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SUMMARY

In thepresentstudy,output-only modaldynamicidentification andmonitoring of building properties is at-
temptedsuccessfully by processing REAL earthquake-inducedstructural responsesignals.This is achieved
throughan enhancedversion of a recently-developed refined FrequencyDomain Decomposition (rFDD)
approach,which in the earlier implementation was adoptedto analyse SYNTHETIC seismic response
signals only. Despite that SHORT-duration, NON-STATIONARY seismic responsedata and HEAVY
structural damping shallnot fulfil traditional Operational Modal Analysis(OMA) assumptions,thepresent
rFDD response-only algorithm allows for the effective estimation of strong-motion natural frequencies,
modeshapesandmodaldamping ratios,with realseismic responsesignals.ThepresentrFDD enhancement
derives from a pre-processing time-frequencyanalysis and from an integratedapproachfor PSD matrix
computation, which constitute crucial innovative issuesfor the treatment of real earthquake response
data.A monitoring casestudy is analysedby taking the real strong-motion responserecordsfrom a 7-
storeyreinforcedconcretebuilding in Van Nuys,California, from 1987to the latest2014events(CESMD
database),asrecordedbefore,during andafter the1994Northridgeearthquake,whichseverelydamagedthe
building (thenretrofitted).This paperprovestheeffectivenessof theproposedenhancedrFDD algorithm as
a robustmethodfor monitoring current structural modalproperties under realearthquakeexcitations.This
shall allow for identifying possible variations of structural featuresalong experiencedseismic histories,
providing then a fundamental tool towards Earthquake Engineering and Structural Health Monitoring
purposes. Copyrightc© 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In the field of Earthquake Engineering and Structural HealthMonitoring, the evaluation of current
structural dynamic properties plays a fundamental role, especially for potential structural changes
that strong-motion events and dynamic loadings may induce in civil infrastructures. These variations
may be detected by prompt modal parameter estimates, through specific identification techniques
that may deal not only with the pre- and post-earthquake stages, but also during sequences of ground
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motion events. This aim is targeted in the present work, where the effectiveness of a dedicated
response-only approach in the Frequency Domain is proven byprocessing real earthquake structural
response signals.

The identification of structural dynamic properties at seismic input pursues various goals, as
response prediction, condition assessment, Structural Control and Health Monitoring or damage
identification [14–16,18,30,39,41,47,48,53,56]. Nearlyall of theavailableattemptstowardsthese
endspertain to the realmof Experimental Modal Analysis (EMA) [3, 4, 10, 17, 21, 27, 28], since
theyneedtheknowledgeor measurementof the input groundmotion. However,in mostpractical
casesthetruefoundation input motion turnsout to beunavailableor unreliable(e.g.not recorded,
recordedwith low signal-to-noiseratio or affectedby Soil-StructureInteraction effects [63]).

In thefield of Operational Modal Analysis (OMA), someresearchershaveinvestigatedthe use
of stronggroundmotionsin theTimeDomain,asfor instance[19,20,25,35,36,40,50,54,55,60].
Rather,the output-only analysis in the FrequencyDomain looks quite shortfall in the earthquake
engineering range,especially asconcerning to non-parametric algorithms(asFDD is). Fewnotable
exceptions comefrom [34, 38, 39, 61]. Then,a few attemptsperformedOMA with general non-
stationarysignals,asfor instance[2,22,23,31].

The present paper deals with arefined Frequency Domain Decomposition (rFDD)technique,
a considerable evolution of classical FDD algorithms [8, 9]. This work considers the effective
processing of REAL (earthquake-induced)structuralresponsesignals,whereaspreviousunderlying
contribution [43], outlining the main body of the adoptedmethodology, was dealing with
SYNTHETIC responsesignals only. The final adoption of real signals clearly opensup a new
world here, and actually constitutes a typical final task within the validation of the proposed
OMA identification procedure.Thepaperstartsfrom thepreviousanalysiswith syntheticresponse
signalsand,after introducing novel dedicatedstrategiesrequiredfor the handling of real seismic
responsesignals (such as a pre-processing time-frequencyanalysis and an integratedapproach
for PSDmatrix computation), arrives at demonstrating thatmodalidentification becomesfeasible
in this field, by outlining SHM application scenarios basedon the comprehensive analysis of a
realistic monitoring casestudyconsidering pre-, during- andpost-damaging earthquakestructural
conditions.In otherwords,this contribution closesthecircle on thepresentresearchinvestigation
devotedto the ratherchallenging framework of OMA modal identification basedon earthquake-
inducedSHORT-duration, NON-STATIONARY , HEAVY-DAMPED structural responsesignals.

With respect to other common OMA techniques, FDD formulations have been quite widespread,
due to simple implementation, computational set-up and user-friendliness [51]. Classical FDD
procedures are centred on a Singular Value Decomposition (SVD) of the output Power Spectral
Density (PSD) matrix [8], hence they pertain to non-parametric response-only methods [9,64].

As well as most of existing OMA methods, classical FDD techniques are based on the hypothesis
of long-duration stationary white noise input [5, 8]. Other typical assumptions are constituted by
low structural damping (modal damping ratiosζi ≪ 1) and geometrically-orthogonal mode shapes
of close modes [7,8,51]. Hence, in principle, classical FDD formulations should not be employed
with short-duration and non-stationary input data, like those coming from earthquake responses,
and also at simultaneous heavy damping, in the sense of identification challenge [8,22].

Nevertheless, the present enhanced rFDD algorithm reducestypical disadvantages pertaining
to traditional FDD formulations, by allowing for the consistent analysis with real earthquake-
induced response signals and heavy damping within the OMA field. Thus, the application
of this comprehensive rFDD approach looks appealing towards potential seismic monitoring
purposes, within the challenging research scenario of Earthquake Engineering and Structural Health
Monitoring.

In the paper, after a first validation step, still with simulated data, even considering Soil-
Structure Interaction (SSI) effects, the monitoring analysis makes reference to real signals taken
from the Center of Engineering Strong Motion Data (CESMD) database [11]. Specifically, the well-
documented 7-storey RC building in Van Nuys, California, has been analysed. Several information
and surveys on this structure may be found in [29,32,57–59]. Nine different earthquakes occurred
from 1987 to 2014 have been considered here. The structural response 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 “post-retrofit”, since the 1994 Northridge
earthquake did severely damage the building, which was afterwards retrofitted. The aim here is
that to prove the efficiency of the present rFDD algorithm in dealing with real earthquake-induced
response signals and to detect and monitor the time variation of the modal properties.

Presentation of the paper is structured as follows. Forthcoming Section2 deals with main
theoretical aspects of the present rFDD algorithm, with specific reference to the new pre-processing
time-frequency analysis and to the novel integrated PSD matrix computation approach, which
have been specifically developed to deal with real earthquake responses. Section3 presents a
first validation of the algorithm with simulated data from a 5-storey frame, considering also Soil-
Structure Interaction effects. Section4 outlines the real monitoring case-study under target and the
adopted earthquakes shaking the structure, jointly with some remarks on the use and processing
of real seismic-response signals. Section5 derives comprehensive results on the application of
the present rFDD approach to the selected real earthquake-induced response signals, considering
outcomes from pre- and post-retrofit stages, in terms of monitoring purposes. In the end, main
conclusions are gathered in Section6.

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

Classical FDD validity hypotheses refer to white noise input, low modal damping ratios (ζi in the
order of1%) and geometrically-orthogonal mode shapes of “close modes”; see discussion in [8,64].

The present rFDD approach addresses such use limitations, through original arrangements and
strategies devised to tackle real seismic responses, at simultaneous heavy damping. The term
“heavy damping” refers here to cases that set realistic structural damping, e.g.ζi in the order of
5%, but leading to rather challenging identification in the OMAFrequency-Domain framework
(where typically only damping ratios in the order of1%− 2% have been considered). In the
following paragraphs, the crucial steps of the present rFDDtechnique are exposed, by rereading
and reinterpreting its main formulation [42, 43]. The novel issues concerning the pre-processing
time-frequency analysis and the integrated PSD matrix computation approach are presented, as
enhancement of the method, towards achieving a more comprehensive framework and allowing
for the treatment of real seismic response signals.

A first theoretical demonstration of the rFDD efficacy has been reported in [43]. In [44] the
instantaneous Auto-Correlation Functions of the seismic records have been involved, too. Both
studies referred only to synthetic earthquake response signals, in view of a necessary validation
condition for the identification technique. In the present work, chief attention is focused on the
novel pre-processing time-frequency analysis (see Section 2.1) and on the innovative integrated
PSD computation (see Section2.2), which are challenging and fundamental phases when dealing
with real earthquake response signals.

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

FDD algorithms basically rely on the general input/output spectral MDOF relationship [5]:

Gyy(ω) =H(ω)Gxx(ω)H
T(ω) (1)

whereGxx(ω) andGyy(ω) are the input and output PSD matrices,H(ω) is the Frequency Response
Function (FRF) matrix, while overbar and apexT denote complex conjugate and transpose,
respectively. By adopting the pole/residue form of the FRFH(ω) [5], Eq. (1) can be rewritten as:

Gyy(ω) =

(

n
∑

k=1

Rk

−iω −λk
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Rk

−iω − λk

)
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whereRk andRs are the residue matrices,λk andλs are the poles, while apexH denotes Hermitian.
As a major assumption of classical FDD, PSD matrixGxx(ω) is taken constant for stationary white
noise input, by allowing for the development of the traditional FDD framework [8].

Differently from white noise input, the PSD of a seismic signal changes with time and frequency,
due to the non-stationary nature of the signal [19]. Despite that, in a specific frequency region
ωSub = Sub(ω) ∈ ω some seismic signals may be considered as “weakly stationary” [ 49], i.e. the
first two statistical moments (mean and autocorrelation) ofthe signals do not significantly vary in
time. In [44], the reliability of this assumption was demonstrated for an applicative seismic case.
Accordingly, over this frequency range, the PSD can be approximately represented as to be merely
frequency-dependent, allowing to follow classical PSD computations [49].

Further, for some selected non-white noise input, as for several earthquakes, over the frequency
intervalωSub, which is chosen to include the structural modal frequencies under target (or at least
some of them), the spectrum may change rather slowly. The selected frequency intervalωSub may
be defined according to the specific study being undertaken. If the target would be that of predicting
the seismic response by modal properties, as it is performedhere, the focus would be placed on
the lower-frequency global response parameters; if the intent would be that of identifying potential
structural damage, a focus on the higher-frequency local response parameters would be considered.

The previous “weakly-stationary” assumption may be betterappreciated by looking at Fig.1,
where the El Centro earthquake (later adopted in Section3) has been taken as an example. Over the
specified range between0Hz and10Hz, a linear interpolation of the spectrum has been represented.
The slightness of its angular coefficient and the flat distribution of the regression residuals suggests
that the spectrum may be approximated with reasonable accuracy as to be “weakly stationary” (at
least similar to a pink noise, i.e. a signal that falls off at3 dB per frequency octave in terms of power
at a constant bandwidth [49]). The Gabor Wavelet Transform (GWT) [6] of the adopted earthquake
record, despite its global non-stationarity, confirms the assumption of a weakly stationary signal for
narrow frequency intervals, too.
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Figure 1. Accelerogram, Auto-PSD with linear regression, residuals and Gabor Wavelet Transform (GWT)
of El Centro earthquake (1940).

Thus, by taking into account the previous statements, the spectrum may be considered as about
flat, with reasonable accuracy within a frequency range of interest. Therefore, for some selected
earthquakes, the frequency dependence of the input PSD matrix for a specific frequency interval
may be neglected. Then, for a subsetωSub = Sub(ω) ∈ ω, the approximationGxx(ω = ωSub) ≃

Gxx = Gxx keeps reasonably valid.
The present novel analysis of the time-frequency distribution and spectrum flatness is a necessary

step when dealing with real earthquake-induced structuralresponse signals, in order to be confident
of the correct frequency interval (if a such kind of frequency interval exists) for a reasonable validity
of the flat spectrum assumption. For the present work, this time-frequency 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-processing step. Basically, a frequency interval
must necessarily be found where the spectrum is approximately flat, which contains as much natural
frequencies as possible, pertaining to the monitored structure. This procedure, which shall be
extended also to the output spectrum, enables for the selection of the correct frequency range, to
be adopted in the following computational steps. In fact, when dealing with real seismic signals,
it is necessary to select a consistent frequency range, in order to get effective estimates from the
application of the rFDD algorithm. Otherwise, it is not possible to ensure the reliability of the
achieved estimates. After the selection of theωSub interval, the remaining part of the frequency
spectrum shall be discarded through an appropriate (low-, band- or high-pass) filtering.

Accordingly, the rFDD theory (and the consequent adoption of real seismic response signals) is
valid within theωSub frequency interval. Basically, the classical FDD theory [8] is approximately
valid within to theωSub range of interest. By using the local flatness assumption on the input PSD
matrix and by applying the Heaviside partial fraction expansion theorem to Eq. (2), it is possible to
obtain the rFDD modal decomposition of the output PSD matrix. This is defined for the frequency
intervalωSub, in the narrow band of spectrum lines in the vicinity of a modal frequency:

Gyy(ωSub) ≃

n
∑

k=1

(

dkφkφ
T
k

iω − λk
+

dkφkφ
T
k

−iω −λk

)∣

∣

∣

∣

∣

ω=ωSub

=Φ

{

diag

[

ℜe

(

2dk
iω − λk

)]}

ΦT (3)

wheredkφkφ
T
k is the Hermitian residue matrix of the PSD output corresponding to the kth poleλk,

beingφk the kth modal vector. Then, due to the assumption onGxx(ω), dk turns out to be a real
scalar. The approximation of Eq. (3) shall be valid also for heavy damping (modal damping ratios
ζk up to10% and more), as demonstrated in [43].

The transpose of the PSD matrixGyy(ωSub) is then decomposed, at discrete frequency lines
ω = ωi ∈ ωSub, by using a Singular Value Decomposition (SVD) [5], by achieving an expression
that is effective also for close modes [5,26]. When only the qth principal value is dominant (i.e. it
reaches a maximum near the modal frequencyωq), the response PSD matrix can be approximated
by a unitary rank matrix [8], as stated by classical FDD methods [5]:

GT
yy(ωi = ωq) ≃ squq1u

H
q1 (4)

where the first SVsq at the qth resonance frequency is an estimate, with unitary normalization,
of the related mode shapêφq = uq1. Finally, in standard FDD analysis the identified mode shape
can be compared to the others in its proximity [8], by using the well-known Modal Assurance
Criterion (MAC) index [51]. The validity of the estimated mode shapes may be assessed also with
further indexes, see e.g. those in [26], or the ones originally adopted in [42], as the Modal Phase
Collinearity (MPC) and the Auto-MAC.

2.2. Integrated approach for PSD matrix computation

The output PSD matrixGyy(ωSub), selected for the frequency intervalωSub, shall be computed
through numerical methods. The integrated approach for PSDmatrix computation presented
in this work simultaneously implements the Wiener-Khinchin [5] and the Welch’s modified
periodogram [62] methods in a consecutive way.

The Wiener-Khinchin algorithm is based on the direct Fourier Transform (FT) of the correlation
matrixRdetr

yy (τ), in order to obtain the PSD matrix of the responsesGdetr
yy (ωSub):

Gdetr
yy (ωSub) = F

[

Rdetr
yy (τ)

]

= F

[

ΦRdetr
pp (τ)ΦT

]

=ΦGdetr
pp (ωSub)Φ

T (5)

whereGdetr
pp (ωSub) = F

[

Rdetr
pp (τ)

]

is the response PSD matrix (in terms principal coordinatespi),
obtained as FT of the untrended correlation matrixRdetr

pp (τ) (see [44] for more details), expressed
again in principal coordinates. Then, this method shall be calledCorrelation Approach (Corr).
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After the use of the Corr approach, the second method adoptedby rFDD for the estimation of the
Gyy(ωSub) matrix derives from the Welch modified periodogram, starting from [62]:

Gyy(ωSub) ≃
1− r

K

K/(1−r)
∑

k=1

[

L−1
∑

t=0

yk(t)W(t)e−iω t

L

] [

L−1
∑

t=0

yT
k (t)W(t)e−iω t

L

]

[

L−1
∑

t=0

W(t)2
] (6)

whereK is the number of segments of lengthL and overlappingr (r = 2/3 in the present work)
in which the initial signaly(t) has been divided,yk(t) is the kth segment of the original signal and
W(t) is the considered windowing function, i.e. an Hanning window as in this case [5]. The method
resumed in Eq. (6) shall be calledWelch Approach (Welch).

The present rFDD algorithm displays the innovative and powerful feature of the simultaneous
implementation of both Corr and Welch methods, into an integrated process. First, a run with the
Corr approach is performed, by applying the peak-picking procedure on the sharper and better
defined SVs provided by this method. The peak-picking technique is supported by the use of MAC,
Auto-MAC, MPC and Auto-MPC indexes, through comparison of the mode shapes of each potential
peak with those of the others in its proximity. In this way thecorrect peaks (i.e. the correct frequency
lines related to the modes of vibration) may be detected. This method works well especially with
short signals, though it may produce slightly less accuratemode 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 approach, which is applied sequentially
to the Corr method. This aims at extracting the final modal estimates, read in correspondence to
the formerly-detected frequency lines. This method implements averaging and windowing, before
frequency-domain convolution, leading to slightly betterestimates, especially with long recordings,
despite the appearance of noisier singular values. With this method, only the peaks on the first SV
are adopted, in order to avoid leakage on the achievable estimates.

As opposed to previous rFDD attempts in [43,44] with pseudo-experimental (synthetic) seismic
response signals, this original integrated procedure leads to a substantial improvement of the seismic
modal estimates in case of real earthquake input, as analysed here. In fact, for real seismic response
signals, this procedure is automatically and systematically performed by the rFDD algorithm.
Otherwise, identification may become difficult, often unreliable or actually mistaken. This potential
feature can be appreciated in Fig.2, where the two methods for the computation of the PSD matrix
are sequentially displayed, focusing on the results (i.e. on the detected frequency lines) provided by
the subsequent SVD computation.
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Figure 2. Singular Value Decomposition obtained from integrated computation of the PSD matrix:
(a) Corr Approach; (b) Welch Approach; response to Encino earthquake (2014), NS component. The peaks
frequency lines detectable in the Corr Approach (a) are transferred 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 rFDD approach

Conceptually, the rFDD approach derives from traditional FDD methods [8], which shall not
be adequate in principle to deal with earthquake-induced response 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 motion modal parameter estimates, also at
simultaneous heavy damping (in terms of identification challenge). The novel procedures proposed
in Sections2.1 and 2.2 enhance the rFDD method, when dealing with real earthquake-induced
responses (see Steps 1, 2, 4). The remaining steps (Steps 3, 5-8) rely on previous work [43,44], and
are reported here for the sake of completeness. The work-flowof the present implementation for
real seismic response signals may be summarized by the following computational steps:

1. Pre-processing time-frequency analysis (Section2.1), aiming at a correct evaluation of the
signal characteristics (non-stationary features, validity of the weakly-stationary and spectrum
flatness assumptions) and of the frequency range which shallbe selected for the analysis.

2. Specific data filtering applied to the input (response) signals before starting the identification
procedure; type, cut-off and/or bandpass frequencies and orders shall be selected as a function
of the outcomes (boundaries of the frequency interval) of the time-frequency spectrum
analysis (Section2.1).

3. Processing of the auto- and cross-correlation matrix, which may be further manipulated to
obtain an untrended well-defined version,Rdetr

yy (τ); this helps in removing possible troubles
related to weakly-stationary or non-stationary data, by achieving clearer and well-defined
SVs, with a sort of “SVs filtering” [44].

4. Integrated PSD matrix computation, implementing sequentially both Wiener-Khinchin [5] and
Welch’s modified periodogram [62] methods (Section2.2).

5. Estimation of modal parameters by operating on differentSVs and on their composition,
without the need of Blind Source Separation methods [13].

6. Inner procedure for frequency resolution enhancement, without the need of higher frequency
sampling [43].

7. Combined use of different MAC indexes (MAC, Auto-MAC, MPC, Auto-MPC) towards
modal validation purposes, as preliminary traced in [44].

8. Identification of modal damping ratios by an iterative optimization algorithm, as detailed
in [43, 44], where the enhancement of the damping ratio estimates withrespect to classical
EFDD was demonstrated by using synthetic earthquake response data only. Here, the iterative
procedure is applied to real seismic response data, and is proven to be effective in identifying
reliable modal damping ratios, especially when dealing with heavy structural damping in
terms of identification challenge.

One may notice that, despite certainly requiring an expert user, the application of this research
rFDD algorithm (not a commercial software) isnot subjectiveat all and that, by following the
systematic steps above, consistent modal dynamic identification by adopting real earthquake-
induced response signals can be achieved through the present implementation, as it is going to
be demonstrated by the outcomes reported in the following sections.

3. PRIOR NUMERICAL VALIDATION OF THE ENHANCEDrFDD METHOD

Beyond first numerical attempts with shear-type frames and synthetic response signals that were
performed in [42–44], here two additional numerical trials are prior proposed for the validation
of the enhanced rFDD algorithm in view of its subsequent use with real seismic response signals.
First, a fixed-base 5-storey frame is considered in Section3.1, by assuming two types of structural
damping. Then, a 5-storey frame with Soil-Structure Interaction (SSI) effects is modelled and
adopted for the analyses in Section3.2. The achieved results may be compared to known target
values and estimates coming from [19], where an output-only identification procedure conceivedto
work with strong ground motion responses was developed. As it will be presented by the following
analyses, current results look to be superior and basicallyconfirm the efficacy of the developed
algorithm in the present framework.

Copyright c© 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 presentnumerical validation is a fixed-base
5-storey shear-type frame, taken from [19]. TableI summarizes stiffness and mass properties for all
the floors. As it concerns damping, two different cases are considered:

• Stiffness proportional damping (ζs); first mode modal damping ratio is set to0.5%.
• Mass proportional damping (ζm); first mode modal damping ratio is set to10%.

The input motion is taken as the 1940 El Centro earthquake (18/05/1940, Station 0117, NS
component) [11], which is adopted as base-excitation for the structure. Itis characterized by
M = 7.1, durationt = 40 s, sampling frequencyfs = 100Hz andPGA = 0.312 g. The structural
response is calculated via Newmark’s direct integration method (average acceleration) [12].

Table I. Properties of the 5-storey frame [19].

Floor 1 2 3 4 5

Stiffness×103 [kN/m] 350 280 210 140 70

Mass×103 [kg] 300 300 300 300 300

Figure3 represents the Auto-PSD and GWT related to the first floor and to the roof of the 5-
storey frame, using both stiffness and mass proportional damping. The ridges detection on the
GWTs confirm the local weakly stationary of the response signals, which allows for the handling
by the present rFDD procedure. All the modes are identifiablein the graphs, starting from the first
floor motions, due to the excitation features and to the fixed-base conditions. This can be seen also
through the PSD peaks. As expected, first modes of vibration display higher energy in the stiffness
proportional system, while this is true for the last modes ofthe mass proportional system. This is
directly related to the modal damping ratio associated to each resonance frequency. Then, because
of light damping associated to the higher modes, the system with mass proportional damping shows
better modal parameter estimates, despite the heavy damping associated to the first modes, as it
can be seen by the results reported in TableII . The estimates are very accurate for both cases, by
showing MAC values that turn out always higher than0.95, and identified natural frequencies and
modal damping ratios very close to the target values.
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Figure 3. Auto-PSD and Gabor Wavelet Transform (GWT) of the 5-storey frame, first floor (left) and
roof (right) channels, stiffness (top) and mass (bottom) proportional dampings, El Centro earthquake.
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Table II. Comparison between target and identified (ID) modal dynamic properties, stiffness and mass
proportional dampings, El Centro earthquake, 5-storey frame.

Mode
Target ID, Stiffness prop. damp. ID, Mass prop. damp.

fn [Hz] ζs [%] ζm [%] fn [Hz] ζs [%] MAC fn [Hz] ζm [%] 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 8.135 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 previous 5-storey fixed-base shear-type frame
has been set on a flexible foundation. Soil-Structure Interaction (SSI) effects have been simulated via
a Sway-Rocking model, which has added two degrees of freedomto the system, i.e. the foundation
sway and the system rocking (more details on this model may befound in [45,46,52] and references
quoted therein).

Floor mass and inter-storey stiffness are kept as before, aswell as the shaking earthquake
(1940 El Centro earthquake). The inter-storey height is assumed to be4m. The mass moment of
inertia for each floor is taken asIi = 7.5× 106 kgm2. The adopted foundation displays a mass
m0 = 5× 105 kg and a mass moment of inertiaI0 = 7.5× 106 kgm2. Finally, sway and rocking
soil stiffnesses are set equal toks = 9× 108N/m andkr = 3× 1010Nm, respectively.
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Figure 4. Gabor Wavelet Transform (GWT) of the 5-storey SSI sway-rocking frame, foundation sway,
rocking, first floor and roof motions, mass proportional damping, El Centro earthquake.

For the sake of compactness, only mass proportional dampinghas been considered here, with
first modal damping ratio set again to10%. Figure4 represents the GWT related to the 5-storey
sway-rocking system, for the foundation sway, rocking, first floor and roof motions. It is possible to
appreciate that not all the modes may be detected in all the degrees of freedom. This fact is directly
related to more difficult modal parameter estimates, with respect to the standard fixed-base 5-storey
frame (without SSI effects). Also, the presence of SSI effects is clearly visible, since ridges related to
structural frequencies may be detected in the foundation motions, as well as for soil (non-structural)
frequencies in the above structural motions.
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Table III. Comparison between identified and target modal dynamic properties, use of 5 or 7 sensors, mass
proportional damping, El Centro earthquake, 5-storey SSI sway-rocking frame.

Mode
Target ID, 5 sensors ID, 7 sensors

fn [Hz] ζm [%] fn [Hz] ζm [%] MAC fn [Hz] ζm [%] 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, whether by using the full 7-channel set of records
or by using a reduced 5-channel set (without foundation swayand rocking recordings). All the
modes are identified correctly. In fact, MAC values are always higher than0.94, and natural
frequency and modal damping ratio estimates are still very close to the target values. Then, the rFDD
algorithm proves its effectiveness in dealing also with earthquake-induced structural recordings
affected by SSI effects, by working with full output-only conditions, 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 Section3 for synthetic response signals, the
present rFDD algorithm is applied to real earthquake-induced response signals recorded on the
Van Nuys Hotel, California (Fig.5). Data are taken from the Center of Engineering Strong Motion
Data (CESMD) online database [11]. This building has been selected as a well-documented case,
displaying a good spatial layout of instrumentation and considerable wealth of recorded data. Also,
pre- and post-retrofitting data before and after the 1994 Northridge earthquake are available.

Figure 5. External view of the VN7SH building and three-dimensional sensor layout (adapted from [32]).
Input data are taken from the CESMD database.

The 7-storey RC hotel building (in short VN7SH) is located inVan Nuys, central San Fernando
valley, metropolitan Los Angeles area, California [29, 32, 57]. It was designed in 1965 and
constructed in 1966, according to the existing Building Code [32]. The structure displays a plan of
45.72m× 18.90m, for an approximate total floor surface of6200m2. At the time of construction,
the framing consisted of columns spaced of6.10m in the transverse direction and of5.80m in the
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longitudinal direction. Spandrel beams surround the perimeter of the structure and, jointly with the
exterior columns, form the primary resisting frame to the lateral loads, in each direction. With the
exception of some light framing members supporting the stairway and the elevator openings, the
structure is essentially symmetric. The floors display RC flat slabs, with the following thicknesses:
25 cm at the2nd floor,22 cm between the3rd and the7th floor and20 cm at the roof. The foundation
system consists of a group of piles, with a diameter of60 cm and a length of12.20m. The structure
sits on a recent alluvium soil; primarily, it consists of sandy silts and silty fine sands [29,32].

During its life, the structure has been debilitated by the 1971 San Fernando earthquake
(09/02/1971,MW = 6.6) and severely damaged by the 1994 Northridge earthquake (17/01/1994,
ML = 6.4), event after which the building was considerably retrofitted. Extensive structural damage
occurred as column-beam/column joints shear failures along the perimeter of the frame. Failures
also included spalling of the covering concrete over the longitudinal bars, buckling of the
longitudinal bars and through-cracks up to several centimetres wide. In this regard, noticeable
surveys and analyses can be found in [29,57–59]. Structural repairs and strengthening after the 1994
Northridge earthquake involved the addition of shear wallsat three columns of the south frame and
four columns of the north frame, and at several interior column lines. Base fixity was provided to the
new shear walls by the addition of grade beams spanning between pier groups [32]. Fig. 5a shows a
picture resembling the actual conditions of the building.

According to the California Strong Motion InstrumentationProgram, the building was
instrumented in 1980 (CSMIP Station n. 24386) [11]. The recording system consisted of 16
accelerometers on five levels of the building: five channels were devoted to the EW direction, while
ten to the NS and one to the UP direction. Fig.5b 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 pre-, during- and post-1994 Northridge
earthquake are considered. Specifically, response data belong to two set of earthquakes, i.e. the
four earthquakes occurred from 1987 to 1994 (pre-retrofit) and the five earthquakes occurred from
2008 to 2014 (post-retrofit), including the recent 2014 Californian events of Encino and Westwood
Village. Their main characteristics and properties are summarized in TableIV.

Recorded data belong to the four EW channels and to the six NS channels (the channels at the
ground floor have not been considered, both for the OMA purposes of the present analysis and
for the low signal-to-noise ratio). Because of the limited number of sensors along the height of
the building (4 monitored floors on a total of 7 storeys), the mode shapes show to be slightly less
resolute (see subsequent results in Section5.1 and5.2), but anyway relevant in engineering terms.
Then, following Section4.3presents some crucial considerations on the seismic data processing of
the strong ground motion response signals.

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

Pre-retrofit earthquakes Date Dur.[s] fs [Hz] M Dist. [km] PGA [g] PSA [g]

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 Dur.[s] fs [Hz] M Dist. [km] PGA [g] PSA [g]

Chinohills (CH) 29/07/2008 95 100 5.4 71.5 0.054 0.140
Borrego Springs (BS) 07/07/2010 62 200 5.4 203.8 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 4.4 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-induced response signals

The algorithm’s efficiency with real earthquake response data is influenced by several factors, as
the signal’s characteristics and processing. A first crucial issue concerns the selection of the correct
frequency range which shall be adopted in the computationalsteps, as detailed in Section2.1.

Another feature belongs to the sampling frequency (fs) of the recordings, since it may affect the
frequency resolution of the PSD matrix. In fact, a poorly defined frequency sampling produces a
limitation of the number of FFT points and of the signal decimation, which directly influence the
goodness of the estimates. An adequate frequency resolution may be expected of at least100Hz,
since lower values may produce difficulties in the estimations. In fact, the most demanding estimates
derive from the pre-retrofit earthquakes, which are all characterized byfs = 50Hz (see Section5.1).

Another important aspect which may affect the frequency resolution of the PSD matrix is
related to the shortness of the earthquake acquisitions (with respect to the wideness of the
commonly adopted ambient recordings). Then, with the present earthquake-induced response data
the frequency resolution (and then the number of points for the PSD matrix computation) has been
enhanced by adding a zero-response time window at the end of the records [43], similarly to the
zero-padding adopted in classical signal analysis [5]. This can improve the frequency resolution,
with a sort of interpolation of the frequency spectra. In theliterature, it is generally said that
registration lengths of about 1000-2000 times the first natural period of the structure often result
quite appropriate [51].

Then, the length of the adopted time series has been extendedby adding a zero-solicitation
time window of300 s to the BS, NH, EN and WV earthquakes (fs = 200Hz), of 600 s to the CH
ground motion (fs = 100Hz) and of1000 s to all pre-retrofit seismic shakings (fs = 50Hz). The
previous issues, which are all related to the sampling frequency and duration of the acquisitions,
may be addressed assampling frequency effect: the rFDD algorithm shall successfully deal with
this concern, by providing accurate results at real seismicinput.
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Figure 6. Gabor Wavelet Transform related to Channel 9 (roof), Channel 11 (second floor) and Channel 16
(foundation); response to Landers 1992 (top) and Northridge 1994 (bottom) earthquakes, WE component.

Additionally, another important issue concerns the filtering of data before identification, operation
that is strictly related to the frequency interval adopted for the correct working of the rFDD
algorithm. Figs.6 and7 represent the Gabor Wavelet Transforms (GWT) related to theground floor
(Ch. 16), second floor (Ch. 11) and roof plan (Ch. 9) of the Van Nuys building, WE component, LA-
NO and EN-WV earthquakes, respectively. The choice falls onthese excitations since they turned
out the most demanding for the algorithm. Same considerations may be made for the remaining
earthquakes, too.

The frequencies on the y-axes are limited to the structural range of interest, which is different
in dealing with pre- or post-retrofit conditions. These intervals have shown to be in agreement
with the local weakly stationary required for the application of the rFDD algorithm. Also, several
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Figure 7. Gabor Wavelet Transform related to Channel 9 (roof), Channel 11 (second floor) and
Channel 16 (foundation); response to Encino 2014 (top) and Westwood Village 2014 (bottom) earthquakes,

WE component.

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

Thus, by looking to Figs.6 and7, it is possible to see that some structural frequencies can be
detected in the ground floor response, as well as the soil frequencies, which may be perceived in
the upper structural motions. In particular, pre-retrofit data seem to suffer greater from this issue
than post-retrofit data. Some of these frequency ridges are probably related to the harmonics of the
seismic event, as well as they may be due to Soil Structure Interaction (SSI) effects, a feature studied
by various researchers in relation to the adopted building [32,58,59]. A similar effect was seen also
in Fig. 4 (Section3.2), where the numerical 5-storey SSI model has been investigated, confirming
the latter hypothesis.

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

5. PERFORMED ANALYSES AND MONITORING RESULTS

Several researches in the literature have focused on the identification of the VN7SH modal
parameters, based either on ambient tests or on strong motion data recordings, but all are related to
signals arising from pre- and during-Northridge (1994) conditions [1,19,29,57–59]. Only Ghahari
et al. [19] did output-only (non-FDD) modal identification at seismicinput. Therefore, the use of
both pre-, during- and post-Northridge acquisitions all together shows to be rather challenging in the
present literature, in order to use the present rFDD algorithm with real earthquake-induced response
signals (pre-retrofit, Section5.1) and to estimate the updated modal parameters for the post-retrofit
condition (Section5.2).

5.1. Pre-retrofit conditions

In this subsection the rFDD method is applied to the responses recorded from the pre-retrofit
earthquakes. With regards to these pre-repair conditions,several researches have been performed:
especially, Trifunac et al. [58, 59] have studied the changes in natural frequencies of the VN7SH
building during various earthquakes, using Fourier analysis and Short Time Fourier Transform
(STFT) techniques. The identification procedures were based on the analysis of the relative response
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spectra. They concluded that the modal frequencies change among earthquake occurrences and with
the intensity of the shaking. They also reported significantSoil Structure Interaction (SSI) effects
for this building, which have been thoroughly studied in [32], too.

Ivanovic et al. [29] carried out two detailed ambient vibration tests when the building was
damaged by the 1994 Northridge earthquake; they reported estimates of apparent (“pseudo flexible-
base”) natural frequencies and mode shapes for the damaged building. Alimoradi and Naeim [1]
used the 1992 Big Bear and the 1994 Northridge earthquake structural recordings with an EMA
technique, i.e. they adopted the ground floor response as input motion. They have extracted pseudo
flexible-base modal parameters from these two seismic responses (modal damping ratios, too).
Todorovska and Trifunac [57] have performed an impulse response analysis and damage detection
of the VN7SH building during several earthquakes, by using wave travel times of vertically-
propagating waves. They obtained the first natural frequency of the fixed-base system.

Two approaches have been used by the previous studies to achieve strong ground motion modal
parameter estimates, i.e. the adoption of EMA algorithms (by using ground floor responses as input)
or the employment of the relative response spectra of the acquired response signals. Both methods
appear to be troublesome, since the VN7SH building seems to suffer from SSI effects and the
achieving of apparent natural frequencies may not fully describe the soil-structure system.

As a solution of the aforementioned issues, Ghahari et al. [19] suggested to use a specifically-
developed OMA technique. They used Time-Frequency distributions and Blind Source Separation
methods to extract modal parameter estimates from the VN7SHearthquake response signals. In
that work, they have also reported and critically reviewed the previous studies which have been
attempted to identify the modal characteristics of the VN7SH building.

Here, the present rFDD algorithm is applied as a plain output-only technique in Frequency
Domain to the real earthquake response data recorded on the VN7SH building; strong-motion modal
parameters are estimated for all the considered earthquakes, without the need of accounting for the
foundation input motion or for the ground floor response.

Among the adopted pre-retrofit seismic excitations, the 1994 Northridge earthquake (NO)
severely damaged the VN7SH building [57]. In fact, the GWT related to the NO structural response
in Fig. 6 shows a clear sign of natural frequency changes. The ridges representing the first two
natural frequencies were significantly discontinuous withrespect to the LA case, hence implying
that some structural changes occurred in the building. Accordingly, the NO record was divided
into four equally-length segments (15 s), while remaining earthquakes were adopted with their full
length. All the considered records (and segments) have beenprocessed by the inner procedure for
frequency resolution enhancement in order to achieve an adequate number of spectral frequency
lines.

Table V. Identified natural frequenciesfi and modal damping ratiosζi from the set of pre-retrofit earthquake
responses, WE component.

Mode
Whittier Landers Big Bear MEAN North. 1 North. 2 North. 3 North. 4 MEAN
(WH) (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 5.335 5.170 4.848 5.117 4.294 3.320 3.088 3.333 3.509

ζi [%] 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 relatedto the WE component have been
reported. TableV shows the first three identified natural frequencies and modal damping ratios
from the set of pre-retrofit earthquakes. Mean values have been calculated and reported for the first
three ground motions (pre-Northridge, i.e. WH, LA and BB) and for the NO (NO1–NO4) segments,
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respectively. Since the NO event has severely damaged the building, the pre-retrofit earthquakes
were divided in these two subsets, aiming at a more detailed discussion on the results.

Then, Fig.8 shows the mode shapes related to the estimated modes. Only the first three modes of
vibration are sought in the present analysis, mainly due to the limited number of sensors along the
height of the building. Additionally, the relevant SSI effects, the heavy-damped conditions and the
sampling frequency effect (see Section4.3) adversely affect the estimation of the following modes.

By looking at the achieved modal estimates, the differencesamong the outcomes from the
segments of the NO record are clearly visible. This confirms that potential structural changes, i.e.
damage, occurred in the building, as stated by [29, 57–59], too. Only during the last segment, a
little recovering seems to have occurred, as indicated by the slight increase of the first and third
natural frequencies. This feature, independently confirmed by the present rFDD OMA analysis, was
formerly detected and studied in detail in [57,58], by alternative EMA techniques. This aspect shall
further corroborate the objectivity of the present identification approach. Modal damping ratios,
which are more or less stable during the previous earthquakes (WH, LA and BB), show significant
changes during the NO excitation, by confirming again the appearance of structural damage. Also,
the decrease of the first and third natural frequencies of thebuilding during consecutive earthquakes
may be another index of damage, although to a lower extent, with respect to those caused by the NO
earthquake.
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Figure 8. Estimated mode shapes; response to the set of pre-retrofit earthquakes, WE component.

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

Mean deviation over EQs.
Whittier Landers Big Bear Nort. 1 North. 2 North. 3 North. 4
(WH) (LA) (BB) (NO1) (NO2) (NO3) (NO4)

fi [%] 3.04 4.94 7.05 25.65 4.51 12.73 12.67
ζi [%] 34.21 26.02 22.59 55.17 38.63 20.71 32.81

Mean deviation over modes
Pre-retrofit Northridge EQ.

1 2 3 1 2 3

fi [%] 3.09 8.43 3.51 14.99 15.48 11.19
ζi [%] 31.74 22.74 28.35 32.09 45.81 32.58

The previous statements may be confirmed by looking at Fig.9, where the deviations of
frequencies∆f = (fest − ftarg)/ftarg and modal damping ratios∆ζ = (ζest − ζtarg)/ζtarg with
respect to a target value (taken here as the mean value, for the pre-Northridge earthquakes and
NO segments, respectively) are represented in terms of bar-plots, for each earthquake and mode of
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vibration. Then, TableVI reports the mean deviations for the considered cases, with respect to the
adopted earthquakes (mean of the modes over a specific earthquake) and to the modes (mean of the
earthquakes over a specific mode), respectively. The biggerdeviations related to the second mode
of the pre-Northridge events and the high deviations of all NO segments confirm again the damage
scenario which was previously depicted.
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Figure 9. Comparison of frequency and modal damping ratio deviations 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 assess thevalidity of the achieved estimates,
i.e. the Auto-Modal Assurance Criterion (Auto-MAC) and Auto-Modal Phase Collinearity (Auto-
MPC) indexes [44]. The Auto-MAC matrix detects if some modes are not orthogonal to each other,
since the diagonal terms are unitary by definition, while off-diagonals ones, due to the orthogonality
hypothesis, shall be close to zero. The existence of non-zero off-diagonal terms (e.g. larger than0.4)
can be taken as a sign of little degree of correlation. On the other hand, the Auto-MPC checks the
degree of complexity of a mode, by evaluating the functionallinear relation between imaginary and
real parts of the mode shape components. An MPC index greaterthan, say,0.5 may be interpreted
as all in-phase mode shape vector components, and the estimates can be considered suitable, while
lower values may suggest anomalous fluctuations of the phases (related, for example, to unreliable
mode shapes, or to potential structural damage). As for the Auto-MAC, the off-diagonal terms shall
be close to zero, otherwise the related modes may not be successfully identified. Both these two
indexes help in the estimates and in the validation of the results also when no target parameters are
available for comparison purposes, as it is possible to be appreciated in later Section5.2, where the
real post-retrofit cases have been addressed.
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Figure 10. Auto-MAC and Auto-MPC indexes for the estimated mode 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 estimated mode shapes of the
pre-NO (WH, LA and BB) earthquakes and NO segments (NO1, NO2,NO3 and NO4), respectively.
In particular, with respect to the pre-Northridge earthquakes: there is an increase of off-diagonal
terms (Auto-MAC and Auto-MPC) and a decrease of the diagonalterms (Auto-MPC). This is
a further index of lower damage during consecutive earthquakes. In relation to the Northridge
earthquake: the previous phenomena are considerably higher, and justify the occurred structural
damage. Once again, the reliability of the achieved estimates is confirmed.

The presented results can be compared to those from previousliterature works, especially those
from study [19], compared to which frequencies appears to be very consistent, with average
deviations of about4.14% and5.97% for the pre-NO and NO segments subsets, respectively. This
proves again the efficacy of the rFDD algorithm in detecting modal parameters with real earthquake-
induced structural response signals.
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Figure 11. Auto-MAC and Auto-MPC indexes for the estimated mode shapes; NO segments (NO1, NO2,
NO3 and NO4) earthquakes.

5.2. Post-retrofit conditions

In the present section, comprehensive results for the analysed VN7SH building, subjected to the set
of post-retrofit earthquakes outlined in Section4.2, are reported and analysed. For the VN7SH
building, the post-retrofitting stage does not seem to have been considered yet in the present
literature for modal dynamic identification purposes. Consequently, there are no target parameters
to be compared with. For this reason, some indexes have been used and specifically developed to
validate these estimates, too.
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Figure 12. Singular Value Decomposition and peak picking technique by the Corr approach; Westwood
Village earthquake, NS (left) and WE (right) components.
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The integrated approach for PSD matrix computation (see Section 2.2) leads to a fundamental
support for modal dynamic identification. As a sample, Fig.12 represents the peak picking on the
SVD from the Corr method for the WV earthquake (NS and WE components). Modal peaks are
visible on the graphs, and have been identified with circularmarkers, by operating on different SVs
at the same time. Their detection was possible through to thecombined use of MAC, Auto-MAC,
MPC and Auto-MPC indexes, too. Thus, the integrated approach works well to extract the parameter
estimates, by applying then in series the Welch procedure, where the correct peaks may be detected
on its noisy SVs, only by relying on the previous outcomes from the Corr approach.

The achieved estimates can be appreciated in TablesVII andVIII , where the identified natural
frequenciesfi and modal damping ratiosζi are reported, both for the NS and WE components.
There is a very good convergence of the estimates over the setof adopted earthquake signals. Only
the BS case presents slightly different results, especially in relation to the first mode frequencies.
This probably depends on the specific characteristics of this ground motion, which displays the
wider epicentral distance and the lower peak ground acceleration (TableIV). This probably leads to
a different propagation of the seismic waves and interaction with the structure, and then to slightly
different modal estimates.

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

Mode
Chinohills Borrego S. Newhall Encino Westwood

MEAN
(CH) (BS) (NH) (EN) (WV)

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

ζi [%] 1 4.41 3.67 4.59 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 4.03 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 frequenciesfi and modal damping ratiosζi from the set of post-retrofit
earthquake responses, WE component.

Mode
Chinohills Borrego S. Newhall Encino Westwood

MEAN
(CH) (BS) (NH) (EN) (WV)

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

ζi [%] 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
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Also, the last column of TablesVII -VIII reports the mean of the estimates related to each mode.
By looking at these results and at their deviation from the mean, the consistency of the estimates
can be appreciated. Deviations of frequencies and modal damping ratios with respect to the mean
value might be represented also in terms of bar-plots, for each earthquake and mode of vibration, as
done in previous Section5.1 (see Fig.9). For the sake of compactness, this is not displayed here.
For the frequencies, the maximum deviation is around7% for the NS component (first mode for the
EN case), and just below6% for the WE component (second mode for the CH case). Instead, for
the modal damping ratios, the maximum deviation is39% for the NS component (first mode for the
WV case) and44% for the WE component (second mode for the BS case).

However, these are only isolated cases: in fact, as it can be deduced from TableIX , the mean
deviations for these parameters are lower, settling on average deviations that are less than3% and
15% for natural frequencies and damping ratios, respectively.Deviations are reported for all the
post-retrofit cases, with respect to the adopted earthquakes (mean of the modes over a specific
earthquake) and to the modes (mean of the earthquakes over a specific mode), respectively, as done
in previous Section5.1(see TableVI).

Table IX. Deviations of natural frequenciesfi and modal damping ratiosζi 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)

fi
NS [%]
WE [%]

1.72 4.15 1.85 3.58 1.97
3.06 2.42 2.99 1.96 1.49

ζi
NS [%]
WE [%]

14.14 17.97 21.20 15.95 19.40
10.69 15.66 6.70 8.26 11.15

Mean deviation over modes 1 2 3 4 5

fi
NS [%]
WE [%]

3.04 2.91 2.46 3.53 1.16
3.60 2.71 1.70 2.19 1.71

ζi
NS [%]
WE [%]

25.35 17.21 20.61 10.93 14.55
6.52 19.23 9.94 10.87 5.91

As done in previous Section5.1, the Auto-MAC and Auto-MPC indexes are adopted to assess
the validity of the achieved estimates, by taking into account the lacking of target parameters for
comparison purposes. Both indexes might be represented as matrix bar-plots for the estimated mode
shapes of the adopted earthquakes (similarly to what was done in Figs.10 and11). Again, Auto-
MAC and Auto-MPC show even more the reliability of the achieved estimates. Only the last MPC
indexes (related to the last mode) show slightly poor valuesin some cases, i.e. the relative mode
shapes display some complexity character. This probably depends on the noise brought about by the
use of the last SVs for the identification.

Additionally, a parallel between the Auto-MAC and the Auto-MPC over the estimated mode
shapes and the set of earthquakes may be conducted, with the purpose of self-comparison within the
estimates. This may be done by gradually adopting each of theavailable earthquakes as a reference
case, and by proceeding with comparisons with each remaining seismic instance. Obviously, the
closest is the value to1, the better is the related estimate. Then, all results show to be reliable, since
they are characterized by values almost always larger than0.95 (the lower value is0.882, 4th mode,
EN-WV comparison, WE component) and than0.90 (the lower value is0.705, 4th mode, EN-WV
comparison, NS component) for the Auto-MAC and Auto-MPC indexes, respectively.

In summary, the careful reading of the presented values and estimates in TablesVII -VIII and the
deviations in TableIX (also in relation to pre-retrofit results, where the target values were known)
confirm the efficiency and validity of the present rFDD algorithm in working with real earthquake
responses, also when no comparison values are available.
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Finally, Figs.13-14 represent a sample of the estimated mode shapes related to the response to
the Westwood Village earthquake, NS and WE components, respectively. It is possible to appreciate
that, despite for the limited number of sensors along the height of the building, the modes appear
anyway clear and effective in engineering terms.
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Figure 13. Estimated mode shapes; response to Westwood Village earthquake (2014), NS component.
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Figure 14. Estimated mode shapes; response to Westwood Village earthquake (2014), WE component.
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5.3. Remarks on the whole identification and monitoring analysis on the VN7SH building

In current Section5, real earthquake-induced structural response signals taken from the VN7SH
building have been adopted towards output-only rFDD modal dynamic identification. Estimates
have been extracted for pre-, during and post-Northridge earthquake, namely before ad after the
structural retrofit occurred next to the damages of the 1994 Northridge earthquake. Then, the
following outcomes and issues may be outlined from the wholeanalysis attempted on the building:

• The estimate of the VN7SH pre-retrofit modal parameters demonstrates the full effectiveness
of the algorithm in dealing with real earthquake-induced response data. Additionally, VN7SH
features as close modes, heavy damping, SSI effects and damage have represented a
severe trial for the rFDD algorithm, which has anyway returned reliable estimates, as also
demonstrated in comparison to achievable literature attempts (Section5.1).

• The damage scenario recorded for the 1994 Northridge earthquake proves the ability of
the present rFDD approach to deal with very short structuralrecordings and to detect
possible damage, i.e. potential structural changes which may affect the structure under seismic
Structural Health Monitoring (Section5.1).

• The estimate of the updated modal parameters of the VN7SH building (post-retrofit stage)
by using real earthquake-induced structural response signals looks quite challenging in
the present literature, and returns rather reliable estimates, with very good convergence of
results. It allows to validate the rFDD algorithm for earthquake Structural Health Monitoring
purposes, also when no target or comparison parameters are known (Section5.2).

• Overall, the estimated mode shapes show a clear and effective representation in engineering
terms, both for pre-, during and post-repair conditions, despite for the limited number of
sensors adopted along the height of the building. They confirm the overall goodness of the
present strong ground motion modal parameter estimates (Sections5.1-5.2).

• As concerning to therFDD Structural HealthMonitoring outcomeson theanalysedVN7SH
building, the estimatedstrong-ground motion modal parameters allow for a rather clear
detection of thecurrent modalbuilding properties. In particular, pre-Northridgefrequencies
and mode shapesindicate a principle of moderate structural damage during subsequent
earthquakeevents.Structuraldamagebecomesexplicitly prominentby inspecting theduring-
Northridgemodalparameters.Thesefindingsappearin agreementwith theavailableliterature
studies(Section5.1). Finally, thepost-retrofitmonitoringstageclearlyshowstheactualmodal
characteristics of theVN7SH building, with appearing stiffening andchangein modeshape
typologies,by achievingverygoodconvergenceof theestimatedstrong-groundmotionmodal
parameters through the presentrFDD implementation, on a ground where the predicting
featuresareunknownandundebated.

6. CONCLUSIONS

The present work has demonstrated the effective development of an enhanced implementation of a
refined Frequency Domain Decomposition (rFDD)algorithm towards the output-only determination
of modal properties from real earthquake-induced responsesignals, useful for seismic monitoring
purposes. First, the enhanced algorithm has been prior validated with simulated data, performed
also under Soil-Structure Interaction (SSI) effects, where Soil-Structure modal parameters have
been effectively estimated within pure output-only conditions (Section3.2). Then, real signals taken
from the CESMD database on the Van Nuys building have been successfully processed. Consistent
estimates of all modal properties have been detected, both for pre-retrofit (Section5.1) and post-
retrofit (Section5.2) conditions, allowing to illustrate the variation of building properties along
the history of the monitored seismic events. This shall prove that the present Frequency-Domain
OMA technique may be used for up-to-date detection of building modal properties within Structural
Control and Health Monitoring in the Earthquake Engineering range.

As concerning to themainscientific noveltiesof thepresentpaper,onemayconsiderthat,from a
theoretical viewpoint, themainimplantof thepresentidentification methodologyhasbeenalready
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outlined in [43], but for thetreatmentof SYNTHETIC seismic responsesignalsonly. On theother
hand,the presentwork addressesspecific innovative proceduresand improvedfeatures,within
the samemain implant, to allow for the novelprocessing of REAL earthquake-inducedresponse
signals.Furthermore,from anapplication viewpoint, realistic datafrom anexisting building (Van
Nuys), available before, during and after the damaging Northridge1994 earthquake,which has
led to building retrofitting,havebeensuccessfully analysedthroughthe identification method,by
producing a comprehensive analysis, outlining a number of important conclusionsrelated to the
contextof StructuralHealthMonitoring for thisbuilding, via its identifiedmodalproperties.

Onemaynoticethatthetreatedsubjectof identifying modalpropertiesby employing output-only
SHORT-duration andNON-STATIONARY responsetimehistorieswith HEAVY structural damp-
ing, suchastheonesencounteredin realearthquakeresponserecords,appearsvery challenging in
thededicatedliterature.Moreover,thepresentmethodseemsto competewith arathersmallnumber
of approachesavailableon thesubject, suchase.g.from [19] itself, devotedto theanalysisof the
Van Nuys building too, andratherrecently from [23, 24], in a different context related to wind
engineering. Then,theoverall investigation globally setsasacontribution on thestatedchallenging
output-only identification scenario of short-duration, non-stationary, seismic responsesignals of
heavy-dampedstructures,wherecurrentmethodsarenot well developedyet, asinsteadit shallbe
for thewidely treatedcaseof LONG-duration, STATIONARY , output-only responsetimehistories
of LIGHTLY -dampedstructures.

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

• The time-frequency signal analysis (Section2.1), originally implemented here within rFDD,
drives the selection of the correct frequency range that shall be adopted in the subsequent
computational steps (Section2.3), as well as for the set-up of the parameters of the procedure.
Then, the filtering of data before identification looks an essential step to leave-out undesired
frequency contents, which may be very adverse with the processing of real earthquake
response signals (Section4.3).

• The integrated approach for PSD matrix computation (Section 2.2) leads to essential support
for modal identification, especially when real earthquake-induced response signals are taken
as input channels.

• The estimate of the modal damping ratios takes advantage of the iterative optimization
algorithm, by allowing for better modal damping ratio estimates, also with heavy structural
damping, in terms of identification challenge (Section2.3).

• To assess the validity of the estimates, indexes such as the Auto-MAC and Auto-MPC have
been specifically developed and adopted, leading to a set of values which allow for modal
parameter validation, also when no comparison model data would be available, as in most
practical cases (Sections5.1-5.2).

Further on-going research work may concern attempts with nonlinear structural models, and the
use of synthetic earthquake responses and damage scenariosin that context. Also, comparisons with
other commonly-used output-only algorithms, additional theoretical and practical investigations
on the rFDD approach, adoption and implementation of different Time Domain methods, and
identification analysis in the presence of Soil-Structure Interaction effects (within output-only
conditions) will be the target of future research investigations.
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