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SUMMARY

Wind-induced response of tall buildings consistshoée components: static, quasi-static and
resonant. It is necessary to use different sensorsan integrated manner — GPS,

accelerometer, inclination sensor and so on — deroto monitor and identify these three

components. There are some differences among Hees®rs with respect to data sampling
rate, data quality, and their measurands. Therelmig different sensors together for a
monitoring project is important because of the urigontributions of each sensor, as well as
the different sensitivities.

Although GPS is capable of measuring absolute atgphent directly, multipath effects
distort the pseudo-range and the carrier phasenaigms, and hence decrease the data
quality in low frequency range. It is not possitidedetect static and quasi-static displacement
of structuresreliably unlessthe multipath error is removed by an appropriate mttga
algorithm or procedure. Inclination sensor data roagpensate for this weakness of GPS
caused by multipath.

In this study, the behaviour of a tall reinforcemhcrete building (30 stories) under wind load
has been monitored by GPS and inclination sengxata collected by these sensors have
been analysed in the time and frequency domainsadt found that GPS observations were
distorted by multipath caused by a reflecting stefan top of the building. According to
analyses in the frequency domain, tileriode natural frequencies of the building determhine
from both sensors agree very well with each otfiee discrepancy of this measurédmode
natural frequency compared to that derived from FHEwite Element Model) prediction is
7%. This paper also discusses the strengths anénesses of GPS vis-a-vis the use of
inclination sensors for monitoring the dynamic aqehsi-static response of tall buildings
under wind load.
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1.INTRODUCTION

Relative displacements are key to assessing stalctynamics. But it is diffucult to measure
directly. One of the most popular geotechnicalrinsients is accelerometer, which is used
widely in monitoring the engineering sutructuresicts as tall buildigings, towers and
suspended bridges. Measuring acceleration respeqgs@es a double integration process to
derive displacements. For this reason, GPS is @albld tool to capture actual displacement
directly. Lovse et al (1995) studied the perforneantthe GPS for monitoring tall structures.
Celebi et al (1997,1999) discussed the conceptdasdribed successful preliminary tests to
prove the technical feasibility of the applicatiohGPS to monitoring structures.Tamura et al
(2002) reported that RTK-GPS could measure disptacgés when vibration frequency was
less than 2 Hz and the amplitude was more than 2Numerous studies can be found in
published literature on the feasibiliy of using GP%ccelerometer to monitor dynamic
structural vibration due to various loading coratis (Lovse et al. 1995, Ogaja et al. 2003,
Brownjohn 2004, Celebi et al. 2002, Roberts e2@00, 2004, Hristopulos et al. 2007, Barnes
et al. 2004, Bereuer et al. 2008, Li et al 2008k 4 al 2008). Li et al. (2006 a-b-c) studied
the integration of GPS and accelerometer for thpgme of monitoring static, quasi-static and
dynamic components of engineering structures. \fepently, the application of Robotic
Total Station and Terrestrial Laser Scanning fanaigic measurement of displacement has
been investigated (Gikas, 2008, 2009).

Many engineering structures, such as tall buildirtgsvers, cable-suspended bridges, are
vulnerable and sensitive to wind-induced vibratgord resultant damage. The trend toward
constructing higher buildings and longer bridgethviéss material has contrubuted to a new
generation of wind-sensitive structures that thedemo-day structural engineer must cope
with (Liu,1991).

Wind-induced structural vibration depends to adaegtent on the characteristic of structures.
The three most relevant characteristics are shstfffhess or flexibility, and damping. In
addition to the structural characteristics, windtioed structural vibration also depends on the
charecteristics of wind (Liu, 1991). Wind-inducezsponses of a structure generally consists
of three components; static component due to mead Verce, a quasi-static component
caused by the low frequency wind force fluctuatésm a resonant component caused by the
wind force fluctuation near the structure’s firsbae natural frequency (Tamura, 2003). For
instance, the turbulance in wind buffeting on dintes causes vibration. Buffeting can be
especially serious if the dominant frequency obtlance approches the natural frequency of
the structure (Liu,1991).
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Full-scale measurement is considered to be the metisble method for evaluating wind
effect on and dynamic charecteristic of buildingl atructures. During the last two decades a
revolution in data handling and collection has mpdssible enormous strides in full-scale
measurements of dynamic behaviour of tall buildifigset al, 2002).

This paper presents the preliminary results of nmegsent and analysis of a tall reinforced
concrete tall building under a small scale winddiag. The full scale measurement were
performed with the aid of GPS, inclination sensnd anemometer. The measured wind-
induced response of the building from both senkass been analyzed in both the time and
frequency domains in order to detect the natuegjudency of the building and to compare the
measured frequency with the predicted frequenaw fitee Finite Element Method(FEM). The
strengths and weaknesses of GPS vis-a-vis thefuselination sensors were also discussed
for monitoring the dynamic and quasi-static respoos tall buildings under a small scale
wind loading conditions. The paper ends with somedippinary conclusions.

2. THE STRUCTURE AND ACTUAL DEPLOYMENT

The structure investigated in this study is a 30est tall reinforced concrete building in
Konya, Turkey. It consists of 44 columns with difet sizes and 2 shear-nucleuses (core
construction). The building has been used as d boteed by Rixos Hotel. The building’s
structural height is approximately 100 m above gtreet level. The foundation area of the
building is 685 ri whose floor plan looks like ellipse (Yigit et &008). The plan view and
the picture of the building can bee seen in Figure

N

\ ~24 m
| |
I 1

B Inclination sensc
@ GPS
A Anemomete

Figurel. Plan view and Pictures of the Rixos Buildindionya

GPS, inclinometer and anemometer have been deployethe tall reinforced concrete
building in order to monitor its dynamic respongevarious loading conditions, such as wind
and earthquake. Schematic overview of GPS, inclegtemand anemometer sensors array can
be seen in Figure 2.
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A GPS antenna was installed on the north-east carinthe top of the building in order to
monitor the actual tip displacement of the buildihg this monitoring project, GPS system
consisted of two Topcon HiPer Pro receivers, ong $&i up as a rover station on the top of
the building, and the other as a base stationiltar pvith good sky view, about 1 km away
from the building, as shown in Figure 2.

Anemometer

Rixos Building

Baseline Length = ~1 km

Figure 2. Schematic overview of GPS, inclinometet anemometer deployment in the
building.

Two inclination sensors have also been deployetherbuilding to monitor its inclination.
The biaxial inclination sensors namely Leica Ni22D have been installed at the'zihd 26'
floors on one of the shear-nucleus, which are erséme side as GPS (for the purpose of easy
comparison), see Figure 2.

In addition to GPS and inclination sensors, an ameater, Young Model 05103 wind
monitor manufactured by the Campbell Scientifics Heeen installed on the top of the
building in order to monitor horizontal wind spesad wind direction. Initial (zero) direction
of the anemometer has been oriented along the ectdin of the inclination sensors. It can
measure wind speed wit#0.3 m/s accuracy and wind direction witB” accuracy.
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3. FINITE ELEMENT MODEL OF THE BUILDING

The three dimensional model (FEM) of the buildingswproduced with SAP2000 v10.0.1,
structural analysis program, with the aid of thesige documents (Fig. 3). The theoretical
natural frequencies were predicted by using thislehd-EM predicted natural frequencies and
period are given in Table 1. In dynamic analyses, nowyné first step is the calculation of
the natural frequency values. It is usually statedt a few number of modes and the
calculation of their frequency values will be preally sufficient for the studies. The number
of modes that will be considered in the analysesngbhs with respect to the type of the
construction. Since the first mode in high buildemgalyses involves nearly 90% of the total
reaction, the analyses of first three modes becosoéficient to determine the structural
behavior of such buildings.
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Figure 3. A view of FEM generated by SAP 2000

Table 1 FEM predicted natural frequencies and plerio

Mod No.  Frequency Period

(H2) (sec)
1 0.38 2.6
2 0.55 1.8
3 0.62 1.6

4. DATA ANALYSIS AND RESULTS

In this study, both kinematic GPS and inclinaticatadwere collected together on a windy
day. The reference GPS was setup up 1km away, &8 €ampling rate was 10 Hz.

Inclination sampling rate was 1 Hz. We focused lon data part collected by both GPS and
inclination sensor to find the natural frequencytleé building. GPS data were collected in
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kinematic survey mode and post-processed with L&ea Office 3.0. One of the Nivel data,
installed on 21 floor, is available. The other Nivel sensor is megilable due to a out of

range problem during this experiment, indicating ofthe drawbacks of such a geotechnical
sensor.

Figure 4. Mean & maximum wind speed (upper) andmveiad direction (bottom) for all day

Figure 5. Mean & maximum wind speed (upper) andmveiad direction (bottom) during the
experiment
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Mean and maximum wind speed and mean wind dirediioa series from the anemometer
can be seen in Figure 4 for all day. Figure 5 mam in of Figure 4, corresponding to the
experiment data set. According to anemometer raogsd the wind direction was mostly
South-West during the experiment, that is, aldmgY direction of the Nivel (Ne), see
Figure 6.

The major axes of the building correspond to thesasf the Nivel, see Figure 6. As can be
seen from the Figure, Nivel sensor coordinate systed GPS coordinate system axis are
different from each other. For comparison and iraBgg the time series from two seperate
systems, GPS coordinates, WGS84, are projectedWhitd grid using LGO, then projected
to the Nivel coordinate axis system using the feitg rotation matrix. 2D transformation
equations can be seen below.

Xeps _ COSA  sina  Xgps )

. - sing cosa Ygpq

Where, is the angle between the GPS and Nivel coordisgséems, which measured and

calculated from two adjacent GPS sites on the dauiiding line paralel to Yive.. Xqps and

Y.ps are the projected GPS coordinates to Nivel coatdisystem. After the transformation,
note thatX .. and Y,.sare paralel to Xye and Yaivel , respectively.

N
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Figure 6. Plan view of the building & GPS and Niagks orientation with respect to building

The overall plots of the time series of the kindm&PS displacements iX . and Y,.q

directions are shown in Figure 7. From Figure @&, tinimum and maximum displacements
in X direction are around -2.0 cm and 3.0 cm, respely. For Y direction, they are around -
1.0 cm and 1.0 cm, respectively. Is this becausesighificant static and quasi-static
movement of the building under the mean wind logdin because of multipath effect due to
reflected surface on the building? It must be nuer@d here that the top of the building
contains structural and arthitectural stellworkmib@ antenna. Multipath mitigation is not in
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the scope of this study. For this reason, no attengs made to mitigate multipath error.
Resonant (dynamic) component of the GPS time seri¥sand Y direction are around 6 to 8
mm and 3mm to 5mm, respectively. It can be se@arlgl that resonant (dynamic)
component of the GPS in X direction are larger timayi direction.

Figure 7. Kinematic GPS displacement time series

The Nivel sensor sense and measure the inclinatianges of the building. The Nivel sensor
measured values X and Y are in mrad, i.e. 0.001lInatination measurements have different
units to the GPS measurements. As a resultnigégssary to derive displacement value from
inclination data in order to compare GPS withéligensor in time domain. The following
simple equation can convert the measured inclinatadue to displacement value.

d=h*a (2)
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Figure 8. lllusturation of converting inclinationto displacement
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where, d is the derived displacement in mm, h éshbight of the sensor in meter aadis
the measured inclination value in mrad. Note that@quation 2 is not valid in all cases. It is
applicable if a structure keep its linearity afteading, see Fig. 8(a). In the case of tall
building subject to wind loading, for example, therived displacements from the inclination
data using equation 2 can not reflect the actualament of the building due to non-linear
behaviour as can be seen from Figure 8(b). Niveisdd displacement time series from
equation 2 are given in Figure 10. From the figitlrean be seen that the Nivel-derived
displacement is about ten times larger than thenaas component of the kinematic GPS for
both X and Y direction. This also supports the a&bdisscussion. Hovewer, it is obvious that
X direction of the Nivel is larger than Y directiowhich is similar to corresponding GPS
axes. This clearly indicate that two sensor shaowilarity in terms of monitoring and sensing
the movement direction of the building.

Figure 9. Inclination time series
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Figure 10. Inclinometer-derived displacements tgeres

A key aspect of structural dynamic analysis cone¢ine behavior of a structure at resonance.
The natural frequency of vibration of a structumresponds to that structure's resonant
frequency. If a structure is subject to vibratainits natural frequency, the displacements of
that structure will reach a maximum, i.e. resonaite dynamic performances of tall
building under varying loading condition are remmed by its natural frequency in the
direction of major, minor axes and rotation arowedtical axis. Spectrum analysis through
Fast Fourier Transform (FFT) is a common methoaaferting time domain data into its
frequency domain. Thus, frequency domain signatiobtained using FFT in order to detect
natural frequency of vibration of the building. &rg 11 is the FFT spectrum of GPS data.
Figurel2 is a zoom-in of the overall GPS spectrimows in Figurell. It appears to be very
noisy at the lower frequency end (0-0.2 Hz) forhbot and Y direction. This is due to
multipath error and other GPS error as mentionddreeFrom Figure 12, it is obvious that
there is a 0.41 Hz component in both X and Y dioect
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Figure 11. FFT Spectrums of Kinematic GPS Timee3sior X & Y directions

Figure 12. Zoom in of the FFT Spectrums of Kinem&PS Time Series

Figure 13 is the FFT spectrum of Nivel-derived tispment data. Inclinometer data in
Figure 13 appear to be very clean at the lowerugaqy end (0-0.05Hz). This indicates that
there is no quasi-static or static movement oftihigding due to nature and structure of the
wind during the event. This result also proves thatGPS data were strongly contaminated
by multipath error. Further experiments are neetetfind out how well inclinometer can
detect quasi-static and static displacements obthleing due to mean wind loading, as well
as how close inclinometer-derived displacement ihé actual displacement.

TS 1D — Deformation Measurement of Structures USINSS 11/15
Cemal Ozer Yigit, Xiaojing Li, Cevat Inal, Linlin €& Mevlut Yetkin, M. Hakan Arslan

Analysis of Wind-Induced Response of Tall Reinfar€oncrete Building Based on Data Collected by @GR&
Precise Inclination Sensor

FIG Congress 2010
Facing the Challenges — Building the Capacity
Sydney, Australia, 11-16 April 2010



Figure 13. FFT Spectrum of Inclinometer Derivecdpthsement time series

It is clear that the spectrums for both the inaim@ter and GPS sensors have the dominant
frequency of 0.41 Hz, indicating that it is the kst natural frequency of the building. The
measured natural frequencies from both sensorsshisaved good agreement (within 7%)
with finite element analysis predictions. The digancy between the measured and predicted
frequency may due to unrealistic theoretical assiomp of the model building or
considerable changes during the design stage xamgle. From the FFT spectrum of both
GPS and inclinometer, It is also obvious that thmplgudes of first mode in the X direction
are stronger than in the Y direction, indicatingttthe the Y direction of the building is stiffer
than the X direction of the building. it also ischese of the Y direction of the building has a
thick length than the X direction.

5. CONCLUSION AND SUGGESTIONS

In this study, GPS, inclinometer and anemometele Haeen installed on a tall reinforced

concrete building. The data have been collectethgua small scale wind event, mostly in

the South-West direction. The measured wind-induasgphonse of the building from both

sensors has been analyzed in both the time andidney domains for the purpose of

detecting natural frequency of the building and panng the sensors with each other as well
as comparing the measured frequency with the pestifcequency obtained from FEM.

In the frequency domain, both the GPS and incliremghow a peak at 0.41 Hz, indicating
the lowest natural frequency of the building. Theasured frequency from the two sensors
showed good agreement (within 7%) with the predidiequency obtained by FEM. In
addition, the two sensors agree very well eachraththeir overlapping range 0 — 0.5 Hz. In
this study, GPS show good performance althoughwthd speed was low and GPS data have
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been contaminated by multipath error. It can b® alaid that GPS proved its ability of
capturing the lowest natural frequency of the boddalthough tip displacement is less than 1
cm.

In the time domain, the Nivel-derived displacemesihg equation 2 is about ten times larger
than the resonant component of the kinematic GP®dth X and Y direction. This is likely
due to the non-linear behaviour of the buildingomsse to wind loading. As a result, GPS is
still indispensable tool in order to detect acttipldisplacement of the building. However,
inclination sensor can monitor dynamic response tdll RF building during a small scale
and weak wind event. Therefore, inclination senisola good tool to monitor dynamic
response of a tall RF building under weak wind ingctondition. Further investigations are
still needed to find out the performance of thelimation sensor in monitoring tall RF
buildings.
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