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Abstract

Seismic structural health monitoring allows for the continuous evaluation of engineer-
ing structures by monitoring changes in the structural response that can potentially
localize associated damage that has occurred. For the first time in Colombia, a perma-
nent and continuous monitoring network has been deployed in a 14-story ecofriendly
steel-frame building combined with a reinforced concrete structure in downtown
Bogota. The six three-component ETNA-2 accelerometers recorded continuously for
225 days between July 2019 and February 2020. We use deconvolution-based seismic
interferometry to calculate the impulse response function (IRF) using earthquake and
ambient-vibration data and a stretching technique to estimate velocity variations
before and after the M, 6.0 Mesetas earthquake and its aftershock sequence. A consis-
tent and probably permanent velocity variation (2% reduction) is detected for the build-
ing using ambient-vibration data. In contrast, a 10% velocity reduction is observed just
after the mainshock using earthquake-based IRFs showing a quick recovery to about
2%. A combination of both earthquake-based and ambient-vibration-based deconvo-
lution interferometry provides a more complete picture of the state of health of engi-
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neering structures.

Introduction
Continuous evaluations of the state of health of engineering
structures (Farrar and Worden, 2010), such as buildings
(Mordret et al, 2017; Celebi, 2019; Rahmani and Todorovska,
2021), bridges (Salvermoser et al., 2015; Kaya and Ventura,
2019), and dams (Bukenya et al, 2014; Planés et al, 2016;
Oliveira and Alegre, 2019), are key to obtaining reliable infor-
mation about the integrity of these structures and ultimately
seismic risk. In recent years, new methodologies and data have
become available to allow for such continuous monitoring,
detection (and location) of damage in buildings using wave
propagation approaches (Snieder and Safak, 2006; Todorovska
and Trifunac, 2008; Nakata et al., 2015; Massari et al., 2018; Park
and Oh, 2018) and sometimes using impulse response functions
(IRFs) (e.g., Mordret et al., 2017) or fitting beam-type or finite-
element models for structural system identification (Ebrahimian
and Todorovska, 2015; Sun et al., 2017) to study the effects of
environmental variables (Nakata and Snieder, 2014; Sun et al.,
2017) or extreme events such as earthquakes (Kohler et al., 2007;
Nakata et al., 2013). Buildings can be damaged due to exposure
to environmental continuous deterioration and unexpected
natural disasters, such as earthquakes. In this regard, structural
health monitoring (SHM) technology has been actively devel-
oped to ensure the safety of buildings (Park and Oh, 2018).

Number 2A  « March 2022 .

Volume 93« www.srl-online.org

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/93/2A/931/5552733/srl-2021219.1.pdf

bv aorieto

Supplemental Material

Snieder and Safak (2006) proposed a deconvolution-based
seismic interferometry approach to separate the IRF of the
building from the source of excitation and from the soil-struc-
ture interaction, instead of a correlation-based approach
(Snieder et al, 2009; Wen and Kalkan, 2017). Estimating
the IRF between different floors is possible using earthquake
records (Snieder and Safak, 2006; Kohler et al, 2007;
Todorovska and Trifunac, 2008; Nakata et al., 2013, 2015) or
ambient vibrations (Prieto et al, 2010; Nakata and Snieder,
2014; Sun et al., 2017). Earthquake-based IRFs can be obtained
using very short-time windows and can be used to detect
response changes at very short-time scales (Todorovska and
Trifunac, 2008), whereas using ambient vibrations can provide
a continuous picture (not possible using earthquakes, espe-
cially in regions with little earthquake activity) of the building
response and has been applied in a wide range of monitoring
purposes including volcanos (Sens-Schonferder and Wegler,
2006; Brenguier, Shapiro, et al, 2008; Obermann et al,

1. Departamento de Geociencias, Universidad Nacional de Colombia, Bogota,
Colombia, @ https://orcid.org/0000-0001-8538-7379 (GAP); 2. Universidad ECCI,
Bogotd, Colombia, @ https://orcid.org/0000-0002-8666-6377 (CR)

*Corresponding author: gaprietogo@unal.edu.co

© Seismological Society of America

Seismological Research Letters 931


https://orcid.org/0000-0001-8538-7379
https://orcid.org/0000-0002-8666-6377
https://doi.org/10.1785/0220210219
https://doi.org/10.1785/0220210219
https://orcid.org/0000-0001-8538-7379
https://orcid.org/0000-0001-8538-7379
https://orcid.org/0000-0002-8666-6377

2013), fault zones (Brenguier, Campillo, et al., 2008), subduc-
tion areas (Ikeda and Tsuji, 2018), slope stability in massive
rock structures (Céardenas-Soto et al., 2016), and much more.

Based on the estimated IRFs, a number of approaches have
been used for studying the temporal variations of wave velocities
in buildings. One approach uses the IRF arrival times between
two floors by visual inspection, for example, between the ground
level and various floors or from the top floor to lower levels (e.g.,
Todorovska and Trifunac, 2008; Nakata et al., 2013). Another
approach uses a numerical model with a limited number of
unknown parameters that describe the building to match the
predicted and observed IRFs (Ebrahimian and Todorovska,
2015; Sun et al., 2017; Rahmani and Todorovska, 2021). A
recent approach takes advantage of coda-wave interferometry
monitoring approaches in seismology (Snieder et al, 2002;
Brenguier, Shapiro, et al., 2008) in which the IRFs at two differ-
ent times are compared using waveform coherence (or cross cor-
relations) to extract relative time delays with the time axis of one
trace being stretched or compressed to obtain the best correla-
tion with the other trace (Sens-Schonfelder and Wegler, 2006;
Mordret et al., 2017).

In this contribution, we use deconvolution-based interfer-
ometry using both earthquake and ambient-vibration data to
study velocity variations over a period of 224 days in a building
in downtown Bogota, Colombia. During the recorded period,
an M, 6.0 earthquake occurred about 150 km east of Bogota
followed by an M, 5.8 aftershock that produced significant
changes in the building response.

Data and Methods

The Crisanto Luque is a 14-story building with a steel frame
combined with a reinforced concrete structure located in down-
town Bogota, Colombia. The six three-component ETNA-2
accelerometers were installed, one located in the basement of
the building and the others in the second, fifth, eighth, 11th,
and 14th floors (ceiling). The instruments record at 200 samples
per second continuously starting June 2019, although continu-
ous recording halted in February 2020. The sensor on the ceiling
used a Global Positioning System (GPS) clock, and timing for
the other sensors was obtained through network timing protocol
using the building’s ethernet network. The Ycomponent of the
fifth floor sensor was also unresponsive. This is, as far as we
know, the longest SHM experiment in Colombia. This building
array provides an excellent data set to study temporal variations
of building response to natural and anthropogenic sources (see
Data and Resources).

Here, we analyze 225 days (between 3 July 2019 and 14
February 2020) of continuous recording on both horizontal
components of the sensors. Sensors are located along the south-
east side of the rectangular-shaped building as shown in
Figure 1. The sensors were bolted to the floor of the building,
except for the sensor in the ceiling (14th floor), which was bolted
to the ceiling, to enable the GPS to have a view of the sky.
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Figure 2 shows example amplitude spectrograms of the 14th
floor, where the general behavior of anthropogenic sources is
evident with higher amplitudes during business hours and
lower amplitudes at night (corresponding traces shown in
Fig. S1, available in the supplemental material to this article).
Detected earthquakes are present, the most obvious being an
M, 6.0 earthquake and its early aftershocks. The main modes of
vibration of the building include 1.25 Hz, overtones at 2.37 and
3.13 Hz, and a prominent mode at 3.9 Hz (a similar figure for
the Y component is shown in Fig. S2). Because our main objec-
tive is not mode and mode shape estimation, no further analy-
sis of the modes is discussed, and it is left for future research.

From the continuous data available between July 2019
(2019-184) and February 2020 (2020-044), a total of 49 earth-
quakes with M; >3.5 were used in this study for monitoring
purposes (see Table S1). Most of these earthquakes (see map
in Fig. 3) occur within the Bucaramanga Nest (Prieto et al,
2012; Poli et al., 2016), and the rest correspond to the main-
shock and aftershocks of the M; 6.0 Mesetas earthquake
sequence (Servicio Geologico Colombiano [SGC], 2020).
Example records of some of the earthquakes are shown in
the supplemental material (Fig. S3a-c).

Estimating the IMF

In this study, we use deconvolution interferometry (Snieder
and Safak, 2006; Prieto et al, 2010; Nakata et al, 2013;
Nakata and Snieder, 2014) for monitoring purposes. In apply-
ing deconvolution interferometry, we calculate the IRF:

€y

D,(z 20, f) = F! [Un (z, 0) Uz (2o, w)]

U% (20, )

using the multitaper algorithm (Prieto et al, 2009) in which
U, (z, w) and U,(zy, w) represent the recorded ground accel-
eration at circular frequency w at floor levels z and z, respec-
tively. In our study, we use the sensors at floors 2, 5, 8, 11, and
14 (ceiling) leading to a total of 25 IRFs from all floor combi-
nations for each horizontal component (X and Y). We do not
analyze the vertical component. The subscript n represents the
time window used to calculate the IRF, which is always the
same for both floor levels. For earthquake and ambient-vibra-
tion data, the time window varies as explained subsequently.

In the case of the earthquake-based IRFs, we take 100-s-long
windows starting 10 s before the predicted arrival time of the
Pwaves at the Crisanto building. Deconvolution interferometry
(equation 1) is applied without a water level to each segment
after signals are detrended. No temporal averaging is per-
formed, so the individual earthquake IRFs are used for mon-
itoring. The resulting IRFs for all 49 earthquakes and the
average IRF are shown in Figure 4.

For the continuous ambient-vibration IRFs, the 225-day-
long record is divided into 10-min-long segments and equa-
tion (1) is applied to the detrended signals (again without a
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Figure 1. (a) Front view and (b) floor plan view of the Crisanto
Luque building. ETNA-2 sensors on each floor are shown in gray
triangles.
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water level). In contrast to many studies in ambient seismic
monitoring studies (e.g., Bensen et al, 2007), we apply no
amplitude normalization, and we do not remove windows with
large amplitudes. To improve the coherent signal of the ambi-
ent-vibration data, we average the 10 min IRFs into 24 hr IRF
stacks that are used for monitoring purposes. Figure 5 shows
70-day-long averaged IRFs based on ambient vibration, com-
pared with the earthquake-based results.

We tested different processing parameters (window length,
starting time, overlapping windows, and averaging length), but
found that our results were not significantly affected and the
conclusions of the work hold. Figures 4 and 5 show the result-
ing IRFs in which the wave pulse traveling upward and down-
ward from the reference station can be clearly observed. The
IRFs are also symmetric between negative and positive times.

Monitoring velocity variations

Velocity variations within an engineering structure may reflect
changes in its internal characteristics such as spatial distribu-
tion or stiffness (Todorovska and Trifunac, 2008), opening and
closing of existing cracks or formation of new cracks (Astorga
et al., 2018), and soil-structure interactions (Kohler et al.,
2007), so accurate estimates of wave propagation velocities
are key. One way of estimating the speed of traveling waves
using the IRF is by looking at the deconvolution with respect
to the roof (Snieder and Safak, 2006; Prieto et al, 2010;
Rahmani and Todorovska, 2021) or with respect to other floors
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Average amplitude

Figure 2. (a) Amplitude spectrogram for ambient-vibration data
for the X-component sensor located at the 14th floor and
average spectral amplitudes. Star represents the origin time of
the M, 6.0 Mesetas earthquake. (b) Average amplitude spectrum
from (a) with approximate frequencies of peaks.

(Kohler et al., 2007; Nakata et al., 2013; Nakata and Snieder,
2014; Mordret et al., 2017). Unfortunately, arrival times are
based on detecting or picking the arrival of an upgoing or
downgoing wave, and for small velocity variations (0%-10%),
the arrival-time differences of direct phases are on the order of
10-30 ms, which can easily be below the resolution when com-
paring filtered IRFs. In addition, the limited number of sensors
in the Crisanto building prevents clear tracking of the wave
propagation of individual phases (Kohler et al., 2007) or pos-
sible reflections within the building (Mordret et al., 2017).
The estimated velocity of the X and Y-component is 200
and 250 m/s, respectively. Because we are focused on velocity
variations, the absolute values of the wavespeeds are not nec-
essary, and only relative velocity variations are studied. To esti-
mate the relative velocity variations (dv/v), we compare a
current IRF at a given time £, relative to a reference IRF by
measuring relative phase shift (or time delays) along the two
traces. In this study, we use as a reference IRF the 70 day aver-
age IRF (Fig. 5), the IRF for the 49 earthquake IRFs, or the daily
stack IRF using ambient vibrations. The IRFs are similar to
Number 2A
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each other with small phase shifts at different time scales. A
clear and symmetric phase shift is observed at Julian day
358 (the day of the M, 6.0 earthquake), which suggests a sig-
nificant change of the building response (see Figs. S4, S5a-b;
xample.g., IRFs at various floors and frequencies for the entire
experiment).

To estimate the time delays, we use the stretching technique
(Sens-Schonfelder and Wegler, 2006; Hadziioannou et al., 2009).
Under the assumptions of a small and uniform velocity change,
the time shift between two waveforms is proportional to the
travel time (Hadziioannou et al., 2009). By stretching the time
axis of one waveform and finding an optimal cross correlation
with the other waveform, the stretching method can estimate a
relative velocity change. Although other methods are available
(Clarke et al., 2011; Mikesell et al, 2015; Jiang and Denolle,
2020), as pointed out by Mordret et al. (2017), the estimated
errors using a moving window method were higher than the
stretching method. Similar results were obtained regardless of
the method using a small subset of the data.
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Figure 3. (a) Location of building array (red triangle) and earth-
quakes used in this study (colored circles). Inset map shows the
location of study area in South America. (b) Two source areas
(Bucaramanga Nest and Mesetas earthquake). Earthquake
parameters taken from the Servicio Geoldgico Colombiano 43
colored by origin time and size based on magnitude. The color
version of this figure is available only in the electronic edition.

In applying the stretching method, we assume that a small
velocity change occurs homogeneously within the building, so
the IRF will be a stretched or compressed version of the refer-
ence IRF. We follow (Mordret et al., 2017) to obtain an esti-
mate of the velocity variation (dv/v) by stretching the reference
IRF over a certain range and cross correlating with the current
IRF. The optimal stretching, and thus dv/v, is the one with the
highest correlation coefficient (Fig. S6). We perform these dv/v
estimates over different frequency bands to focus on the differ-
ent modes of the building as shown in Figure 2. We perform a
grid search between —-20% and 20% for the dv/v with 200 bins

Seismological Research Letters 935
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and refine the search around the maximum correlation coef-
ficient with another 200 bins.

To reduce the effect of the early arrivals in comparing the
current and reference IRFs, we apply an automatic gain control
to each IRF so that the cross correlation represents the simi-
larity of the entire waveforms rather than the similarity of the
early arrivals. In the following, we only use the dv/v estimates
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Figure 4. Earthquake-based impulse response function (IRF) for
the 49 earthquakes analyzed in this study (colored traces) and the
average IRF (black traces) for all possible floor combinations.
Reference floor is marked on each panel. IRFs are filtered
between 0.5 and 5.0 Hz in these plots The color version of this
figure is available only in the electronic edition.
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with correlation coefficients higher than 0.8. The length of the
window used for phase delay and dv/v estimation depends on
the frequency band of interest (see Table S2 for frequency
bands and window lengths). We tested estimating the dv/v
using only the positive or negative side of the IRFs with no
significant change in the results.
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Figure 5. Ambient-vibration-based IRF from the average of 70
days (black traces) for all possible floor combinations, compared
with earthquake-based IRF (gray traces). Reference floor is
marked on each panel. IRFs are filtered between 0.5 and 5.0 Hz
in these plots.
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is a significant velocity change

Earthquake #1 Jul. 03, 2019
Earthquake #25 Dec. 24, 2019
Earthquake #44 Jan 14, 2020

after the Mesetas earthquake.
However, in contrast with the
earthquake results, the ampli-

tude of the velocity variation
00 is only about 2%. The discrep-
ancy is quite significant just
after the mainshock, but after
a few days, the earthquake-

based velocity variations seem

20 to show a recovery of the build-
ing response and suggest a
velocity reduction of about
1%-2%, similar to what is

Ambient IRF Jul. 03, 2019
Ambient IRF Dec. 25, 2019
Ambient IRF Jan. 23, 2020

observed using ambient vibra-
tions. The ambient vibrations

show a permanent velocity

A variation with no clear recov-

ery. The ambient-vibration
data used here represent a
24 hr average IRF, whereas the

earthquake IRF is based on a
100 s window.

Figure 6. (a) Comparison of example IRF between second and eighth floors using earthquake and
(b) ambient-vibration data filtered between 0.5 and 2.0 Hz. Inset shows IRFs in the first 5 s.
Observable phase shifts are interpreted as velocity variations within the building. Note that the
phase shift around the M, 6.0 Mesetas earthquake is largest (black trace) and a slight recovery is
observed in 2020 (blue trace). The phase shift is more significant using earthquake-based IRFs. The
color version of this figure is available only in the electronic edition.

20 We argue that the sharp
of 2%
observed in Figure 8 is sta-
tistically significant. Both the
median

velocity ~ decrease

velocity  variations
from the 20 IRF combinations
(we neglect the autodeconvolu-
tion) as well as the 25th and
75th percentiles (boxes) con-

firm the robust velocity drop.

Velocity variation results
Figure 6 shows an example comparison of earthquake and
ambient-vibration IRFs before, just after, and weeks after the
Mesetas earthquake. Clear phase delays are observed after the
mainshock, but it is notable that the phase delays are much
more pronounced using the earthquake-based IRFs. This is
confirmed using all of the available earthquake-based IRFs.
Figure 7 shows the estimated velocity variations over the
period of study, with a very significant velocity decrease of
around 10% during the first few days after the Mesetas earth-
quake. Mordret et al. (2017) observed velocity variations on the
order of 1%-2%, which they linked to weather conditions. In
contrast, building responses after large earthquakes do show
significant variations, estimated to about 20% for a building
in Japan after the Tohoku earthquake (Nakata et al, 2015;
Wen and Kalkan, 2017; Nakata and Kashima, 2018).

Figure 8 shows the estimated velocity variations using the
ambient-vibration IRFs for the X component. A similar pattern
to what we observed using the earthquake data emerges; there
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Figure S9 shows velocity varia-
tion using the ambient vibrations for the Y component.
Although a similar pattern is observed for the Y component,
the velocity variations at higher frequencies (6-10 Hz) shows
large uncertainties.

Discussion and Conclusions
Why are the amplitudes so different comparing the dv/v var-
iations from ambient-vibration-based and earthquake-based
IRFs? Why is the velocity variation showing a recovery using
earthquake data and no such recovery using ambient vibra-
tions? The spectrogram of the X component shown in
Figure 2 may hold part of the answer. After the Mesetas earth-
quake, the fundamental mode (1.25 Hz) shows a clear shift that
persists long after the mainshock (see Fig. S2 for a similar pat-
tern for the Y component). Similar behavior seems to be
observed also for the higher mode at 3.9 Hz. We speculate that
this permanent mode shift is what the ambient vibration is
detecting as a not-recovered velocity variation of about 2%.
In contrast, the large velocity variations using earthquake data
Number 2A
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may reflect a nonlinear response and more significant funda-
mental frequency variations of the building (Clinton et al,
2006; Mikael et al., 2013) due to strong shaking of the building.
The observed recovery (Figs. 7 and 8) is not complete, and a
remnant 1%-2% velocity reduction is still observed a few days
after the mainshock. Because most of the recorded earthquakes
are M, 4-5, shaking is not as strong and is similar to ambient-
vibration data, thus really reflecting the average, linear response
of the building with a 2% velocity reduction with respect to the
building before the Mesetas earthquake. So, we believe dv/v~2%
is an appropriate estimate of the long-term velocity change,
whereas the 10% corresponds to the coseismic variation of
the building (Wen and Kalkan, 2017; Astorga et al., 2018).
Unfortunately, the building array did not continue to record
after February 2020, and it is not clear whether the building
response has recovered to its original condition or a velocity
decrease was left due to the M| 6.0 Mesetas earthquake. A future
visit and repeated experiment with the same sensors located in
the same positions may allow us to answer this question.
Building monitoring can potentially be used continuously
using either recorded ground motions due to earthquakes or
Number 2A . March 2022 -

Volume 93« www.srl-online.org

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/93/2A/931/5552733/srl-2021219.1.pdf

bv aorieto

Freq = 0.5-2.0 Hz

-10%

>
g -5% d
: !
10 :op % i ¥ 4
0% [
ol
o}
AN | | | | | . | L | |
190 230 270 310 350 1 21 41
2020
Day of year
Freq = 6.0-10.0 Hz E
-10%
Z
_? —5%

0%

190 230 270 310
2019
Day of year

Figure 7. Seismic velocity variations from earthquake-based IRFs
showing a 10% velocity reduction after the Mesetas earthquake
(velocity reduction is up). A rapid recovery to about 1%—-2% is
observed. Median (white circle), mean (purple dot), individual
estimates (gray dots), and 25% and 75% quantiles (boxes) from
the 25 IRF station pairs at the X component of the Crisanto
building at different frequency bands. We do not use the
autodeconvolution for velocity variation analysis.

using ambient-vibration data that may include both anthropo-
genic and other natural sources. The relative velocity variations
obtained using IRF phase delays provide very precise estimates
and can detect changes associated with strong shaking. It is
important to be aware of potential differences of ambient-vibra-
tion- and earthquake-based velocity variations that may be due to
nonlinear response of the building and give very different velocity
variations. In Figure 8 (and also evident in Fig. S4 as small kinks
in peaks and troughs), small velocity variations are observed that
are not only associated with the Mesetas or other earthquakes but
also related to environmental conditions, but this is something we
did not pursue in this work and hope to address in future work.
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Differences in velocity variations observed between low-
amplitude ambient vibrations and large-amplitude earthquake
shaking have been observed previously (e.g., Wen and Kalkan,
2017) and are interpreted as being due to nonstructural com-
ponents affecting the stiffness of the structure during ambient
measurements. Astorga et al. (2018) argue that the continuous
damage process within the structure is sampled using ambient
vibrations, whereas the larger amplitude motions, such as the
Mesetas earthquake, can alter the degree of heterogeneities
(cracks) and determines the nature of the quick recovery
observed. A combination of both earthquake-based and ambi-
ent-vibration-based deconvolution interferometry provides a
more complete picture of the state of health of engineering
structures.

Data and Resources

All data used in this work were collected as part of a project supported
by ECCI. Data are available upon request to the authors. Authors will
make every effort to upload the data to Incorporated Research
Institutions for Seismology (IRIS) or other servers for any reader
to download the data. The supplemental material includes additional
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Figure 8. Seismic velocity variations from ambient-vibration-based
IRFs showing a 2% order variation after the Mesetas earthquake
(velocity reduction is up). In contrast to the earthquake-based
results, no clear recovery is observed. Median (white circle), mean
(purple dot), individual estimates (gray dots), and 25% and 75%
guantiles (boxes) from the 25 IRF station pairs at the X com-
ponent of the Crisanto building at different frequency bands.

figures describing the data and results for the Y component. Tables
include the list of earthquakes used for earthquake-based deconvolu-
tion and parameters used for velocity variation using the stretching
method.
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