expansion that may or not be mitigated by the medhanicd and thermal
insulation d the artain wall, and the rigid bady movement of the complete structure,
foundstionand all, dueto distant tremors.
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9. PREDICTIONS OF WIND INDUCED RESPONSE

The ambient vibration survey of the building provided a means to validate finite dement
modelling of the structure, and this hase been used, together with estimates of presaire
coefficints validated by wind-tunrel testing, to estimate the wind-induced resporse. For
example, CP3! uses a 3-semnd gust, and taking (for Singapore) a relatively low value of
30m/secprovides an equivalent static resporse of 130mm in A (weak) diredion. applying the
more modern approach with the dynamic resporse factor Cyy, leals to responses of 39mm
(mean) + 37mm (dynamic amplitude). For a more typicd mean wind d 10 m/sec the total
pe&k resporse would be 13mnH+13mm=26mm. The dynamic comporent is in line with the
full -scd e measurement (Fig. 10) during wind having a 10-minute mean speed of 10m/sec.

10.APPLICATION OF GPSTO TOTAL DISPLACEMENT MEASUREMENT

Clealy it is possble to recmver displacements down to periods of around 1minute, bu at
lower frequencies, it is uncertain if the dhanges in acceleration are due to static tilt and sway
of the structure and hav much is due to instrument effects. The only way to oltain absolute
meaairements of total displacement in the frequency range starting from absolute OHz and
including the lower modes of dynamic resporse is GPS which hes previously’ proved a
cgoability of identifying performance in a low frequency, flexible, exposed structure by
comparison with results avail able from other sources®.

Asthe monitoring system for aaceleration
and wind load is aready in operation,
addition and synchronization d a GPS
system provides a unique oppatunity to
operate the building assa giant load cdl.
Fig. 11 shows one GPS antenna located
on the building parapet adjacent to an
ultrasonic anemometer. This is one of a
pair of antennaelocated close to pasitions
2 and 3as marked onFig. 2. The units are
set flush with the parapet in an attempt to
reduce the dances of lightning strike
(one atenna has arealy been replaced
due to this). The base station that is a
stable reference is locaed 10km distant
and is used to provide rredion signals
to compensate for effeds on signa
transmisson from satellites to the
antennae

Figure 11 GPSrover and anemometer
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Given the known pasition d the base station and the locaion estimated by GPS signa
transmission times, the differences (errors) are transmitted in red time to the units at
Repubic Plazawhere a‘real time kinematic' (RTK) differential GPSsol utionis provided.

One problem is systems integration, synchronising the GPSreceivers and RTK output with
the eisting system. The solution wsed is to convert RTK data, ouput as ASCII (NMEA)
values to analog for inpu to extra channels on the existing analog system. At the same time
the raw data (transmisson times) are stored onall three Leica SR530receivers and combined
out of red time using the Ski-Pro software. These data are stored orly on event trigger
commanded by the analog system and it has been found that while quality indicaors
(variance values and satellit e data) are lost in the RTK, the post-processed and red-time data
appea sufficiently close to adopt the simpler RTK solution for practicd use.
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Various problems sich as overheding, power fal ures and landline reli ability have prevented
continuows long term operation bu data ollected in early 2003 and in the first half of 2004
have shown that the system is cgpable of identifying dynamic resporse of the building.
Figure 12 shows time series obtained from accderometers and GPS The top two traces are
from receiver 1, below is from recaver 2 and bdtom is for accderometers rotated into the
same axes asthe GPS
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Differences between recevers 1 and 2show the level of noise yet the mrrespondence shows
that the oscill ations deteded by the GPS at around 3nm RMS, are red and indicde that the
system can measure such small displacenents. Note the lull in East and North drections at
different times refleded in the GPS The am is nat to identify vibration frequency (from the
foregoing it is clea that accelerometers do a chegper and far better job) but to identify
absolute displacements that even careful integration d accderation cita caana reveal.

Finally, Fig. 13 zooms into the resporse of Fig. 9 around diy 14 during a wind storm.
Accderation signals how enhanced dynamic resporse plus sudden changes in mean value.
GPS rover signals s1ow movements of up to 150mm in an apparently linear manner not
predicted by calculations or matched in the mean acderation, and there is a suggestion o

drifting and ratcheting in the resporse. The noise in the GPSis due to correction transmisson
loss and as the uncorrupted record could be recovered from the saved raw data.

e
il aidiBng
NN s

11.CONCLUSIONS

From study of dynamic resporse of one tal building in Singapore, surprising results have
been dbtained abou the relative importance of seismic and wind loading. Attempts to identify
the magnitude of the static comporent of these resporse have invaved integration o
acceleration, interpretation d mean accderation as tilt and finally, use of a dual-rover GPS
system Despite dl these procedures more questions have been raised than have been
answered abou the nature and causes of the quasi-static movements of the building. Only
long-term study and correlation between various recrded loads and effeds will provide the
understanding of the mechanisms at work.
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