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The article presents the study of modal parameteiations of a 9 story, shear wall
building during several seismic events, includihng Mw=8.8, 2010 Chile Earthquake.
The building, located at the Faculty of Engineer@ghe University of Chile, was built

in 1962 and has been instrumented with a continnoaisitoring network since March

2009. The network includes 8 accelerometers, ldcatethree different levels of the

building, 3 soil humidity sensors beneath its foatimh and a nearby weather station.
The main purpose of the system is to monitor amcetaie the dynamic behavior of the
building for different ambient conditions and shrakievels.

This study is based on the seismic records obtdwretthe building during the Mw=8.8
Chile Earthquake and 30 of its aftershocks, in @widito the events recorded before the
main-shock.

A study of the variation in the modal parametershaf building during each seismic
event is performed, using a parametric Multiple utnpMultiple Output (MIMO)
identification technique. Medium and low level &aakes caused only transient
variations in the modal parameters of the buildiwhjch disappear after the strong
shaking has ended. In the case of the large 20ftOdteke, despite the low structural
damage detected after the event (only minor cratkshear walls and non-structural
elements), significant and permanent changes imtbdal parameters are observed,
with modal periods increasing up to 41% during niegn-shock, showing a permanent
average increase of 14% for the first six modesr dlfte event.

Finally, the correlation between the identified rmbgarameters and the severity of
shaking is also determined.
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The article presents the study of modal paramedeatons of a 9 story, shear wall
building during several seismic events, includihg Mw=8.8 2010 Chile Earthquake.
The building, constructed in 1962, has been insénted with a continuous monitoring
network since March 2009. The network includes &brrometers and 3 soil humidity
sensors beneath the foundation. The main purpogbeofystem is to monitor and
correlate the dynamic behavior of the building &iferent ambient conditions and
shaking levels.

This study is based on the seismic records obtaineidg the Mw=8.8 earthquake and
30 of its aftershocks, in addition to the event®rded before the main-shock. A study
of the variation in the modal parameters of thddmg during each seismic event is
performed, using a parametric Multiple Input MukOutput (MIMO) Identification
technique. Medium and low level earthquakes cawsdg transient variations in the
modal parameters of the building, which disappétar éhe strong shaking has ended.
Despite the low structural damage detected afteretrent, the large 2010 Earthquake
caused significant and permanent changes in thalnpadameters, with modal periods
increasing up to 41% during the main-shock. Finathe correlation between the
identified modal periods and the severity of shgksalso determined.

1 INTRODUCTION

For the last 2 decades, several structural heatthitoring studies have analyzed the

variations in the modal parameters of structurdseesé parameters, such as periods,
damping ratios and mode shapes, represent the dyrtemavior of a structure, so any

appreciable change in their values could indicatalanormal behavior or damage to the
structure.

Previous studies have shown variations of the mpdedmeters for different levels of
structural damage after high intensity earthquakesinstance, modal frequencies have
shown permanent variations from 11% for small deglamage, Clinton, Bradford,
Heaton & Favela (2006), to more than 30% for stmeg with severe damage,
Todorovska & Trifunac (2008).

As part of a research project, the Torre CentraldBwg, located at the School of
Engineering at the University of Chile, contains@ntinuous structural monitoring
network since March 2009. As a result, in this dinidy not only we have recorded the
Mw=8.8 February 27, 2010 Chile Earthquake but also several low andinne level
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earthquakes. This situation allows to evaluatevidreations of the modal parameters of
the building during events of different intensifystvaking.

2 BUILDING DESCRIPTION AND SENSOR LAYOUT

The Torre Central Building, located at the SchooEngineering at the University of
Chile, is a 9 story and 2 underground levels regdd concrete shear wall building,
Figure 1. The structure, built in 1962, is 30 meteigh; with a nearly rectangular floor
shape of 30 x 19 meters and a total plan area @ 4§uare meters. The typical wall
thickness is 0.35 meters, with an average wall sargdan area ratio of 7.7%. All floor
slabs are 0.25 meters thick. The foundation sadleisse gravel, corresponding to a soil
class C according to the ASCE7-10 code. Sinceomstcuction, the office building has
experienced several structural and non-structerabvations, such as wall openings, a
new steel fagcade, the addition of non-structueineints (partition walls, ceilings), etc.

In March 2009 a continuous monitoring network wastalled in the building, Yanez
(2009). The main purpose of the system is to morgtiod correlate the dynamic
behavior of the structure for different ambient d@idions and shaking levels. The
monitoring network comprises an array of eight xoeneters on the building and
three soil-humidity sensors beneath its foundatidre network is also connected to a
nearby weather station. The accelerometers weedddat three different levels: two at
the base and three on botfiand & floors, Figure 2.The monitoring system was set to
record with a sampling rate of 200 Hz.
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Figure 1. Torre Central Building, general views.
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Figure 2. Torre Central Building. Sensor Layout.

3 DESCRIPTION OF SEISMIC RECORDS

For this study, a total a 42 seismic events weo®rceed in the building, between
September 2009 and May 2010. These records incheleMw 8.8 event, 30 of its
aftershocks, and 11 earthquakes preceding the shaick. The magnitude of the
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seismic events ranged between 3.9 and 8.8. Recdréa#t Ground Accelerations
(PGA) ranged between 0.003 m/s2 and 1.5 m/s2, nt@enwecorded Peak
Accelerations in the structure (PA) ranged fron08.6 4.4 m/s2.
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Figure 3. Properties of seismic events.

4 AMBIENT VIBRATIONS RECORDS ANALYSIS

Besides strong motion records, the monitoring syste the building is also
continuously recording ambient vibration records. gart of additional studies on the
building, these records have been analyzed usi8tpehastic Subspace Identification
Technique (SSI, Van Overshee & De Moor (1996)). Témults of such analysis show
the permanent increase in the modal periods ottheture after the Mw 8.8 seismic
event, with an average of 14% for the first 6 modesble 1. Modal damping ratios
display greater relative differences, but they faithin the expected error in the
identification results for this parameter. Mode @& Figure 4, show only small
variations after the main-shock as can be seen itOMAC values, Figure 5.

Table 1. Modal parameters before and after théngastke. Ambient vibrations analysis.

Before Earthquake After Earthquake Difference (%)
Period Damping Damping

Mode (sec) (%) Period (sec)%) Period Damping

1 0.45 0.7 0.53 0.7 18.6 0.0

2 0.38 0.7 0.44 0.7 14.0 0.0

3 0.34 0.7 0.37 0.8 10.9 14.3

4 0.16 1.2 0.18 0.9 15.5 25.0

5 0.13 1.5 0.15 1.3 12.1 13.3

6 0.13 0.9 0.14 1.0 12.4 11.1
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(a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4
Figure 4. Identified mode shapes from ambient vibra records.
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Figure 5. MAC values. Mode shapes before and ditefarge 2010 Earthquake.

5 SEISMIC RECORDS ANALYSIS

5.1 System identification Technique

The modal parameters of the building during seisevents were obtained using a
parametric Multiple Input - Multiple Output Identétion algorithm (MIMO, Beck
(1976); Mau & Li (1991)). Based on the dynamic diquum equations ((1), (2)), the
algorithm looks for the optimal combination of mbgemrameters that best fits the
measured response in the building. The goodne$is efror for the estimated modal
parameters, namely the target function of the apaition process in the MIMO
algorithm, is a weighted least-square-error fumgti@3), between the recorded
accelerations and the corresponding response ¢stimador all instrumented points.

5,0+ 200, &, 9,00+ [y, )= Y L, Tag, () (1)
8,0=3.0,, 3, () 2)

. PADNCHCRLAL) 3)

Xa,X(2,0)

Where w,; is the modal angular frequency, the modal damping ratid,;; the modal
participation coefficient for base acceleraticy,(t), and ¢, , the mode shape

! Mode shape figures were taken from modal analsessilts using MACEC Matlab toolbox (http:/
bwk.kuleuven.be/bwm/macedylode shape values were obtained from a splinepotation between the
identification results of the two instrumented fleo
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component at positiop. Additionally, a, ,(t) anda,(t) are the measured and estimated
responses at positigm respectively. For equation (3%, are the weight coefficients,

defined by the user, that control the influenceath channel of a seismic record in the
optimization process. Finally, the goodness ofefitor function, (3), also includes a

normalization componen® o pz(aoqp(t))2 .
) t

5.2 Data analysis considerations

The following provisions were taken in the idemt#iion process of the 42 analyzed
seismic records:

— All channels of the seismic records were includethe process. Channel 7 and
8 at the base, Figure 2, were the input of the MIM@orithm, whereas
Channels 1 to 6 were the corresponding output.

— Before the application of the MIMO algorithm, aljput and output records were
filtered using a low-pass filter with 10Hz as theaff frequency.

— Only the strong shaking stage of each record wasidered in the identification
process. For the purposes of this study, the stetradking stage of a seismic
record was defined from a Husid plot (normalizedaérintensity over time,
Husid (1969)), setting the lower and upper limg€bz02 and 0.98 respectively.

— The strong shaking stage of each record was arthlyzieg a moving window
of 3 seconds length and 50% overlap between cotigeauindows. With this
procedure equivalent linear modal parameter vanatduring each window can
be determined.

5.3  System Identification results

Over the 42 analyzed seismic records, modal paemetere identified for a total of
1700 3-seconds windows, with an average goodnefseasfor, (3), of 8.6%, Figure 6.
Based on previous studies using the MIMO Identifoza Algorithm, Carreno &
Boroschek (2010), identified modal parameters se@mic record are assumed to be
accurate for analysis when the goodness of fitresrtess than 15%, this criteria is also
applied in this paper. An example of the goodnéds is presented in Figure 7.
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Figure 6. Histogram of MIMO fit error results.
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Fi%ure 7. MIMO fit example. Seismic event. 02/27/80 06:46 Hrs (GMT)
(aftershock).

5.4  Modal periods analysis

54.1 Shaking level definition

The study of the structural nonlinear behaviorha building, during seismic events, is
performed by estimating the correlation betweemtified modal periods and the
severity of shaking. A number of definitions foetkeverity of shaking have been tested
in previous studies, Carreno & Boroschek (201®luding Peak Ground Accelerations
(PGA), Peak Accelerations (PA), Root Mean Squateesa(RMS), etc. From all tested
definitions, a “modal RMS” criterion had the bestrelation with the identified modal
parameters. In this procedure, first a frequenaydbia defined as reference for each
identified predominant frequency. Second, a bars$-gddter, with cutoff frequencies
defined by the mode’s frequency-band, is appliedht response records. Third, the
RMS value of each filtered channel is determinethally, the level of shaking

corresponds to the scalar projection of the RMSordao the direction of the estimated
mode shape, (4).

RMS e, = PIO) Nﬁz[{ TN ,{cpj}J @

t=1

In equation (4){a,(t)} [ 1,-112) are the response records of all channels over, timee
subscript filt([ f,,- f, ,]) indicate the time-series are filtered with cutéquencies

(f,, and f,;,) around the corresponding modal frequency. Adalily, {(pj} is the

N

mode’s estimated mode shape, andptteg function pFOjects\/ﬁZ({ao(t)} i }))2 n

-f
t=1

the direction of{,} .

5.4.2 The 2010 Chile Earthquake

From all analyzed seismic records, only the Mwe8nt caused a permanent change in
the modal periods of the building, Table 1, despitdy minor structural and non-
structural damage was detected afterwards. The Mid&@tification results show large
average increases in the first 4 modal periodfefstructure, reaching a maximum of
41% during the event, and 23% at the end of itufg8. These results are both
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compatible with the SSI analysis over ambient \ibrarecords, Table 1, and resemble
the results of other lightly damaged buildings doea high intensity earthquake;
Clinton, Bradford, Heaton & Favela (2006).
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Figure 8. Evolution of modal periods during the N\ earthquake.

Figure 8 shows an abrupt increase in all modalperivhen the defined shaking level
reaches its maximum values, in the time intervalvben 30 and 60 seconds. After such
increase, modal periods stabilize and start toedsa up to the end of the seismic
record. From this behavior of the modal periodsisitpresumed that most of the
permanent modal modifications took place in thi$ £360] seconds time window.

5.4.3 Modal periods vs shaking level

Given the correlation distinguished between modaigas and shaking level of the

structure during the Mw 8.8 Earthquake, Figureuthier analysis of this behavior is

performed. Figure 9 shows the identified modal qagiover the defined shaking level,

(4), for all seismic records before and after thgé 2010 seismic event. Each graph
also includes a tendency line for each of the tiages.

From Figure 9, modal periods of the first three po@df the building show a clear
increasing relation with the severity of shakingirtRermore, modal periods tend to
stabilize as the shaking level increases, an eggdxthavior when no structural damage
is caused by the seismic event. As for the mageitfdhe change within the analyzed
shaking levels, Figure 9, tendency lines show,w@rage, a maximum increase of 14%
in the modal periods before the Mw 8.8 earthquateanwhile such increase reaches an
18% for the results after the event.
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Figure 9. Modal periods vs. shaking level. Mode$13 before and after Mw 8.8
Earthquake.
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6 CONCLUSIONS

In this study, the dynamic behavior of a 9 storgastwall building, located in Chile, is
analyzed using 42 seismic records, obtained froptedeber 2009 to May 2010. These
records include the Mw 8.8 earthquake occurreceirtral Chile on February 72010,
and 30 of its aftershocks.

The structural nonlinear behavior of the buildingidg the seismic events was assessed
using the variation in its modal periods, which eedentified using a parametric
Multiple Input - Multiple Output (MIMO) identificabn algorithm.

From all analyzed seismic records, the Mw 8.8 emrdke not only caused the largest
transient increase in the modal periods (41%),itist also the only one generating a
permanent change in their values (14%).

For the purposes of this study, a “modal levelladksng” was defined. The correlation
analysis between this definition and the modal querifor non-damaging earthquakes
was performed, finding a clear increasing relati@ween the two. For the analyzed
range of shaking levels, modal periods increaswupt% for seismic events before the
large 2010 earthquake, and 18% for seismic evétaisia
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