Makara Journal of Technology

Volume 18 | Issue 1 Article 1

4-1-2014

Dynamic Characteristic Identification of Seismic-Excited Multi-
Story Buildings through Response-Only Technique

Agung Budipriyanto
Department of Civil Engineering, Institut Teknologi Sepuluh Nopember, Surabaya 60116, Indonesia,
agungbp@ce.its.ac.id

Priyo Suprobo
Department of Civil Engineering, Institut Teknologi Sepuluh Nopember, Surabaya 60116, Indonesia

Follow this and additional works at: https://scholarhub.ui.ac.id/mjt

6‘ Part of the Chemical Engineering Commons, Civil Engineering Commons, Computer Engineering
Commons, Electrical and Electronics Commons, Metallurgy Commons, Ocean Engineering Commons, and

the Structural Engineering Commons

Recommended Citation

Budipriyanto, Agung and Suprobo, Priyo (2014) "Dynamic Characteristic Identification of Seismic-Excited
Multi-Story Buildings through Response-Only Technique," Makara Journal of Technology. Vol. 18: Iss. 1,
Article 1.

DOI: 10.7454/mst.v18i1.2936

Available at: https://scholarhub.ui.ac.id/mjt/vol18/iss1/1

This Article is brought to you for free and open access by the Universitas Indonesia at Ul Scholars Hub. It has been
accepted for inclusion in Makara Journal of Technology by an authorized editor of Ul Scholars Hub.


https://scholarhub.ui.ac.id/mjt
https://scholarhub.ui.ac.id/mjt/vol18
https://scholarhub.ui.ac.id/mjt/vol18/iss1
https://scholarhub.ui.ac.id/mjt/vol18/iss1/1
https://scholarhub.ui.ac.id/mjt?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/240?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/252?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/258?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/258?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/270?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/288?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/302?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/256?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarhub.ui.ac.id/mjt/vol18/iss1/1?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss1%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages

Makara J. Technol. 18/1 (2014), 1-10
doi: 10.7454/mst.v18i1.2936

Dynamic Characteristic I dentification of Seismic-Excited Multi-Story Buildings
through Response-Only Technique

Agung Budipriyanto and Priyo Suprobo
Department of Civil Engineering, Institut Teknold&gpuluh Nopember, Surabaya 60116, Indonesia

"e-mail: agungbp@ce.its.ac.id

Abstract

Identifying dynamic characteristics of civil engaring structures is still a challenging task. teimds to assess behavior
of the structures under time-dependent loads. Plaiger discusses a methodology suitable for identjfythe
characteristics of multi-story buildings using ortlyeir measured response under earthquake groucithteons.
Appropriateness of technique used for structurahtification was corroborated through coherencéhefstructure’s
responses. The methodology was applied for identifghe characteristics of 14-story and 20-storficefbuildings
located in a high seismic region. Responses ofethe® buildings recorded during three differentss@t ground
motions were investigated. The buildings’ respasysectral densities and singular values were cordpand utilized to
identify their dynamic characteristics, viz. modedquencies, damping factors, and mode types sadbeading or
torsion mode. Results of this study were validatieeugh comparisons with the results reported ugliifgrent
structural identification techniques. It indicatétht the methodology implemented in this study wapable of
identifying the dynamic characteristics of multst buildings using responses under seismic gronotions.

Abstrak

Identifikasi Karakteristik Dinamik Gedung Bertingkat dengan Menggunakan Respons Seismik dari Struktur.

Identifikasi karakteristik dinamik struktur sipiektujuan untuk mempelajari perilakunya akibat bepang bervariasi
dengan waktu. Makalah ini membahas metodologi urdektifikasi struktur gedung bertingkat denganysmeng-
gunakan respons yang diukur selama terjadi gempnDmakalah ini, koherensi respons struktur diganauntuk
menjustifikasi penerapan metode yang dipakai. Matmd tersebut diaplikasikan untuk identifikasi &k&reristik
dinamik (frekwensi, faktor redaman, dan ragam)kétnugedung bertingkat 14 dan 20 dengan menggunakapons
percepatan yang direkam selama tiga kejadian gehgsil dari studi ini dibandingkan dengan hasidstierdahulu
yang diperoleh dengan metode yang berbeda. Hasgltet mengindikasikan bahwa metodologi ini mammnga
identifikasi karakteristik dinamik struktur gedubgrtingkat dengan menggunakan responsnya akibahtgdmpa.

Keywords: dynamic characteristic identification, multi-story building, seismic excitation, response-only technique

1. Introduction element structural models, studying performancéef

structures under time-varying loads, and estalvigshi
Dynamic characteristic identification of civil engeering baseline of vibration-based health monitoring oé th
structures, e.g., buildings, bridges, and fixedstodfe structures.

structures, needs to be carried out for assessiag t

structures under time-dependent loads. These dgnami In carrying out experiments on a large civil engirieg
characteristics include the natural frequency, dagp structure for measuring these dynamic charactesisiti
factor, and mode shape or type. In many cases the would be difficult to excite the structure usingifarial

structures’ dynamic characteristics obtained froqpee excitation forces. Therefore, these characteristios
rimental investigations are required. These ingasitns viably obtained from the structure’s response under
are conducted, for instance, for updating numefioie natural excitation loads, e.g., the wind, wavesfitr, or
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seismic loads. One of the advantages of utilizimgsé
excitations in vibration testing is that they alldie
structure undergoing testing to be in its normarapional
conditions. As no excitation force data is acquired
during testing, the structure’s dynamic charactess
can only be identified from its response recordedng)
these natural excitations.

Studies on system identification of multi-story ldings
under seismic ground excitations have attracted the
attention of researchers. In [1-3], applicationAafto-
Regressive Moving Average with exogenous input
technique was reported to identify dynamic charéste
tics of the structure. A 26-story building was séalin

recorded seismic and ambient responses. Incremental
dynamic analysis and modal pushover analysis app-
roaches were implemented to predict nonlinear deism
response of the building using the calibrated model

Kim et al. [8] proposed a time domain method for
identifying dynamic characteristics of a single aegof
freedom system with unknown excitations. They
verified the effectiveness of the method through
numerically simulated data and data collected fthen
experiment carried out on a reinforced concrete
highway bridge located in Southern California. Bexsa
their proposed method was based on the single éegre
of freedom approach, there would be problems when i

[1]. Its responses were measured using seismometerswas applied to systems having closely spaced modes.

mounted at three locations along the building’ghei
Then they were employed to obtain the structure’s
dynamic characteristics. They stated that the tiecien
could be utilized to identify the dynamic charastcs
from few seismic response data. In [2,3], dynamic
characteristics of multi-story buildings under s@is
loadings were estimated from the buildings’ respsns

Ibrahim Time Domain identification technique was
utilized in [9] for dynamic characteristic identfition
of a multi-story building from its seismic response
the analysis, the response used was selected tsthéha
identification technique could be applied to extrac
dynamic characteristics of the building. Selectidrihe
input data from seismic response for the identiiica

measured in the basement and at the roof using the technique was found to be rather time consuming Th

above-mentioned technique. The buildings’ response
spectra and spectral ratios were computed for é@térg
their natural frequencies.

The performance of a multi-story building undersegc
loadings was studied, and the results were disdusse
[4,5]. In [4], the authors utilized the building'seasured
response to compute its dynamic characteristicsgusi
the method employed in [1-3]. Finite element anedys
were carried out to obtain an appropriate numerical
model for simulating the structure’s time responsder
these loadings. The ARX method was also applid8]in

for structural system identification of a 13-stateel-
moment resisting frame building to extract dampiips

and natural frequencies of the building under déffee
earthquake excitations. Damage detection methods
including frequency changes and presence of high
frequencies were applied to detect fractures tbetiroed

in the building due to the seismic ground motions.

Zhang et al. [6] reported results of investigation
dynamic characteristics of a 20-story building unde
ambient and earthquake loads. They pointed outtieat
building’s natural frequencies obtained using ambie
and earthquake forces were slightly different. t€ini
element analysis of the 20-story building was catet
and the results were reported in [7]. The buildéng’
responses in horizontal and transverse directibteired
from the finite element analysis were calibrateihgiits
recorded ambient responses. The calibration was con
ducted in order to elicit the building’s finite etent
model having similar natural periods with those sueed
under the ambient forces. In their study, comméycia
available computer software was employed to obtain
natural periods and damping factors of the buildiogn
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blind source separation along with random decrement
method was employed in [10] to measure natural
frequency and damping ratio of inode of the 14-story
building. Responses of the building recorded during
four earthquake excitations were utilized in thisdy.

This paper discusses a methodology applicable for
dynamic characteristics identification of multiisto
buildings using response data recorded during $eism
ground motions. In this study, coherence functicasw
computed prior to carrying out dynamic charact&sst
identification of the structure to verify whether oot
nonlinearity was present in the structure. Heree
appropriate system identification technique, Viinear

or nonlinear technique, could be selected. Thereoice
function was obtained from selected reference deism
response and responses measured at differentstsict
locations. When the structure is linear, its natinegjuency
can be determined through spectral density magmitud
and phase of the seismic responses. This studly part
adopted techniques proposed in [11,12] to obtae th
damping factor and mode. Singular values of the
seismic response spectrum were computed to separate
possibly closely spaced modes. Then unlike the odkth
proposed in [11,12], the singular values of thectpen
were transformed into the time domain to get respsn
of single degree of freedom systems from which dagp
factors could be elicited. Curve-fitting techniqueas
employed to extract damping factor from the respens

To demonstrate its efficacy, the methodology presén
in this paper was applied to extract the dynamic
characteristics of 14-story and 20-story instruradnt
office buildings located in an active seismic zone.
Under United States Geological Survey National 18ro

April 2014 |Vol. 18| No. 1
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Motion Program [13], acceleration sensors werealtest
on different locations and floors of the buildings
measure their response under seismic loadingsummshts
mounted in the buildings could monitor horizontal,
transverse, and rotational displacements; toté#; @nd
inter-story drift of any floors in the buildings g
earthquake loadings.

The 14-story building was 45.5m long, 32.3m wided a
49.7m high (measured from the ground floor). It was
moment-resisting frame structure. Nine acceleroraete
were installed on the building floors. They weredted

in the basement, on th&' #loor, and at the roof of the
building to measure the building’s seismic respoimse
the transverse, longitudinal, and vertical; aneécions,
viz. the x-, y-, and z-axis directions, respectyyedee
Figure 1(a). On the building floors, two acceler¢ens
were deployed to measure response in the vertical
direction, two accelerometers were mounted to nreasu
the response in the longitudinal direction, ande fiv
accelerometers were deployed to measure the bgitdin
dynamic response in the transverse direction. A&coel
meters deployed for measuring seismic responshein t
transverse direction, i.e. the x-axis or EW dimeuti
were located at the building roof, on tH& f®or of the
building, and in the basement; they were named

The 20-story building was 80.5m tall, and its plan
dimension was 38.5m by 38.5m. The building was a
moment-resisting steel frame structure with 14.68m
14.63 m steel shear wall core located in the ceoftdre
building. In the building a total of 30 acceleroemst
were installed. They were located in the basemamt,
the £, 2 7" &" 13" 14" 19" and 2 floors and at
the roof of the building. These acceleration sensmre
capable of measuring the building’s acceleration
responses when it was being shaken by strong ground
motions. There were one tri-axial and 29 uni-axial
acceleration sensors in the building. The tri-axial
accelerometer was deployed for measuring accederati
response in the three axis directions, viz., hotiab
vertical, and transverse directions, while the axial
one was mounted for measuring the response either i
horizontal, vertical, or transversal directiongtie 1(b)
shows sensor locations mounted on the 20-stordihgil

In this study, the responses of accelerometers #23,
#29, and #32 were employed to obtain the building’'s
dynamic characteristics. Earthquakes shook these tw
buildings, and their acceleration responses dutiege
ground motions were measured and documented.

This paper presents results of investigations aradhc
characteristics of these multi-story buildings unitheee

accelerometer #1, #2, #3, #4, and #9. Responses earthquake ground excitations, respectively; fer 14-

measured using four accelerations, except that of
accelerometer #3, were utilized in this study tineste

the building dynamic characteristicsResponse of
accelerometer #3 was not available for all seismic
excitations investigated in this study; therefarevas

not used for the dynamic characteristic identifmat

(a) The 14-story building

Floots Zafs oL
14th (Roof) & 3 o
= Bth | a4
3rd
3 2nd e
% Ground > % =
). Basement e

all unit i meters
not to scale

story building the earthquakes investigated in $tigly
occurred on October 23, 2002; November 3, 2002; and
December 15, 2003; and for the 20-story buildingyth
occurred on December 15, 2003; April 23, 2004; and
May 30, 2004. Tables 1 and 2 present information
regarding focal depth of the earthquake, the digtan
measured from the earthquake’s epicenter to tHdibgi

(b) The 20-story building

2

7

Floors L
Rool 4
201h |
19th |2

42 556

14th |4
15th |A87 2

80.54

17639

2nd |4 =
Sircel Level |45
Parking |44

33532

all unit in meters
not 1o scale

39.6

Figure 1. Locations and Directions of Acceleration Sensors Mounted on (a) the 14-Story Building and (b) the 20-Story

Building (Redrawn from [2,3])
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Table1l. Focal Depths, Epicentral Distances, and Peak 2. Methods
Ground Accelerations of the Earthquakes Shook

the 14-Sory Building For two response measurementdt) and y(t), the

Seismi Focal depth Ep. dist? PGAY cross-spectral density function can be obtainedgusi
eismic event (km) (km) (cm/d) [11]
Oct 23, 2002 10.0 278.6 3.4
2 N«
Nov 3, 2002 5.0 286.0 15.6 Sxy(f) = AT Z XY . (1)
Dec 15, 2003 37.0 20.0 6.4 d i=1
3 The epicentral distance was measured from thaagaake epicenter . . . . .
to the building location® PGA presented in this table was peak i=1,2,3..N, 4tis sample t'm_e intervahy is number of
acceleration measured in the basement of the bygilifi the E-W records,X; andY; are Fourier transforms of(t) and
direction [2,6] yi(t) respectively. In this study these responses were

obtained when the multi-story building structureswa
excited by earthquake forces. The spectrum was used

Table2. Focal Depths, Epicentral Distances, and Peak for estimating dominant frequency of the structure.

Ground Accelerations of the Earthquakes Shook

the 20-Story Building The phase angle of the cross spectral density is
Seiomic event Focal depth Ep. dist?  PGAY computed using the expression below:

(km) (km) (cm/<) 0. =taril Im S,y (f) o
Dec 15, 2003 37.0 18.6 6.4 Xy ReS,(f) '
April 23, 2004 41.3 23.4 1.47
May 30, 2004 127.6 126.1 1.96 ReS,, and ImS,, are respectively the real and imaginary
3 The epicentral distance was measured from thaqaake epicenter parts of the spectrum.
to the building location? PGA presented in this table was peak
acceleration measured in the basement of the bgilth the E-W To check linearity of the structure, the coherence
direction [2,6] function can be obtained using [11] as follows:
2

o o _ ,  [Sy(D)
investigated in this study, and peak acceleration Wy = e e (3)

response recorded in the building’s basement irEifve Y S ()Syy ()
direction [2-6]. These buildings’ seismic responaese
chosen since these response data have been well
documented so that they were readily availablettier
study presented in this paper.

Sy(f) andS(f) denote the cross-spectral density of input
and output responses and the auto spectral derigtg
input, respectively.

It should be noted that finite element analyseghef The coherence function can be utilized to discraten
buildings under these seismic ground motions coold linear and nonlinear structural systems [14]. This
be carried out in this study because detailed sirat function value ranges from 0.0 to 1.0. When the

coherence function value is about 0.0, it indicadtes
the system is not linear. The system is designttdzt
linear when the function value is close to 1.0.

dimensions of the buildings could not be obtained.
However, finite element analyses of the buildings
investigated in this study had been conductedudiss
reported in [4,5,7]. Those studies were performétth w
the intent of obtaining numerical models for the
buildings where their time responses were simdahe

As the input excitation was not measuradreference
response needed to be determined. In this study, th

A ) coherence function was obtained for determining a
buildings’ time responses recorded during earthguak | ofarence response. Coherence functions of any

excitations. Investigation carried out in this studas combination of two responses measured at different
aimed at implementing a methodology applicable for pyjding locations were computed and examined.
dynamic characteristic identification of multi-syor Response measured at a location of the structuse wa
building using its responses measured when thelibgil selected to be a reference if coherence functidnesa
was being shaken by earthquake ground motions. obtained using the reference and any other invastiy
Dynamic characteristics of two multi-story buildsg  response recorded at different building locatiorerew

under respectively three different seismic loadingse good, i.e., close to unity, or resulted in higheherence
investigated, and the results are reported in ghjser. values. When a reference response had been determin
Results of this study were verified by comparingnth dynamic characteristic identification of the buidi
with results of studies reported in [2-4,6,7]. could be accomplished.

Makara J. Technaol. April 2014 |Vol. 18| No. 1



Dynamic Characteristic I dentification of Seismic-Excited

When the building structure behaves linearly ared it
modes are well separated, natural frequencies ®f th
structure can be roughly estimated using auto aoske
spectrum of the measured seismic responses. Ibean
conducted by examining the frequencies that corres-
ponds to the peak magnitudes of spectrum. Howeer f
a system having closely spaced modes, effects ef th
adjacent modes would lead to erroneous identified
dynamic characteristics. Therefore in this studhgsiar
values of the spectrum were computed to decompese t

response spectrum into response of single degree of

freedom systems where the dynamic modal
characteristics could be extracted [12]. In additithe
phase of the structure’s response spectrum unéee th
excitations was obtained to distinguish the type of
vibration mode, viz., bending mode or torsion mode.

Auto spectral density of the outp,(f), and spectral
density of the inputS(f), can be related using the
expression given below [12]:

—_* T
Sy (f)=H"(f)Sk(f)HT(f) (@)
where H(f) and H'(f) denote frequency response
function and its conjugate, respectively. Suppdse t
inputs are uncorrelated and their spectra areirflahe
vicinity of the structure’s natural frequencSy(f) is a
diagonal matrix having constant magnitude. In taise
EqQ. (4) can be written
Sy (f)=SH"(f) HT(f). (5)
Sdenotes the spectral density, and it may be omitted

because its values are constant. Accordingly, the
spectrum can be computed using the expression

S
S(D=2 550

=1

T

44
(icf-A)

(6)

wheren is the number of modegis the eigenvectoi
and \" are the complex pole and its conjugate
respectivelyf denotes frequency, superscriptienotes
matrix transpose, and=V-1. In matrix form, the
spectrum can be expressed as the multiplicatighreg
matrices as

Sy(f)=dAdT. @)

@ is matrix of spectral eigenvalues, where natural
frequencies and damping factors can be extractetd\a

is matrix of eigenvectors, where mode shapes can be
obtained.

Unlike the method proposed in [11,12], in the study

reported in this paper the singular values were
transformed into the time domain, and damping facto

Makara J. Technol.

5

was then estimated in a least square sense using th
expression given below:

4
1-¢

y = Ae ¢ 2t cod2mrf4t) +

> sin(27de t) (8)

whereA is a constanft,, andfyare natural frequency and
damped natural frequency, respective]yjs damping
factor, and denotes time.

The methodology described above was applied for
identifying dynamic characteristics of the 14-stanyd
20-story office buildings in the EW direction usitiir
responses under three different earthquake ground
motions, respectively.

3. Results and Discussion

To implement the methodology proposed in this study
cross spectra of the structure response were cechput
so that the structure’s predominant frequency uticer
investigated earthquake excitations could be estidha
Dominant frequency corresponds to largest response
amplitude in a frequency range of interest. Théreoence
functions computed using responses measured on
different building floors were plotted to examineet
building’s dynamic response characteristics, iieedr

or nonlinear, under these seismic loadings.

Figures 2 to 4 show cross-spectrum, coherence, and
phase spectrum obtained from responses of theoty-st
and 20-story buildings under the earthquake loaling
investigated in this study. The 14-story building
responsesemployed for computing the spectra were
those recorded from accelerometers #4 & #1, #4 & #2
#4 & #9, and #1 & #2; see Fig. 1(a) for the
accelerometer numbers. For the 20-story buildihg, t
responses recorded using accelerometers #17, 293, #
and #32 were employed to obtain the spectra and its
dynamic characteristics in the EW direction.

Figures 2(a) to (f) and Figs. 3(a), (b), and (Q)wslihe
spectrum, coherence, and phase spectrum of the 14-
story building seismic response. As seen in Figa) 2
and (b), frequency at predominant peak spectrum
magnitudes under the October 23, 2002, and November
3, 2002, earthquake excitations were about 0.4 Hz.
Smaller spectral amplitude at higher frequency alas
observed; see Fig. 2(d). Under the December 154,200
earthquake loadings, however, the response spectrum
had the predominant frequency of 1.51 Hz. Larger
amplitude at the higher frequency might be due to
relatively short distance of the epicenter to thédding

and the earthquake magnitude such that higher
frequency mode of the building was excited. Undier t
earthquake motions, smaller peak spectrum magnitude
corresponding to lower modal frequency of about@.4

April 2014 |Vol. 18| No. 1
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was also observed; see Fig. 3(a). In Fig. 3(a) ptek the coherence value at this frequency was very low.
response magnitude existed between 0.5 and 1.0 Hz; might be due to noise embedded in the response.

however, it seemed that it was not a modal frequesc

(a) (b) (c)
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Figure2. Cross Spectrum, Phase Spectrum, and Coherence of the 14-Story Building (a), (b), (c) under the October 23, 2002,
and (d), (e), (f) under the November 3, 2002, Earthquake L oadings (These were Computed using Response of
Accederometers: #4 & #1— , #4 & #2 - JHA& #O --- |, #1 & #2---)
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Figure 3. Cross Spectrum, Phase Spectrum, and Coher ence of Response under the December 15, 2003, Earthquake L oadings
of (@), (b), (c) the 14-Story Building (These were Computed using Response of Accelerometers: #4 & #1 —, #4 &
H2 oo HA& #9 --- #1 & #2---),and (d), (e), (f) the 20-Story Building (These were Computed using Response of
Accelerometers. #23 & #32 — , #23 & #29 - ,H23 & #17--- ,#29& #32 ---)
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Figure4. Cross Spectrum, Phase Spectrum, and Coherence of the 20-Story Building (a), (b), (c) under the April 23, 2004,
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Figure5. Fitted Response of the 14-Story Building under the November 3, 2002, Earthquake Excitations for the First Mode,
and (b) the 20-Story Building under the May 30, 2004, Earthquake Excitationsfor the Second M ode

Cross spectra of the 20-story building responseeund
the investigated earthquake loadings are showrigs. F
3(), 4(c), and 4(f). As seen in these figuresgéar
spectrum amplitude was observed; it corresponded to
the frequency of 1.56 Hz. Small peak magnitude of
spectrum of the building at a frequency of abodtblz
was also observed when the structure was excitddrun
the December 15, 2004, earthquake; see Fig. 3(dse?
angle values of these building responses at theamod
frequencies were examined in this study. It was
observed that most of the phase spectrum valudsat
predominant peak spectrum magnitudes investigated i
this study were either nearly Qin phase) or 180(out

Makara J. Technol.

of phase). From the phase values, the building’sleno
type, viz., bending or torsion, could be identified

Coherence magnitudes of the 14-story and 20-story
buildings’ seismic responses at the dominant fregies
were examined for identifying nonlinearity, which
would be present in the structure. In the prelimina
investigation carried out for this study the colnes
was also utilized to select a reference responte. T
reference response was selected when coherenbe of t
response and any other response investigated gglve h
coherence magnitudes. Results of the preliminargyst
were not reported in this paper for brevity. Irstetudy,
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the response of accelerometer #4 located at thehfou These values were utilized to extract natural fesapy

floor was selected to be the reference for ideintify and damping factor of the building. In this study t
dynamic characteristics of the 14-story buildingeveas measure the modal frequency and damping factdneof t
the response of accelerometer #23 was selecteeas t building structure, the singular values were transid
reference for the 20-story building. into time domain so that damped response of single

degree of freedom systems could be acquired. The
Figures 2(c), 2(f), and 3(c) show coherence valies functions were fitted in least square sense so tthat
the 14-story building seismic response in the fesmy natural frequency and damping factor could be
range of 0.0 Hz to 2.0 Hz, whereas Figures 3(f),4( estimated. Fitted response of the 14-story buildinder
and 4(f) show the values of the 20-story building the November 3, 2002, seismic ground motions aed th
response in the frequency of interest. It was oleskr one of the 20-story building under the May 30, 2004
that most of these coherence values were good; they ground motions are shown in Figs. 5(a) and 5(b).
were close to unity at the modal frequencies. Tihus  Responses of the building under other seismic gtoun
could be justified that the structures behavedalilye motions were fitted in a similar manner; for th&esaf
when they were excited by the investigated eartkgiua  brevity, however, they are not presented in thjzepa
ground motions. Response which did not result indgo
coherence values was not utilized for dynamic attara  Natural frequencies and damping factors of these tw
teristics identification. For instance, when the 14-story buildings under the earthquake ground excitatioasew
building was excited by the December 15, 2003, extracted using the methodology discussed in thpep
earthquake, the coherence values obtained from the and the results are presented in Tables 3 and &. Th
reference and accelerometer #9 responses at thal mod dynamic characteristics of these buildings obtaifnech

frequencies were low; see Fig. 3(c). This mightdoe studies reported in [2-4,6,7] are presented inethakles
to the presence of noise in the response. Thergiiare for comparison. As seen in Tables 3 and 4, natural
acceleration response was not further employedhier frequencies and damping factors obtained using the
identification. In this study, to ensure the systamarity, methodology employed in this study were in fairyod

the acceleration responses having coherence valuesagreement with those reported in [2-4,6,7]. These
lower than 0.8 were not employed for dynamic buildings’ dynamic characteristics varied slightigder
structural identification as described in the mdtiogy. these seismic ground motions. The 14-story building
dynamic characteristics obtained from this studgngjed
The cross spectrum was then decomposed using theslightly under the investigated seismic ground omui
singular value decomposition method to obtain the Under the December 15, 2003, earthquake ground
spectrum of damped single degree of freedom systems motions, the structure’s natural frequencllanged

Table 3. Modal Frequencies and Damping Factors of the 14-Story Building under Three Earthquake Excitations

Study reported in this paper Studies reportedezarli
Seismic event Modal freq. Damping factor Modal freq. Damping factor
(Hz2) (%) (Hz) (%) Reference
Tt 2nd 1§t 2nd 1§t 2nd 1§t 2nd
0.42-0.48 1.40 3.9 N/A 2
Oct 23, 2002 040 146 3.7 4.0 [2]
0.46 N/A 3.1 N/A [4]
0.42-0.48 1.40 3.9 N/A [2]
Nov 3, 2002 040 147 31 3.9
0.45 N/A 4.0 N/A [4]
Dec 15, 2003 042 151 3.6 4.1 N/A N/A N/A N/A

N/A : Data were not reported

Table 4. Modal Frequencies and Damping Factors of the 20-Story Building under Three Earthquake Excitations

Study reported in this paper Studies reportedezarli
Seismic event Modal freq. Damping factor Modal freq. Damping factor
(Hz) (%) (Hz2) (%) Reference
1§t 2nd 1§t 2nd 1§t 2nd 1§t 2nd
Dec 15, 2003 045 156 3.20 4.2 0.45 1.56 N/A N/A  [6]
April 23, 2004 046 156 3.26 4.1 0.47 1.56 4.2 2.7 3y
May 30, 2004 045 156 3.24 3.9 0.46 1.52 N/A N/A [7]

" The study performed using the response of earlteqdidferent from that in this paper. N/A: Data werot reported.
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Table5. Phase Spectrum at the Identified M odes of the 14-

9

Table 6. Phase Spectrum at the Identified M odes of the 20-

Story Building Story Building
Seismic  Mode Phase of spectrum of accel. # Seismic Mode Phase of spectrum of accel. #
event # 481 4&2 48&9 1&2 event # 23&32 23&29 23&17 29&32
1 in? in in in 1 in? in in in
Oct 23, 2002 . .
2 out” out in in Dec 15, 2003 2 out” out in in
1 in in in in 1 in in in in
Nov 3, 2002 . . i :
2 out out in In April 23, 200 2 out out in in
1 in in in in 1 in in in in
Dec 15, 2003 > out out in in May 30, 2003 2 out out in in

¥ in: in phase; the phase was equal or closé,to 0
® out: out of phase; the phase was equal or cloggdo

slightly; this might be due to effects of the egrtake
magnitude and its epicentral distance, which was
relatively close to the building.

The damping factors were also changed; the chainges
the dynamic characteristics of the 20-story buiddin

¥ in: in phase; the phase was equal or closé,to 0
b out: out of phase; the phase was equal or clos8db

To demonstrate usefulness of the methodology peibos
in this study, dynamic characteristics of 14-starnd
20-story moment-resisting frame office buildingsreve
identified. These buildings’ acceleration responses
recorded respectively under three different eamkqu
excitations were employed for the identificationrsF

were observed to be marginal. Tables 5 and 6 presen two modes of the buildings are reported in thisgrap
phase of the spectrum obtained using response of Results of this study were encouraging; the dynamic

accelerometers investigated in this study. Fronsehe
tables it can be indicated that the first mode fified

characteristics of the investigated buildings were
successfully identified. Moreover, natural frequeaad

for these buildings was a bending mode, whereas the damping factor values were reasonably good whey the

second one was a higher-order bending mode. Aaimil
procedure could be carried out for the dynamic
characteristics identification of these buildingsing
response recorded at different acceleration loeatio
Results of this study demonstrated that the metloggo

discussed in this paper was capable of extracting

dynamic characteristics of these buildings usingirth
recorded seismic responses.

4. Conclusions

In this paper a methodology applicable for ideriify
dynamic characteristics of multi-story buildingscited

by earthquake forces is discussed. Prior to cagrgmt
dynamic identification of the structure, coherence
function was obtained so that the behavior of the
structure under the ground motions, viz., linear or
nonlinear, could be verified. Thus, the appropriate
system identification technique could be selectent.
linear structural system, the structure’s natural
frequency could be estimated through its seismic
response spectral density magnitude and phaseeof th
responses. To extract its dynamic characteristis,

the mode type and modal frequency techniques
proposed in [11,12] were applied so that closebcep
modes could be separated; then, unlike the techsiqu
presented in [11,12] in this study, the curveditti
technique of time response was implemented to extra
the damping factor.

Makara J. Technol.

were compared to the results of studies reportd@-in
4,6,7]. It indicated that the methodology impleneehin
this study could be advantageously applied for dyina
characteristic identification of multi-story buildjs using
only their responses under seismic ground excitatio
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