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SUMMARY

In the preser study output-only moda dynamic idertificetion anc moritoring of building progerties is at-

tempte(succesfully by prccesing REAL earttquakeinducec structural respons sicnals This is achieved
througt ar erhancer versior of a recently-developec refinec Frequenc' Domair Deconpcsition (rFDD)

arproach which in the ealier implemertstion was adoptel to anayse SYNTHETIC seismic response
signals only. Despite thar SHORI-duration, NON-STATIONARY seismic respons date anc HEAVY

structural damging shal not fulfil traditional Ogelstional Modal Analysis (OMA) assumitions the present
rFDD respons-only algcrithm allows for the effective estimetion of stron¢-mction naural frequercies,
mode shape anc moda damying ratios, with rea seismic respons signals The preser rFDD erhanciment
derives from a pre-prccesing time-frequency anaysis anc from ar integratec agproact for PSC metrix

comrputation, which corstitute cricial inncvetive issue: for the treamen of rea earttquake response
data A moritoring cast study is anaysec by taking the rea stron¢-mction respons record: from a 7-

store) reinforcec corcrete building in Van Nuys Caifornia, from 1987 to the lates 2014 event: (CESMD
database as recordei before, duting anc aiter the 1994 Northridge earttquake which severel darragec the
building (ther retrofitted) This pepel prove: the effectivenes: of the prcposec erhancer rFDD algcrithm as
a robus methoc for moritoring cuireni structural moda progetties undel rea eartlquake excitetions This

shal allow for idertifying possible varigtions of structural feetures alon¢ experience( seismic histaries,
prcviding ther a fundemertal tool towards Earttquake Engineeing anc Structural Healtt Monitoring

puiposes. Copyrigh® 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In the field of Earthquake Engineering and Structural Helsldmitoring, the evaluation of current
structural dynamic properties plays a fundamental rolpe€slly for potential structural changes
that strong-motion events and dynamic loadings may induciil infrastructures. These variations
may be detected by prompt modal parameter estimates, thisperific identification techniques
that may deal not only with the pre- and post-earthquakesstdmit also during sequences of ground

*Correspondence to: Egidio RIZZI, University of Bergamo,pBement of Engineering and Applied Sciences
(Dalmine), viale G. Marconi 5, 1-24044 Dalmine (BG), ltalffel: +39.035.205.2325, Fax: +39.035.205.2310,
email: egidio.rizzi@unibg.it

Copyright© 2016 John Wiley & Sons, Ltd.
Prepared usingstcauth.cls [Version: 2010/05/13 v2.00]



2 F. PIOLDI, R. FERRARI, E. RIZZI

motion events. This aim is targeted in the present work, @ltee effectiveness of a dedicated
response-only approach in the Frequency Domain is prov@ndnessing real earthquake structural
response signals.

The identification of structural dynamic properties at seésinput pursues various goals, as
response prediction, condition assessment, Structunair@aand Health Monitoring or damage
identification [L4-16,18,30,39,41,47,48,53,56]. Nearly all of the available attempt: toward: these
end: pettain to the realn of Expeiimertal Moda Analysis (EMA) [3,4,10,17,21, 27,28§], since
they neec the knowledg¢ or meesuremen of the input grounc mction. However in mos practical
case the true foundetion inpui mction turns out to be uravailable or urreliable (e.g not recorded,
recorder with low signa-to-noise retio or affectec by Soil-Structure Intelaction effects [63]).

In the field of Ogelationa Modal Analysis (OMA), some¢ researchel have investigate( the use
of stron¢ grounc mctions in the Time Domain as for instanci [19, 20,25, 35, 36,40,50, 54,55, 60].
Rathel the oulpui-only anaysis in the Frequenc' Domair looks quite shorfall in the earttquake
ergineeing range especially as corcerring to nor-parimeric algcrithms (as FDD is). Few nctable
exceftions come from [34, 38,39, 61]. Then a few attempt: peformec OMA with gerera nor-
stetionary signals as for instanc: [2,22,23,31].

The present paper deals withrefined Frequency Domain Decomposition (rFDf2chnique,

a considerable evolution of classical FDD algorithm8s9]. This work corsiders the effective

prccesing of REAL (earttquake-induced structural respons sighals wherea previous undellying

cortribution [43], oullining the mair body of the adopter methowology was deaing with

SYNTHETIC respons signals only. The final adoftion of rea signals clearly open: up a new
world here anc actually corstitutes a typical fina task within the validetion of the prcposed
OMA idertificetion prccedure. The pepel start: from the previous anaysis with syrthetic response
signals and atter introducing nove decicate( strategies requirec for the hardling of rea seimic

respons signals (suct as a pre-prccesing time-frequenc' anaysis anc ar integrate( agproach
for PSC metrix compttation), arrives al demoistraing tha: moda idertificetion become: feesible

in this field, by oullining SHM agplicetion scenaiios baser on the conprehersive anaysis of a
realistic moritoring cast study corsiceting pre-, duling- anc pos-danacing earttquake structural

corditions In othel words this cortribution close: the circle on the preser researcl investigetion

devotec to the rathe chalencing framework of OMA moda idertificetion baser on eartlquak-

induce(t SHOR-duration, NON-STATIONARY , HEAVY-DAMPED structural respons signals.

With respect to other common OMA techniques, FDD formulaibave been quite widespread,
due to simple implementation, computational set-up and-fuesdliness p1]. Classical FDD
procedures are centred on a Singular Value DecompositigD)®f the output Power Spectral
Density (PSD) matrix§], hence they pertain to non-parametric response-only oakstp, 64].

As well as most of existing OMA methods, classical FDD tegless are based on the hypothesis
of long-duration stationary white noise inpd, B]. Other typical assumptions are constituted by
low structural damping (modal damping ratiQs< 1) and geometrically-orthogonal mode shapes
of close modes7, 8,51]. Hence, in principle, classical FDD formulations shoutit he employed
with short-duration and non-stationary input data, likesth coming from earthquake responses,
and also at simultaneous heavy damping, in the sense offidatibn challenge§, 22].

Nevertheless, the present enhanced rFDD algorithm redypésal disadvantages pertaining
to traditional FDD formulations, by allowing for the consist analysis with real earthquake-
induced response signals and heavy damping within the OMM. fi€hus, the application
of this comprehensive rFDD approach looks appealing tosvagootential seismic monitoring
purposes, within the challenging research scenario ohfaake Engineering and Structural Health
Monitoring.

In the paper, after a first validation step, still with sintelh data, even considering Soil-
Structure Interaction (SSI) effects, the monitoring aselynakes reference to real signals taken
from the Center of Engineering Strong Motion Data (CESMDpbase 11]. Specifically, the well-
documented 7-storey RC building in Van Nuys, Californias baen analysed. Several information
and surveys on this structure may be found48, B2, 57-59]. Nine different earthquakes occurred
from 1987 to 2014 have been considered here. The struckgpbnse signals coming from these
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SEISMIC FDD MODAL ID AND MONITORING FROM REAL STRONG-MOTIONRESPONSES 3

excitations were split into two sets, “pre-retrofit” and gpaetrofit”, since the 1994 Northridge
earthquake did severely damage the building, which wasvedtes retrofitted. The aim here is
that to prove the efficiency of the present rFDD algorithm éalghg with real earthquake-induced
response signals and to detect and monitor the time variafithe modal properties.

Presentation of the paper is structured as follows. Fortlieg Section2 deals with main
theoretical aspects of the present rFDD algorithm, witltBpaeference to the new pre-processing
time-frequency analysis and to the novel integrated PSDixnebmputation approach, which
have been specifically developed to deal with real earthejuekponses. Sectidh presents a
first validation of the algorithm with simulated data from &tdrey frame, considering also Soil-
Structure Interaction effects. Sectidroutlines the real monitoring case-study under target aad th
adopted earthquakes shaking the structure, jointly withescemarks on the use and processing
of real seismic-response signals. Sectioderives comprehensive results on the application of
the present rFDD approach to the selected real earthquakeed response signals, considering
outcomes from pre- and post-retrofit stages, in terms of taong purposes. In the end, main
conclusions are gathered in Sectin

2. FUNDAMENTALS OF THErFDD ALGORITHM WITH REFERENCE TO REAL SEISMIC
RESPONSE SIGNALS

Classical FDD validity hypotheses refer to white noise inpaw modal damping ratiog( in the
order of1%) and geometrically-orthogonal mode shapesaddse mod€'s see discussion ind, 64].

The present rFDD approach addresses such use limitatlmoesigh original arrangements and
strategies devised to tackle real seismic responses, aftamaous heavy damping. The term
“heavy dampingrefers here to cases that set realistic structural dampmng¢; in the order of
5%, but leading to rather challenging identification in the ONkfequency-Domain framework
(where typically only damping ratios in the order o¥% — 2% have been considered). In the
following paragraphs, the crucial steps of the present rR&dhnique are exposed, by rereading
and reinterpreting its main formulatiod4, 43]. The novel issues concerning the pre-processing
time-frequency analysis and the integrated PSD matrix caatijpn approach are presented, as
enhancement of the method, towards achieving a more commsite framework and allowing
for the treatment of real seismic response signals.

A first theoretical demonstration of the rFDD efficacy hasrbesported in 43]. In [44] the
instantaneous Auto-Correlation Functions of the seisra@oirds have been involved, too. Both
studies referred only to synthetic earthquake responsalsigin view of a necessary validation
condition for the identification technique. In the presemtrky chief attention is focused on the
novel pre-processing time-frequency analysis (see Seétit) and on the innovative integrated
PSD computation (see Secti@r?), which are challenging and fundamental phases when dgalin
with real earthquake response signals.

2.1. Time-Frequency signal analysis and refined FDD tealmmigr real earthquake-induced
response signals

FDD algorithms basically rely on the general input/outgagciral MDOF relationshipd]:
Gyy(w) = Hw)Gus (w)H" (w) (1)
whereG,, (w) andG,, (w) are the input and output PSD matricE§w) is the Frequency Response

Function (FRF) matrix, while overbar and ap8x denote complex conjugate and transpose,
respectively. By adopting the pole/residue form of the BRk) [5], Eq. (1) can be rewritten as:

n ~ R n RT RH
ny(W) B (Z 15%—5% * iwkkk>Gw(w) (Z iwj>\5 + - ) @

k=1 —1 iw— A
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4 F. PIOLDI, R. FERRARI, E. RIZZI

whereR; andR are the residue matricels, and), are the poles, while apékdenotes Hermitian.
As a major assumption of classical FDD, PSD ma@ix, (w) is taken constant for stationary white
noise input, by allowing for the development of the tradiabFDD framework §].

Differently from white noise input, the PSD of a seismic sipchanges with time and frequency,
due to the non-stationary nature of the signkd]] Despite that, in a specific frequency region
wsup = Sub(w) € w some seismic signals may be consideredvasakly stationary[49], i.e. the
first two statistical moments (mean and autocorrelatiorthefsignals do not significantly vary in
time. In [44], the reliability of this assumption was demonstrated forapplicative seismic case.
Accordingly, over this frequency range, the PSD can be aqimately represented as to be merely
frequency-dependent, allowing to follow classical PSD patations {9].

Further, for some selected non-white noise input, as foersdearthquakes, over the frequency
intervalwg,s, Which is chosen to include the structural modal frequenaigder target (or at least
some of them), the spectrum may change rather slowly. Tleetsel frequency intervalg,, may
be defined according to the specific study being undertakére target would be that of predicting
the seismic response by modal properties, as it is perfoimeeg, the focus would be placed on
the lower-frequency global response parameters; if trentntrould be that of identifying potential
structural damage, a focus on the higher-frequency losplotese parameters would be considered.

The previous “weakly-stationary” assumption may be bedigpreciated by looking at Fid.,
where the El Centro earthquake (later adopted in Se@)itias been taken as an example. Over the
specified range betwe®iz and10 Hz, a linear interpolation of the spectrum has been repredente
The slightness of its angular coefficient and the flat digtidn of the regression residuals suggests
that the spectrum may be approximated with reasonable amcass to be “weakly stationary” (at
least similar to a pink noise, i.e. a signal that falls of§ dB per frequency octave in terms of power
at a constant bandwidtd9]). The Gabor Wavelet Transform (GWTH][of the adopted earthquake
record, despite its global non-stationarity, confirms tbguaption of a weakly stationary signal for
narrow frequency intervals, too.

Power Spectral Density Accelerogram - El Centro earthquake (1940)
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Figure 1. Accelerogram, Auto-PSD with linear regressiesjduals and Gabor Wavelet Transform (GWT)
of El Centro earthquake (1940).

Thus, by taking into account the previous statements, thetggm may be considered as about
flat, with reasonable accuracy within a frequency range @r@st. Therefore, for some selected
earthquakes, the frequency dependence of the input PSIxrfatia specific frequency interval
may be neglected. Then, for a subsgt,, = Sub(w) € w, the approximatiorG.,, (w = wsu) ~
G, = G, keeps reasonably valid.

The present novel analysis of the time-frequency distidioLind spectrum flatness is a necessary
step when dealing with real earthquake-induced structasglonse signals, in order to be confident
of the correct frequency interval (if a such kind of frequgirterval exists) for a reasonable validity
of the flat spectrum assumption. For the present work, thigfirequency analysis innovatively
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SEISMIC FDD MODAL ID AND MONITORING FROM REAL STRONG-MOTIONRESPONSES 5

integrates the rFDD algorithm as a mandatory pre-procgsigp. Basically, a frequency interval
must necessarily be found where the spectrum is approxiyfigte which contains as much natural
frequencies as possible, pertaining to the monitored tstreic This procedure, which shall be
extended also to the output spectrum, enables for the srienft the correct frequency range, to
be adopted in the following computational steps. In factemwkealing with real seismic signals,
it is necessary to select a consistent frequency range dier do get effective estimates from the
application of the rFDD algorithm. Otherwise, it is not pib$s to ensure the reliability of the
achieved estimates. After the selection of thg,, interval, the remaining part of the frequency
spectrum shall be discarded through an appropriate (landbor high-pass) filtering.
Accordingly, the rFDD theory (and the consequent adoptioreal seismic response signals) is
valid within thews.,;, frequency interval. Basically, the classical FDD thed}/if approximately
valid within to thewg,; range of interest. By using the local flatness assumptiomeinput PSD
matrix and by applying the Heaviside partial fraction exgan theorem to Eq2j, it is possible to
obtain the rFDD modal decomposition of the output PSD mafriks is defined for the frequency
intervalws..;, in the narrow band of spectrum lines in the vicinity of a middequency:

a2 )])er @

W=Wsub

[ dididl | b di
G wb) g - L
vy (Wsun) pot (uu)\k * —lw— N

whered,g, ¢} is the Hermitian residue matrix of the PSD output corresgamntb the K" pole A,
being ¢, the K" modal vector. Then, due to the assumption®g, (w), dy turns out to be a real
scalar. The approximation of Eg3)(shall be valid also for heavy damping (modal damping ratios
(r up to10% and more), as demonstrated #4].

The transpose of the PSD matié,, (ws.s) is then decomposed, at discrete frequency lines
w = w; € wsup, DY Using a Singular Value Decomposition (SVIB),[by achieving an expression
that is effective also for close modes; £6]. When only the § principal value is dominant (i.e. it
reaches a maximum near the modal frequengy the response PSD matrix can be approximated
by a unitary rank matrixg], as stated by classical FDD methoé [

GyTy (Wi = wq) > squq uqu 4

where the first S\&, at the ¢' resonance frequency is an estimate, with unitary normtadiza

of the related mode shami?q = ug . Finally, in standard FDD analysis the identified mode shape
can be compared to the others in its proximig}, [oy using the well-known Modal Assurance
Criterion (MAC) index p1]. The validity of the estimated mode shapes may be asseksedith
further indexes, see e.g. those &6], or the ones originally adopted id}], as the Modal Phase
Collinearity (MPC) and the Auto-MAC.

2.2. Integrated approach for PSD matrix computation

The output PSD matrixG,, (wsw), selected for the frequency intervak.,, shall be computed
through numerical methods. The integrated approach for R®irix computation presented
in this work simultaneously implements the Wiener-Khimchb] and the Welch’'s modified
periodogram 2] methods in a consecutive way.

The Wiener-Khinchin algorithm is based on the direct Faufiansform (FT) of the correlation
matrix R (7), in order to obtain the PSD matrix of the respon€&$™ (wsus):

G (wgyp) = F [Rg;“(T)] -7 [E Rg;"(T)@T] — DG (W) BT (5)
WhereGgg“(wSub) =7 [Rf};“(r)] is the response PSD matrix (in terms principal coordinpgs
obtained as FT of the untrended correlation maR'gg“(r) (see f4] for more details), expressed

again in principal coordinates. Then, this method shalldiked Correlation Approach (Corr)
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6 F. PIOLDI, R. FERRARI, E. RIZZI

After the use of the Corr approach, the second method adbpte€DD for the estimation of the
G,y (wswy) Matrix derives from the Welch modified periodogram, starfiom [62]:

Koz [ SHOWEe ] [Sytowee ]

1—r t=0 t=0

K

(6)

where K is the number of segments of lengthand overlapping (» = 2/3 in the present work)
in which the initial signaly(t) has been divided; () is the K" segment of the original signal and
W (t) is the considered windowing function, i.e. an Hanning winds in this cased]. The method
resumed in Eq.§) shall be calledVelch Approach (Welch)

The present rFDD algorithm displays the innovative and pbwdeature of the simultaneous
implementation of both Corr and Welch methods, into an iratyl process. First, a run with the
Corr approach is performed, by applying the peak-pickingcedure on the sharper and better
defined SVs provided by this method. The peak-picking tesplnmis supported by the use of MAC,
Auto-MAC, MPC and Auto-MPC indexes, through comparisorhgmode shapes of each potential
peak with those of the others in its proximity. In this way teerect peaks (i.e. the correct frequency
lines related to the modes of vibration) may be detecteds method works well especially with
short signals, though it may produce slightly less accuraide shapes. Peaks may be detected not
only on the first SV curve, but also on the remaining ones.

Then, the PSD matrix is recomputed through the Welch'’s egagirowhich is applied sequentially
to the Corr method. This aims at extracting the final modaheges, read in correspondence to
the formerly-detected frequency lines. This method im@eta averaging and windowing, before
frequency-domain convolution, leading to slightly bettstimates, especially with long recordings,
despite the appearance of noisier singular values. Wighntigthod, only the peaks on the first SV
are adopted, in order to avoid leakage on the achievable&ists.

As opposed to previous rFDD attempts #8]44] with pseudo-experimental (synthetic) seismic
response signals, this original integrated procedureslaad substantial improvement of the seismic
modal estimates in case of real earthquake input, as aidhgse. In fact, for real seismic response
signals, this procedure is automatically and systemé#fiqerformed by the rFDD algorithm.
Otherwise, identification may become difficult, often urable or actually mistaken. This potential
feature can be appreciated in Fitywhere the two methods for the computation of the PSD matrix
are sequentially displayed, focusing on the results (héhe detected frequency lines) provided by
the subsequent SVD computation.

Singular Value Decomposition — Correlation Approach Singular Value Decomposition — Welch Approach
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Figure 2.Singular Value Decomposition obtained from ireégd computation of the PSD matrix:

(a) Corr Approach; (b) Welch Approach; response to Encimthgaake (2014), NS component. The peaks

frequency lines detectable in the Corr Approach (a) aresteared to the Welch Approach (b), where the
modal peaks are hardly visible for direct peak-picking.

2.3. Strong-motion modal parameter estimates via the rFppreach
Conceptually, the rFDD approach derives from traditionBIDFmethods §], which shall not
be adequate in principle to deal with earthquake-inducegdamse signals. The rFDD algorithm
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SEISMIC FDD MODAL ID AND MONITORING FROM REAL STRONG-MOTIONRESPONSES 7

has been specifically developed for strong ground motionahpdrameter estimates, also at
simultaneous heavy damping (in terms of identification leimgle). The novel procedures proposed
in Sections2.1 and 2.2 enhance the rFDD method, when dealing with real earthqirakezed
responses (see Steps 1, 2, 4). The remaining steps (Stef83 1% on previous work43,44], and
are reported here for the sake of completeness. The workeffdlve present implementation for
real seismic response signals may be summarized by thefoliccomputational steps:

1. Pre-processing time-frequency analysis (Sectid), aiming at a correct evaluation of the
signal characteristics (non-stationary features, vgliofi the weakly-stationary and spectrum
flatness assumptions) and of the frequency range whichlshaklected for the analysis.

2. Specific data filtering applied to the input (response)aigbefore starting the identification
procedure; type, cut-off and/or bandpass frequencies aeishall be selected as a function
of the outcomes (boundaries of the frequency interval) ef tiime-frequency spectrum
analysis (Sectiof.1).

3. Processing of the auto- and cross-correlation matrixchvimay be further manipulated to
obtain an untrended well-defined versimgg“(f); this helps in removing possible troubles
related to weakly-stationary or non-stationary data, byiedng clearer and well-defined
SVs, with a sort of “SVs filtering”44].

4. Integrated PSD matrix computation, implementing setjakyboth Wiener-Khinchin}] and
Welch'’s modified periodogran®p] methods (Sectiof.2).

5. Estimation of modal parameters by operating on diffei®vis and on their composition,
without the need of Blind Source Separation methdd [

6. Inner procedure for frequency resolution enhancemattiput the need of higher frequency
sampling #13].

7. Combined use of different MAC indexes (MAC, Auto-MAC, MP@&uto-MPC) towards
modal validation purposes, as preliminary traceddif.[

8. ldentification of modal damping ratios by an iterativeimyization algorithm, as detailed
in [43,44], where the enhancement of the damping ratio estimatesregbect to classical
EFDD was demonstrated by using synthetic earthquake respmiata only. Here, the iterative
procedure is applied to real seismic response data, andvsipto be effective in identifying
reliable modal damping ratios, especially when dealindhvhiéavy structural damping in
terms of identification challenge.

One may notice that, despite certainly requiring an expset,Lthe application of this research
rFDD algorithm (not a commercial software) i@t subjectiveat all and that, by following the
systematic steps above, consistent modal dynamic idexiidic by adopting real earthquake-
induced response signals can be achieved through the pieg@lementation, as it is going to
be demonstrated by the outcomes reported in the followintoses.

3. PRIOR NUMERICAL VALIDATION OF THE ENHANCEDrFDD METHOD

Beyond first numerical attempts with shear-type frames gmthstic response signals that were
performed in §i2-44], here two additional numerical trials are prior proposed the validation

of the enhanced rFDD algorithm in view of its subsequent uitle kgal seismic response signals.
First, a fixed-base 5-storey frame is considered in Se&ifrby assuming two types of structural
damping. Then, a 5-storey frame with Soil-Structure Irtgom (SSI) effects is modelled and
adopted for the analyses in Secti8r2. The achieved results may be compared to known target
values and estimates coming frofif], where an output-only identification procedure conceited
work with strong ground motion responses was developedt Wil ibe presented by the following
analyses, current results look to be superior and basicalhfirm the efficacy of the developed
algorithm in the present framework.

Copyright© 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit(2016)
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8 F. PIOLDI, R. FERRARI, E. RIZZI

3.1. Simulated 5-storey structure

The structure under analysis for the first part of the presenterical validation is a fixed-base
5-storey shear-type frame, taken froh®]. Tablel summarizes stiffness and mass properties for all
the floors. As it concerns damping, two different cases ansidered:

o Stiffness proportional dampinds); first mode modal damping ratio is set($%.
e Mass proportional damping,(,); first mode modal damping ratio is set10%.

The input motion is taken as the 1940 El Centro earthquakéd%1B340, Station 0117, NS
component) 11], which is adopted as base-excitation for the structures Itharacterized by
M = 7.1, durationt = 40, sampling frequency; = 100 Hz andPGA = 0.312¢. The structural

response is calculated via Newmark’s direct integratiothn (average acceleratiori).

Table I. Properties of the 5-storey franied].

Floor 1 2 3 4 5
Stiffnessx103 [kN/m] 350 280 210 140 70
Mass x 103 [kg] 300 300 300 300 300

Figure 3 represents the Auto-PSD and GWT related to the first floor arttié roof of the 5-
storey frame, using both stiffness and mass proportionaipitsg. The ridges detection on the
GWTs confirm the local weakly stationary of the responseagyrwhich allows for the handling
by the present rFDD procedure. All the modes are identifisbthe graphs, starting from the first
floor motions, due to the excitation features and to the fixask conditions. This can be seen also
through the PSD peaks. As expected, first modes of vibraigpiay higher energy in the stiffness
proportional system, while this is true for the last modeshef mass proportional system. This is
directly related to the modal damping ratio associated th eéasonance frequency. Then, because
of light damping associated to the higher modes, the systiéimmass proportional damping shows
better modal parameter estimates, despite the heavy dgrapsociated to the first modes, as it
can be seen by the results reported in Tahl@he estimates are very accurate for both cases, by
showing MAC values that turn out always higher tha95, and identified natural frequencies and
modal damping ratios very close to the target values.

Frequency [Hz]

Power Spectral Density
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Figure 3. Auto-PSD and Gabor Wavelet Transform (GWT) of thetdey frame, first floor (left) and
roof (right) channels, stiffness (top) and mass (bottoropprtional dampings, El Centro earthquake.

Copyright© 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit(2016)
Prepared usingstcauth.cls DOI: 10.1002/stc



SEISMIC FDD MODAL ID AND MONITORING FROM REAL STRONG-MOTIONRESPONSES 9

Table Il. Comparison between target and identified (ID) nhatimamic properties, stiffness and mass
proportional dampings, El Centro earthquake, 5-storapéra

Mode Target ID, Stiffness prop. damp. ID, Mass prop. damp.
Jn [Hz] G [70] Gm [70] fn[Hz] (%] MAC fo[Hz]  Gn[%]  MAC
1 1.112 0.50 10.0 1.114 0.51 1.000 1.111 9.87 1.000
2 2.560 1.15 4.34 2.564 1.08 1.000 2.567 4.26 0.997
3 4.047 1.82 2.75 4.016 1.84 0.999 4.016 2.74 0.999
4 5.665 2.55 1.96 5.591 2.50 0.989 5.658 1.87 0.996
5 8135 3.66 1.37 7.935 3.58  0.952 8.011 1.46 0.993

3.2. Simulated Soil-Structure Interaction system

For the second part of the numerical validation, the previsistorey fixed-base shear-type frame
has been set on a flexible foundation. Soil-Structure lotema (SSI) effects have been simulated via
a Sway-Rocking model, which has added two degrees of fre¢ddhe system, i.e. the foundation
sway and the system rocking (more details on this model méguel in [45,46,52] and references
quoted therein).

Floor mass and inter-storey stiffness are kept as beforayedisas the shaking earthquake
(1940 El Centro earthquake). The inter-storey height isiragsl to bet m. The mass moment of
inertia for each floor is taken a& = 7.5 x 10°kgm?. The adopted foundation displays a mass
mo = 5 x 10° kg and a mass moment of inertig = 7.5 x 10° kg m?. Finally, sway and rocking
soil stiffnesses are set equalitp= 9 x 108 N/m andk, = 3 x 10'° N m, respectively.

GWT - Foundation sway, EC EQ. GWT - Foundation rocking, EC EQ.
15 — 15
~ N
<10 = 10k
g g
g5 g Spmm——
w L = = ‘A*,_ —
% 5 0 15 20 25 30 35 40 % 5 0 15 20 2 a0 3 40
Time [s] Time [s]
GWT - First floor motion, EC EQ. GWT - Roof motion, EC EQ.
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Figure 4. Gabor Wavelet Transform (GWT) of the 5-storey S8aysrocking frame, foundation sway,
rocking, first floor and roof motions, mass proportional dargpEl Centro earthquake.

For the sake of compactness, only mass proportional damEadgeen considered here, with
first modal damping ratio set again 10%. Figure4 represents the GWT related to the 5-storey
sway-rocking system, for the foundation sway, rockingt flmor and roof motions. It is possible to
appreciate that not all the modes may be detected in all tpeds of freedom. This fact is directly
related to more difficult modal parameter estimates, wispeet to the standard fixed-base 5-storey
frame (without SSI effects). Also, the presence of SSI ¢ffexclearly visible, since ridges related to
structural frequencies may be detected in the foundaticioms as well as for soil (non-structural)
frequencies in the above structural motions.
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Table Ill. Comparison between identified and target modakdyic properties, use of 5 or 7 sensors, mass
proportional damping, El Centro earthquake, 5-storey 8@&ysrocking frame.

Mode Target ID, 5 sensors ID, 7 sensors

faHz]  Gul%]  fu[Hz]  (u[%] MAC folHz] G [%]  MAC
1 0.9052 10.0 0.9384 10.7 1.000 0.9392 9.85 1.000
2 2.450 3.70 2.464 3.73 0.999 2.399 3.69 0.997
3 3.873 2.34 3.882 2.37 1.000 3.876 2.34 0.999
4 4.914 1.85 4.894 1.82 1.000 4.901 1.83 0.996
5 5.428 1.67 5.396 1.58 0.949 5.383 1.65 0.993
6 7.565 1.20 7.446 1.24 1.000 7.538 1.22 0.993
7 10.97 0.83 10.88 0.86 0.999 10.96 0.84 0.993

Nevertheless, estimates are still very accurate, whethasing the full 7-channel set of records
or by using a reduced 5-channel set (without foundation saray rocking recordings). All the
modes are identified correctly. In fact, MAC values are abvéygher than0.94, and natural
frequency and modal damping ratio estimates are still ieisedo the target values. Then, the rFDD
algorithm proves its effectiveness in dealing also withttegwake-induced structural recordings
affected by SSiI effects, by working with full output-onlyratitions, without the need of knowing
the foundation input motions.

4. APPLICATION OF THErFDD APPROACH TO REAL EARTHQUAKE-INDUCED
RESPONSE SIGNALS

4.1. Real monitoring case-study description

After the prior numerical validation reported in Secti@nfor synthetic response signals, the
present rFDD algorithm is applied to real earthquake-ieduesponse signals recorded on the
Van Nuys Hotel, California (Figs). Data are taken from the Center of Engineering Strong Motio
Data (CESMD) online databas#1]. This building has been selected as a well-documented case
displaying a good spatial layout of instrumentation andstaerable wealth of recorded data. Also,
pre- and post-retrofitting data before and after the 1994hxidge earthquake are available.

Figure 5. External view of the VN7SH building and three-dirsienal sensor layout (adapted froB2]).
Input data are taken from the CESMD database.

The 7-storey RC hotel building (in short VN7SH) is located/an Nuys, central San Fernando
valley, metropolitan Los Angeles area, California9[32, 57]. It was designed in 1965 and
constructed in 1966, according to the existing Building €{&¥]. The structure displays a plan of
45.72m x 18.90m, for an approximate total floor surface €00 m?. At the time of construction,
the framing consisted of columns spaceddl m in the transverse direction and &80 m in the
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longitudinal direction. Spandrel beams surround the petémof the structure and, jointly with the
exterior columns, form the primary resisting frame to thteral loads, in each direction. With the
exception of some light framing members supporting thewtai and the elevator openings, the
structure is essentially symmetric. The floors display R€Cslzbs, with the following thicknesses:
25 cm at the2™? floor, 22 cm between th&”? and the7t" floor and20 cm at the roof. The foundation
system consists of a group of piles, with a diametestofm and a length 012.20 m. The structure
sits on a recent alluvium soil; primarily, it consists of dgrsilts and silty fine sand29, 32].

During its life, the structure has been debilitated by th&11%an Fernando earthquake
(09/02/1971 My = 6.6) and severely damaged by the 1994 Northridge earthquakél(1’p94,
M, = 6.4), event after which the building was considerably retrefittExtensive structural damage
occurred as column-beam/column joints shear failuresgatba perimeter of the frame. Failures
also included spalling of the covering concrete over thegitoinal bars, buckling of the
longitudinal bars and through-cracks up to several certgnewide. In this regard, noticeable
surveys and analyses can be foundig p7-59]. Structural repairs and strengthening after the 1994
Northridge earthquake involved the addition of shear watlkhree columns of the south frame and
four columns of the north frame, and at several interior gollines. Base fixity was provided to the
new shear walls by the addition of grade beams spanning batpier groups3Z2)]. Fig. 5a shows a
picture resembling the actual conditions of the building.

According to the California Strong Motion Instrumentatidfrogram, the building was
instrumented in 1980 (CSMIP Station n. 24386)l]] The recording system consisted of 16
accelerometers on five levels of the building: five channesevdevoted to the EW direction, while
ten to the NS and one to the UP direction. FHlg.briefly represents the overall building dimensions
and the instrumentation layout.

4.2. Strong ground motion data set and properties

In the present work, earthquakes pertaining to both the pi@ing- and post-1994 Northridge
earthquake are considered. Specifically, response datad#b two set of earthquakes, i.e. the
four earthquakes occurred from 1987 to 1994 (pre-retrafit) the five earthquakes occurred from
2008 to 2014 (post-retrofit), including the recent 2014 fBatian events of Encino and Westwood
Village. Their main characteristics and properties arersanzed in TablaV .

Recorded data belong to the four EW channels and to the sixHdBnels (the channels at the
ground floor have not been considered, both for the OMA pwpas the present analysis and
for the low signal-to-noise ratio). Because of the limitathtber of sensors along the height of
the building (4 monitored floors on a total of 7 storeys), thedanshapes show to be slightly less
resolute (see subsequent results in Sedidrand5.2), but anyway relevant in engineering terms.
Then, following Sectior.3 presents some crucial considerations on the seismic datagsing of
the strong ground motion response signals.

Table IV. Main characteristics and properties of the adbtet of earthquakes (CESMD database).

Pre-retrofit earthquakes Date Digt. fs [Hz] M Dist. [km] PGA[g] PSAJg]
Whittier (WH) 01/10/1987 40 50 6.1 40.0 0.170 0.200
Landers (LA) 28/06/1992 80 50 7.3 187.8 0.040 0.190
Big Bear (BB) 28/06/1992 40 50 6.5  151.6 0.030  0.060
Northridge (NO) 17/01/1994 60 50 6.4 7.0 0.470  0.590
Post-retrofit earthquakes Date Dut. fs[Hz] M Dist. [km] PGA|[g] PSA][g]
Chinohills (CH) 29/07/2008 95 100 54 71.5 0.054 0.140
Borrego Springs (BS) 07/07/2010 62 200 54  203.8 0.004 0.016
Newhall (NH) 01/09/2011 58 200 4.2 15.1 0.006 0.016
Encino (EN) 17/03/2014 60 200 44 9.8 0.144 0.219

Westwood Village (WV) 01/06/2014 57 200 4.2 13.9 0.010 0.012
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4.3. Remarks on the processing of real earthquake-indueggbnse signals

The algorithm’s efficiency with real earthquake responda iwinfluenced by several factors, as
the signal’s characteristics and processing. A first ciissaie concerns the selection of the correct
frequency range which shall be adopted in the computatiteak, as detailed in Secti@riL

Another feature belongs to the sampling frequengy ¢f the recordings, since it may affect the
frequency resolution of the PSD matrix. In fact, a poorly wedi frequency sampling produces a
limitation of the number of FFT points and of the signal deafion, which directly influence the
goodness of the estimates. An adequate frequency resoluty be expected of at leasi0 Hz,
since lower values may produce difficulties in the estimration fact, the most demanding estimates
derive from the pre-retrofit earthquakes, which are allabi@rized byf, = 50 Hz (see Sectiob.l).

Another important aspect which may affect the frequencylmi®n of the PSD matrix is
related to the shortness of the earthquake acquisitionth (ikespect to the wideness of the
commonly adopted ambient recordings). Then, with the prtesarthquake-induced response data
the frequency resolution (and then the number of pointsHeRSD matrix computation) has been
enhanced by adding a zero-response time window at the erdtka&tords43], similarly to the
zero-padding adopted in classical signal analysjsThis can improve the frequency resolution,
with a sort of interpolation of the frequency spectra. In titerature, it is generally said that
registration lengths of about 1000-2000 times the first r@fperiod of the structure often result
quite appropriateq1].

Then, the length of the adopted time series has been extdndedding a zero-solicitation
time window 0f300s to the BS, NH, EN and WV earthquakes & 200 Hz), of 600s to the CH
ground motion (, = 100 Hz) and of1000s to all pre-retrofit seismic shakingg,(= 50 Hz). The
previous issues, which are all related to the sampling faqy and duration of the acquisitions,
may be addressed aampling frequency effedihe rFDD algorithm shall successfully deal with
this concern, by providing accurate results at real seiampiat.

Ch. 9 - Landers EQ. Ch. 11 - Landers EQ. Ch. 16 - Landers EQ.
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Figure 6. Gabor Wavelet Transform related to Channel 9 Jy@&fiannel 11 (second floor) and Channel 16
(foundation); response to Landers 1992 (top) and Norteritiip4 (bottom) earthquakes, WE component.

Additionally, another importantissue concerns the fittgiof data before identification, operation
that is strictly related to the frequency interval adopted the correct working of the rFDD
algorithm. Figs6 and7 represent the Gabor Wavelet Transforms (GWT) related tgitend floor
(Ch. 16), second floor (Ch. 11) and roof plan (Ch. 9) of the Vagd\building, WE component, LA-
NO and EN-WYV earthquakes, respectively. The choice fallthese excitations since they turned
out the most demanding for the algorithm. Same consideraticay be made for the remaining
earthquakes, too.

The frequencies on the y-axes are limited to the structamadie of interest, which is different
in dealing with pre- or post-retrofit conditions. These m#ts have shown to be in agreement
with the local weakly stationary required for the applioatbf the rFDD algorithm. Also, several
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Ch. 9 - Encino EQ. Ch. 11 - Encino EQ. Ch. 16 — Encino EQ.
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Figure 7. Gabor Wavelet Transform related to Channel 9 JroGhannel 11 (second floor) and
Channel 16 (foundation); response to Encino 2014 (top) aestWod Village 2014 (bottom) earthquakes,
WE component.

attempts with different frequency intervals were made, laasically confirm the reliability of the
latter assumption.

Thus, by looking to Figs6 and?7, it is possible to see that some structural frequencies ean b
detected in the ground floor response, as well as the solldezies, which may be perceived in
the upper structural motions. In particular, pre-retrofitadseem to suffer greater from this issue
than post-retrofit data. Some of these frequency ridgesrat&ply related to the harmonics of the
seismic event, as well as they may be due to Soil Structueedation (SSI) effects, a feature studied
by various researchers in relation to the adopted buildB2gB, 59]. A similar effect was seen also
in Fig. 4 (Section3.2), where the numerical 5-storey SSI model has been invéstgeaonfirming
the latter hypothesis.

Then, it is clear how the filtering of data before identifioatlooks necessary, with the purpose of
setting the frequency range for the rFDD computations,afileg-out undesired frequency contents
and of obtaining less noisy acceleration recordings. lndhse, suitably-built low-, band- and high-
pass filters have been developed. With appropriate filtesiggificant advantages on the achievable
rFDD estimates may be obtained.

5. PERFORMED ANALYSES AND MONITORING RESULTS

Several researches in the literature have focused on theifidation of the VN7SH modal
parameters, based either on ambient tests or on strongmztia recordings, but all are related to
signals arising from pre- and during-Northridge (1994)ditons [1,19,29,57-59]. Only Ghahari

et al. [L9] did output-only (non-FDD) modal identification at seisnmput. Therefore, the use of
both pre-, during- and post-Northridge acquisitions ajetiher shows to be rather challenging in the
present literature, in order to use the present rFDD algorivith real earthquake-induced response
signals (pre-retrofit, Sectidh 1) and to estimate the updated modal parameters for the pwefir
condition (Sectiorb.2).

5.1. Pre-retrofit conditions

In this subsection the rFDD method is applied to the respomeeorded from the pre-retrofit
earthquakes. With regards to these pre-repair conditBBwgral researches have been performed:
especially, Trifunac et al 5B, 59] have studied the changes in natural frequencies of the VN7S
building during various earthquakes, using Fourier anslgad Short Time Fourier Transform
(STFT) techniques. The identification procedures weredase¢he analysis of the relative response
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spectra. They concluded that the modal frequencies changegearthquake occurrences and with
the intensity of the shaking. They also reported significwit Structure Interaction (SSI) effects
for this building, which have been thoroughly studied3g][ too.

Ivanovic et al. P9] carried out two detailed ambient vibration tests when toéding was
damaged by the 1994 Northridge earthquake; they reportedates of apparent (“pseudo flexible-
base”) natural frequencies and mode shapes for the damagdahg. Alimoradi and Naeim1]
used the 1992 Big Bear and the 1994 Northridge earthquaketstal recordings with an EMA
technique, i.e. they adopted the ground floor response asimption. They have extracted pseudo
flexible-base modal parameters from these two seismic nsggo(modal damping ratios, t00).
Todorovska and Trifunad[/] have performed an impulse response analysis and damagtidat
of the VN7SH building during several earthquakes, by usirayevtravel times of vertically-
propagating waves. They obtained the first natural frequehthe fixed-base system.

Two approaches have been used by the previous studies &vadtiong ground motion modal
parameter estimates, i.e. the adoption of EMA algorithrgsu@ing ground floor responses as input)
or the employment of the relative response spectra of theiahresponse signals. Both methods
appear to be troublesome, since the VN7SH building seemsfter from SSI effects and the
achieving of apparent natural frequencies may not fullycdbe the soil-structure system.

As a solution of the aforementioned issues, Ghahari etl8].quggested to use a specifically-
developed OMA technique. They used Time-Frequency digidhs and Blind Source Separation
methods to extract modal parameter estimates from the VNg&thquake response signals. In
that work, they have also reported and critically reviewleel previous studies which have been
attempted to identify the modal characteristics of the VNimilding.

Here, the present rFDD algorithm is applied as a plain oubply technique in Frequency
Domainto the real earthquake response data recorded ofNR8N building; strong-motion modal
parameters are estimated for all the considered earthguakbout the need of accounting for the
foundation input motion or for the ground floor response.

Among the adopted pre-retrofit seismic excitations, the418®rthridge earthquake (NO)
severely damaged the VN7SH buildirgy]. In fact, the GWT related to the NO structural response
in Fig. 6 shows a clear sign of natural frequency changes. The ridg@gsenting the first two
natural frequencies were significantly discontinuous wéspect to the LA case, hence implying
that some structural changes occurred in the building. ABogly, the NO record was divided
into four equally-length segment$y(s), while remaining earthquakes were adopted with their full
length. All the considered records (and segments) have jpexessed by the inner procedure for
frequency resolution enhancement in order to achieve aquate number of spectral frequency
lines.

Table V. Identified natural frequencigsand modal damping ratias from the set of pre-retrofit earthquake
responses, WE component.

Whittier Landers Big Bear MEAN  North. 1 North. 2 North. 3 Nortd MEAN

Mode "y (LA) (BB) (Pre) (NO1) (NO2) (NO3) (NO4) (NO)
fi [Hz] 1 0.8742 0.8551 0.8063 0.8451 0.6742 0.5094 0.4361 0.4552 0.5192
2 2.808 3.207 2.527 2.847 2.069 1.767 1.489 1.318 1.661
3 5335 5170 4848 5117  4.204 3.320 3.088 3.333  3.509
G [%] 1 1.82 3.97 4.66 3.48 4.26 14.2 15.6 13.5 11.9
2 8.10 4.74 8.75 7.20 8.36 1.97 4.69 9.55 6.14
3 2.77 6.28 5.43 4.83 1.93 7.13 5.94 7.19 5.55

For the present implementation, only the estimates reltietthie WE component have been
reported. Table/ shows the first three identified natural frequencies and daiaping ratios
from the set of pre-retrofit earthquakes. Mean values hage balculated and reported for the first
three ground motions (pre-Northridge, i.e. WH, LA and BB)ldor the NO (NO1-NO4) segments,
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respectively. Since the NO event has severely damaged filénigl the pre-retrofit earthquakes
were divided in these two subsets, aiming at a more detaisstiskion on the results.

Then, Fig.8 shows the mode shapes related to the estimated modes. @fiigsttihree modes of
vibration are sought in the present analysis, mainly dubedimited number of sensors along the
height of the building. Additionally, the relevant SSI effs, the heavy-damped conditions and the
sampling frequency effect (see Sectibfl) adversely affect the estimation of the following modes.

By looking at the achieved modal estimates, the differeram@®ng the outcomes from the
segments of the NO record are clearly visible. This confifmaé potential structural changes, i.e.
damage, occurred in the building, as stated 2, $7-59], too. Only during the last segment, a
little recovering seems to have occurred, as indicated byslight increase of the first and third
natural frequencies. This feature, independently confirbyethe present rFDD OMA analysis, was
formerly detected and studied in detail B7[58], by alternative EMA techniques. This aspect shall
further corroborate the objectivity of the present idecdifion approach. Modal damping ratios,
which are more or less stable during the previous earthgu@kél, LA and BB), show significant
changes during the NO excitation, by confirming again theeapgnce of structural damage. Also,
the decrease of the first and third natural frequencies dfufiding during consecutive earthquakes
may be another index of damage, although to a lower extetit,respect to those caused by the NO
earthquake.

Mode shape 1 Mode shape 2 Mode shape 3
Roof floor £ Roof floor, ',A Roof floor,
6th floor 6th floor 6th floor
5th floor 5th floor 5th floor
) 4th floor 4th floor 4th floor
)
% 3rd floor 3rd floor| 3rd floor|
2nd floor 2nd floor 2nd floory
1st floor, 1st floor| 1st floor
Ground floor Ground floor Ground floor -
-1 -1 -1 1
‘ —O— Whittier (1987) —— Landers (1992) —()— Big Bear (1992) —/\— Northridge p1 (1994) —#— Northridge p2 (1994) Northridge p3 (1994) —%— Northridge p4 (1994)‘

Figure 8. Estimated mode shapes; response to the set aétpoditrearthquakes, WE component.

Table VI. Deviations of natural frequencigsand modal damping ratiag with respect to the mean value,
pre-retrofit earthquake responses, WE component.

Whittier Landers Big Bear ~ Nort. 1 North. 2 North. 3 North. 4

Mean deviation over EQs. (WH) (LA (BB) (NO1) (NO2) (NO3) (NO4)

fi [%)] 3.04 494 705 25.65 451 1273 12.67
Gi [%] 34.21  26.02 22.59 55.17 38.63 20.71  32.81
Mean deviation over modes Pre-retrofit Northridge EQ.

2 3 1 2 3
fi %] 3.09 843 3.51 14.99 1548 11.19
Gi [%] 31.74 2274  28.35 32.09 45.81 32.58

The previous statements may be confirmed by looking at Gigwhere the deviations of
frequenciesAf = (fest — ftarg)/ ftarg @aNd modal damping raticA¢ = (Cest — Ctarg)/Crarg With
respect to a target value (taken here as the mean value,dqréiNorthridge earthquakes and
NO segments, respectively) are represented in terms gilbes; for each earthquake and mode of
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vibration. Then, Tabl&/| reports the mean deviations for the considered cases, @gfect to the
adopted earthquakes (mean of the modes over a specific eak#f)cand to the modes (mean of the
earthquakes over a specific mode), respectively. The bidg@ations related to the second mode
of the pre-Northridge events and the high deviations of &l $¢gments confirm again the damage
scenario which was previously depicted.

Af, Pre- EQs. AL, Pre- EQs. A f, NO segments AL, NO segments

% deviation
% deviation

Figure 9. Comparison of frequency and modal damping ratitatiens over the modes of vibration and the
set of pre-NO (WH, LA and BB) earthquakes and NO segments.

Then, additional series of indicators are used to assesgalltity of the achieved estimates,
i.e. the Auto-Modal Assurance Criterion (Auto-MAC) and Atu¥lodal Phase Collinearity (Auto-
MPC) indexes44]. The Auto-MAC matrix detects if some modes are not orth@om each other,
since the diagonal terms are unitary by definition, whilediffgonals ones, due to the orthogonality
hypothesis, shall be close to zero. The existence of namefédiagonal terms (e.qg. larger thant)
can be taken as a sign of little degree of correlation. On therdhand, the Auto-MPC checks the
degree of complexity of a mode, by evaluating the functidinglr relation between imaginary and
real parts of the mode shape components. An MPC index grister say).5 may be interpreted
as all in-phase mode shape vector components, and the egtioza be considered suitable, while
lower values may suggest anomalous fluctuations of the pHesated, for example, to unreliable
mode shapes, or to potential structural damage). As for the-MAC, the off-diagonal terms shall
be close to zero, otherwise the related modes may not be ssialig identified. Both these two
indexes help in the estimates and in the validation of thelt®also when no target parameters are
available for comparison purposes, as it is possible to besgfated in later Sectioh 2, where the
real post-retrofit cases have been addressed.

Auto-MAC - WH EQ. Auto-MAC - LA EQ. Auto—-MAC - BB EQ.

1
Modes Modes

Auto-MPC - BB EQ.

Figure 10. Auto-MAC and Auto-MPC indexes for the estimateatisn shapes; pre-NO (WH, LA and BB)
earthquakes and NO segments.
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Figs.10 and11 represent both indexes as matrix bar-plots for the estumatede shapes of the
pre-NO (WH, LA and BB) earthquakes and NO segments (NO1, NNQB and NO4), respectively.
In particular, with respect to the pre-Northridge earthepsa there is an increase of off-diagonal
terms (Auto-MAC and Auto-MPC) and a decrease of the diagterahs (Auto-MPC). This is
a further index of lower damage during consecutive eartkggialn relation to the Northridge
earthquake: the previous phenomena are considerablyrhigme justify the occurred structural
damage. Once again, the reliability of the achieved esémiatconfirmed.

The presented results can be compared to those from prditenagure works, especially those
from study [L9], compared to which frequencies appears to be very consistéth average
deviations of abouwt.14% and5.97% for the pre-NO and NO segments subsets, respectively. This
proves again the efficacy of the rFDD algorithm in detectirgglal parameters with real earthquake-
induced structural response signals.

Auto-MAC - NO1 EQ. Auto-MAC - NO2 EQ. Auto-MAC - NO3 EQ. Auto-MAC - NO4 EQ.
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Figure 11. Auto-MAC and Auto-MPC indexes for the estimateatisn shapes; NO segments (NO1, NO2,
NO3 and NO4) earthquakes.

5.2. Post-retrofit conditions

In the present section, comprehensive results for the sedlyN7SH building, subjected to the set
of post-retrofit earthquakes outlined in Sectiér2, are reported and analysed. For the VN7SH
building, the post-retrofitting stage does not seem to haenlconsidered yet in the present
literature for modal dynamic identification purposes. Gangently, there are no target parameters
to be compared with. For this reason, some indexes have tsehamnd specifically developed to

validate these estimates, too.

SVD - NS comp., Westwood Village EQ. (2014) SVD - WE comp., Westwood Village EQ. (2014)
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Figure 12. Singular Value Decomposition and peak pickirghiégue by the Corr approach; Westwood
Village earthquake, NS (left) and WE (right) components.
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The integrated approach for PSD matrix computation (se¢éid®e2.?) leads to a fundamental
support for modal dynamic identification. As a sample, Eigrepresents the peak picking on the
SVD from the Corr method for the WV earthquake (NS and WE caomepts). Modal peaks are
visible on the graphs, and have been identified with ciramarkers, by operating on different SVs
at the same time. Their detection was possible through tedh#ined use of MAC, Auto-MAC,
MPC and Auto-MPC indexes, too. Thus, the integrated approacks well to extract the parameter
estimates, by applying then in series the Welch procedurerathe correct peaks may be detected
on its noisy SVs, only by relying on the previous outcomesgifitbe Corr approach.

The achieved estimates can be appreciated in TallleandVIll , where the identified natural
frequenciesf; and modal damping ratio§ are reported, both for the NS and WE components.
There is a very good convergence of the estimates over tluf adbpted earthquake signals. Only
the BS case presents slightly different results, espgdialielation to the first mode frequencies.
This probably depends on the specific characteristics sfdglound motion, which displays the
wider epicentral distance and the lower peak ground ac@er(TablelV). This probably leads to
a different propagation of the seismic waves and interactith the structure, and then to slightly
different modal estimates.

Table VII. Identified natural frequencieg, and modal damping ratiog; from the set of post-retrofit
earthquake responses, NS component.

Chinohills  Borrego S.  Newhall Encino  Westwood
Mode

(CH) (BS) (NH) (EN) wv)  MEAN
fi [HZ] 1 2.380 2.515 2.324 2.217 2.354 2.358
2 3.137 3.301 3.184 2.910 3.125 3.131
3 5.249 4.990 5.039 5.010 5.303 5.118
4 8.276 8.562 7.900 8.291 7.656 8.137
5 10.17 10.57 10.48 10.57 10.40 10.44
6 14.65 13.76 14.77 13.86 14.54 14.31
¢ [%] 1 1.41 3.67 459 2.64 2.12 3.48
2 2.20 3.39 3.48 2.48 2.59 2.62
3 2.54 1.80 3.31 2.08 3.19 2.58
4 2.90 3.99 1,03 3.85 3.36 3.62
5 4.14 3.14 3.64 4.88 4.91 4.14
6 - - 2.79 - 3.95 -

Table VIII. Identified natural frequencieg; and modal damping ratiog; from the set of post-retrofit
earthquake responses, WE component.

Chinohills  Borrego S.  Newhall Encino  Westwood
Mode

(CH) (BS) (NH)  (EN) wy)  MEAN
fi [Hz] 1 2.087 2.246 2.285 2.090 2.227 2.187
2 5.298 5.781 5.576 5.674 5.811 5.628
3 7.299 7.168 6.826 7.139 7.217 7.130
4 10.52 9.785 10.55 10.43 10.27 10.31
5 13.96 13.76 14.32 13.45 14.01 13.90
Gi [%] 1 2.86 2.74 2.61 2.54 2.22 2.59
2 2.60 4.63 2.96 2.53 3.34 3.21
3 3.24 2.58 2.93 2.64 2.34 2.75
4 4.04 3.93 3.72 4.72 5.01 4.28
5 4.65 4.01 4.91 4.86 4.95 4.68
Copyright© 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit(2016)
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Also, the last column of Tablegll -VIII reports the mean of the estimates related to each mode.
By looking at these results and at their deviation from th@mehe consistency of the estimates
can be appreciated. Deviations of frequencies and modapiggmatios with respect to the mean
value might be represented also in terms of bar-plots, foh earthquake and mode of vibration, as
done in previous Sectioh.1 (see Fig9). For the sake of compactness, this is not displayed here.
For the frequencies, the maximum deviation is arotifidor the NS component (first mode for the
EN case), and just belogf% for the WE component (second mode for the CH case). Instead, f
the modal damping ratios, the maximum deviatioBd%, for the NS component (first mode for the
WYV case) andi4% for the WE component (second mode for the BS case).

However, these are only isolated cases: in fact, as it caredaagd from TabléX, the mean
deviations for these parameters are lower, settling oregeedeviations that are less tha# and
15% for natural frequencies and damping ratios, respectii@dyiations are reported for all the
post-retrofit cases, with respect to the adopted earthgu@kean of the modes over a specific
earthquake) and to the modes (mean of the earthquakes gveciéicmode), respectively, as done
in previous Sectiod.1 (see Table/l).

Table IX. Deviations of natural frequencigsand modal damping ratiag with respect to the mean value,
post-retrofit earthquakes, NS and WE components.

Mean deviation over EQs. Chinohills  Borrego S. Newhall Encino  Westwood

(CH) (BS) (NH) (EN) (WV)
i, NS [%] 1.72 4.15 1.85 3.58 1.97
' WE %] 3.06 2.42 2.99 1.96 1.49
G NS[%] 14.14 17.97 21.20 15.95 19.40
L WE %) 10.69 15.66 6.70 8.26 11.15
Mean deviation over modes 1 2 3 4 5
, NS %] 3.04 2.91 2.46 3.53 1.16
" WE %] 3.60 2.71 1.70 2.19 1.71
G NS[%] 25.35 17.21 20.61 10.93 14.55
L WE %] 6.52 19.23 9.94 10.87 5.91

As done in previous Sectioh.1, the Auto-MAC and Auto-MPC indexes are adopted to assess
the validity of the achieved estimates, by taking into aetdbe lacking of target parameters for
comparison purposes. Both indexes might be representedtas trar-plots for the estimated mode
shapes of the adopted earthquakes (similarly to what was oioRigs.10 and 11). Again, Auto-
MAC and Auto-MPC show even more the reliability of the acleiéestimates. Only the last MPC
indexes (related to the last mode) show slightly poor valnesome cases, i.e. the relative mode
shapes display some complexity character. This probalpgmi#s on the noise brought about by the
use of the last SVs for the identification.

Additionally, a parallel between the Auto-MAC and the AWRC over the estimated mode
shapes and the set of earthquakes may be conducted, withriiesp of self-comparison within the
estimates. This may be done by gradually adopting each @higable earthquakes as a reference
case, and by proceeding with comparisons with each rentaggismic instance. Obviously, the
closest is the value tb, the better is the related estimate. Then, all results shdve reliable, since
they are characterized by values almost always largerai9ar(the lower value i%.882, 4t* mode,
EN-WV comparison, WE component) and th@afo (the lower value i€).705, 4" mode, EN-WV
comparison, NS component) for the Auto-MAC and Auto-MPGCelxels, respectively.

In summary, the careful reading of the presented values stitdages in Table¥1l-VIIl and the
deviations in TableX (also in relation to pre-retrofit results, where the targgtgs were known)
confirm the efficiency and validity of the present rFDD algjum in working with real earthquake
responses, also when no comparison values are available.

Copyright© 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit(2016)
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Finally, Figs.13-14 represent a sample of the estimated mode shapes relategl tesfionse to
the Westwood Village earthquake, NS and WE componentsectisply. It is possible to appreciate
that, despite for the limited number of sensors along thghteif the building, the modes appear
anyway clear and effective in engineering terms.
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Figure 13. Estimated mode shapes; response to Westwoed)®&darthquake (2014), NS component.
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Figure 14. Estimated mode shapes; response to Westwoed&iarthquake (2014), WE component.
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5.3. Remarks on the whole identification and monitoring gsialon the VN7SH building

In current Sectiorb, real earthquake-induced structural response signaés titkm the VN7SH
building have been adopted towards output-only rFDD modaladic identification. Estimates
have been extracted for pre-, during and post-Northridgthgaake, namely before ad after the
structural retrofit occurred next to the damages of the 1984#hxidge earthquake. Then, the
following outcomes and issues may be outlined from the whobdysis attempted on the building:

e The estimate of the VN7SH pre-retrofit modal parameters daestnates the full effectiveness
of the algorithm in dealing with real earthquake-inducespmse data. Additionally, VN7SH
features as close modes, heavy damping, SSI effects andgdaheve represented a
severe trial for the rFDD algorithm, which has anyway retafmeliable estimates, as also
demonstrated in comparison to achievable literature gite($ectiorb.1).

e The damage scenario recorded for the 1994 Northridge eskiegproves the ability of
the present rFDD approach to deal with very short structeeabrdings and to detect
possible damage, i.e. potential structural changes whaghaffect the structure under seismic
Structural Health Monitoring (Sectidn 1).

e The estimate of the updated modal parameters of the VN7 Sldigi(post-retrofit stage)
by using real earthquake-induced structural responsealsignoks quite challenging in
the present literature, and returns rather reliable estispavith very good convergence of
results. It allows to validate the rFDD algorithm for eantiage Structural Health Monitoring
purposes, also when no target or comparison parametera@amakSectiorb.2).

e Overall, the estimated mode shapes show a clear and effgetivesentation in engineering
terms, both for pre-, during and post-repair conditiongpite for the limited number of
sensors adopted along the height of the building. They curtfie overall goodness of the
present strong ground motion modal parameter estimateti¢8g5.1-5.2).

e As corcerring to the rFDD Structural Healtt Monitoring ouicome: on the anaysec VN7SH
building, the estimatec stron¢-grounc mction moda perameters allow for a rathe clear
detection of the curreni moda building progetties In paiticular, pre-Northridge frequercies
anc mode shape indicate a principle of mocerate structural damage duting suksequent
earttquake events Structural darrage become: explicitly prominen by inspecing the duling-
Northridge moda perarreters Thestfindings agpea in agreimen with the avaiable litelsture
stucies (Sedion 5.1). Finally, the pos-retrofil moritoring stagt clearly show: the actua modal
chaacteristics of the VN7SH building, with agpeaing stiffering anc chang: in mode shape
typolcgies by achieving very gooc corvelgenci of the estimate stron¢-grounc mction modal
perameters througlt the preser rEDD implemertation, on a grounc where the predicting
feetures are unknowr anc urdebated.

6. CONCLUSIONS

The present work has demonstrated the effective developohen enhanced implementation of a
refined Frequency Domain Decomposition (rFDadyorithm towards the output-only determination
of modal properties from real earthquake-induced respsiggrls, useful for seismic monitoring
purposes. First, the enhanced algorithm has been priatatati with simulated data, performed
also under Soil-Structure Interaction (SSI) effects, wh8pil-Structure modal parameters have
been effectively estimated within pure output-only coiuis (SectiorB.2). Then, real signals taken
from the CESMD database on the Van Nuys building have beeresstully processed. Consistent
estimates of all modal properties have been detected, botbré-retrofit (Sectiorb.1) and post-
retrofit (Section5.2) conditions, allowing to illustrate the variation of buitdj properties along
the history of the monitored seismic events. This shall prthat the present Frequency-Domain
OMA technique may be used for up-to-date detection of baganodal properties within Structural
Control and Health Monitoring in the Earthquake Enginegrange.

As corcerring to the mair sciertific novelties of the preser peper one may corsidel that from a
thearetical viewpoint. the mair implan of the preser idertificetion methotwlogy has beer already
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oullinedin [43], bul for the treamen of SYNTHETIC seismic respons signals only. On the other
hand the preser work acdresse specific inncvetive prccedures anc improvec feetures within

the sam¢« mair implant to allow for the nove prccesing of REAL earttquake-inducec response
signals Fuithemore from ar agplicetion viewpoint, realistic date from ar existing building (Van

Nuys) available before, duling anc after the damacing Northridge 1994 earttquake which has
led to building retrofitting have beer succesfully anaysec througt the idertificetion method by

prcducing a cormrprehersive anaysis oullining a nurrbel of importan' corclusions relatec to the
cortext of Structura Healtt Monitoring for this building, via its idertified moda progelties.

One may nctice thai the treate( sutjeci of idertifying moda progetrties by enploying ouiput-only
SHORI-duration anc NON-STATIONARY respons time histories with HEAVY structural damj-
ing, suct as the one: ercourterec in rea earttquake respons records agpear: very chalencing in
the decicatec litelature Moreover the preser methocseem to conrpete with a rathe smal nurrber
of approache available on the sutject, suct as e.g from [19] itself, devotec to the anaysis of the
Van Nuys building too. anc rathe recently from [23,24], in a differeni cortexi relatec to wind
ergineeing. Then the oveiall invesigetion glokally set: as a cortribution on the state( chalencing
oulput-only idertificetion scenaric of shor-duration, nor-stetionary. seismic respons signals of
heaw-dampe: structures where cuirent mettods are not well developec yet, as insteau it shal be
for the widely treate( cast of LONG-duration, STATIONARY , ouipui-only respons time histaries
of LIGHTLY -dampe: structures.

In the end, main technical outcomes and results on the adoptid application of the present
rFDD approach to real earthquake-induced response sigragl®e summarized below, by outlining
the following salient issues:

e The time-frequency signal analysis (Sectibfy), originally implemented here within rFDD,
drives the selection of the correct frequency range that bleaadopted in the subsequent
computational steps (Secti@rm3), as well as for the set-up of the parameters of the procedure
Then, the filtering of data before identification looks aneesisl step to leave-out undesired
frequency contents, which may be very adverse with the peicg of real earthquake
response signals (SectidrB).

e The integrated approach for PSD matrix computation (Se&ig) leads to essential support
for modal identification, especially when real earthquaddiiced response signals are taken
as input channels.

e The estimate of the modal damping ratios takes advantagbeoftérative optimization
algorithm, by allowing for better modal damping ratio estbes, also with heavy structural
damping, in terms of identification challenge (Sectiog).

e To assess the validity of the estimates, indexes such asuteMAC and Auto-MPC have
been specifically developed and adopted, leading to a setloés which allow for modal
parameter validation, also when no comparison model datddame available, as in most
practical cases (Sectiofsl-5.2).

Further on-going research work may concern attempts wittimear structural models, and the
use of synthetic earthquake responses and damage scendhnaiscontext. Also, comparisons with
other commonly-used output-only algorithms, additiorr@dretical and practical investigations
on the rFDD approach, adoption and implementation of difierTime Domain methods, and
identification analysis in the presence of Soil-Structureedaction effects (within output-only
conditions) will be the target of future research invedtiyzs.
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