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Abstract

The Chilean Seismological Networks has been rapidly growing these past years, going from few dozens of stations, to
nearly a 100 installed all over the country. Even more, this network is complemented by the Accelerographic National
Network, with nearly 300 strong-motion stations, deployed on a large effort by the National Office of Emergencies
(Onemi), in a variety of cities and site conditions all over the country. All of these stations are currently providing very
useful information of the earthquakes that take place in Chile, and are expected to record moderate to large events.
However, the lack of appropriate site characterization sets an important limit to its usefulness. In the present work, we
propose a methodology to begin a geophysical characterization of all of these stations, based on array measurements of
microtremors and horizontal-to-vertical spectral ratios. In the present work, we present some preliminary results for some
stations located in Valparaiso, Coquimbo, Tarapacd, and the Metropolitan regions. This information will help improve our
understanding of the behavior of soils during an earthquake, providing relevant information for seismic codes.
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1. Introduction

Chilean Seismic Network has been growing not only in number of stations, but also in the instruments that they
have. Currently, the National Seismological Center (CSN) is operating more than 100 stations, composed of
broadband seismometers, accelerometers, and GNSS instruments, with their data being transmitted in real-time
to the analysis center [1]. Even more, recently the National Office of Emergency and Mitigations (Onemi, for its
Spanish initials) has transferred nearly 300 strong-motion stations to the CSN, to be operated along with the rest
of the network. These instruments (RNA network) are located through out the whole country, mostly
concentrated on cities and other populated localities; this gives a unique opportunity to increase the knowledge
of the behavior of the soils during earthquakes, especially in those places where there is concentration of
population. Note that all the data collected by these networks is freely available and can be downloaded at any
time [2]. Moreover, the CSN is currently beginning a large effort to characterize the local site conditions where
these stations are located.

It has been clearly established that local site conditions strongly modify the movements produced by large
earthquakes; even more, it has been clearly observed that damage produced by large earthquakes is strongly
controlled by these conditions [3]. Currently, several seismic codes have adopted a number of geophysical
measurements for classification related to seismic site amplifications, being the average of the upper 30 meters
of the S wave profile (Vss) the most popular. Furthermore, recent studies suggests that these characteristics,
being useful in most cases, fail to capture the effect of thick sediments covers [4] and might even overestimate
the ground motion amplitudes for a given frequency range [5], having the need to complement them with other
sources of information, such as the predominant site frequency [6].

Several methods have been used to determine the properties of the upper layers in a site, ranging from
invasive and non-invasive methods. These last ones have particularly preferred due to their lower costs and
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| interesting capabilities of describing the subsurface structure [7,8,9]. In the present study, we focus on array-
based, surface wave methods, shown to be able to perform correctly in Chile [10,11,12]. We complement these
procedures with the well-known horizontal-to-vertical spectral ratio, becoming increasingly popular and quite
inexpensive [12,13,14,15], and have been successfully used to estimate the fundamental frequency of the site. In
the present study, we use microtremors measurements to estimate the geophysical properties of the upper layers
of the sites with strong-motion stations. We focus on the methodologies that enable us to investigate up to a
significant depth and can be used in urban areas, with strong influence of anthropogenic seismic noise.

2. Data

In the present study, we investigated the dynamic properties of the sites where strong-motion stations are
located, mostly in midsize to large cities. So far, we have only studied stations from the RNA, from its Spanish
name: Red Nacional de Acelerdgrafos. This network was deployed by the Chilean National Emergency Office,
Onemi, and recently has been given to the National Seismic Center for its oversight. Here we have investigated
| some stations from the Metropolitan, the Coquimbo, and the Valparaiso regions, as shown in Fig. 1; details on
its location can be found in Table 1. Some of these stations have been deployed since 2013, having successfully
recorded events ever since. In addition, some of these stations were able to record the motions from the 2015
Mw 8.3 Illapel earthquake [2].

639 km

Fig. 1 — Google Earth images showing the stations investigated in this study: (a) lquique, (b) Tarapaci, (c)
Coquimbo, (d) Metropolitan, and (e) Valparaiso; each dot represents a station and the names correspond to its
code name.
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The locations of the stations are presented in Table 1; in this same Table we also show the obtained values
of the average velocity in the upper 30 meters (Vsz) and the classification from the horizontal-to-vertical
spectral ratio (HVSR class), both of them explained in the following sections.

Table 1 — Location of the stations considered in this study and some results, see text for details.

Station Code | Longitud [°] Latitud [°] Vs3o [M/s] HVSR class
C010 -71.2379 -29.8770 510.8 s A
C070 -71.1675 -31.6336 654.7 s B
C110 -70.9589 -30.6964 626.4 su A
VO1A -33.0531 -71.6220 606.6 suB
VO2A -33.0231 -71.5178 595.3 sy C
VO8A -33.0198 -71.5498 343.8 sy C
VO9A -33.0482 -71.6045 212.6 syB
TO2A -20.2524 -70.1181 269.3 sy C
TO3A -20.2303 -70.1459 613.1 s B
TO5A -20.2097 -70.1502 1024.9 S
TO6A -20.2142 -70.1378 1257.6 5,
TO7A -20.2562 -69.7860 326.2 su B
TO8A -20.2700 -70.0941 985.9 5,
TO9A -19.5957 -70.2108 1585.8 5,
T10A -19.9954 -69.7671 335.6 s A
T13A -20.4963 -69.3375 377.9 s A

HMBCX -20.2782 -69.8879 742.7 S

PSGCX -19.5972 -70.1231 1641.3 S,
PB11 -19.7610 -69.6557 1048.5 sy A
RO2M -70.6599 -33.4707 724.3 5
RO5M -70.5340 -33.4429 634.7 5
RO6M -70.5745 -33.6070 594.4 s A
RO7M -70.6898 -33.3673 270.9 s, B
R10M -70.5515 -33.5788 450.3 s A
R13M -70.7669 -33.2155 280.5 sy B
R14M -70.5463 -33.3971 574.0 s
R15M -70.5084 -33.3578 3743 s
R17M -70.6838 -33.2055 562.0 sy A
R18M -70.7488 -33.5084 370.3 s B
R21M -70.7983 -33.3789 355.1 sy C
R22M -70.5916 -33.4530 647.8 5
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3. Ii\/lethodology

For this study, we have used mostly passive Surface Wave Methods [7,8,9,10,11,12], focusing our efforts on
arrays measurements, and complement them with single-station measurements, such as horizontal-to-vertical
spectral ration (HVSR). For array methods, we have extensively used SPAC [7] and its recent extensions
[16,17,18]; an example will be discussed below. For all the measurements, we used 3-components, 4.5-Hz,
geophones [19]; these instruments have shown their suitability for these kinds of studies [10,12,15]. In the
present study, we only used the vertical components for the array processing, while the horizontal ones were
only used to compute the horizontal-to-vertical spectral ratios. This was made following a previously defined
procedure [20] making use of the Stockwell Transform (ST) [21]. In few words, we divide the complete time
window (usually 20 to 40 minutes long) in 60 sec subwindows, each one processed in the same ways. We obtain
the ST of each trace and compute the total horizontal energy by adding the amplitude horizontal components,
without phase. Next, for each time step, we compute the horizontal-to-vertical spectral ratio (HVSR), for a
frequency range from 0.1 to 10 Hz. Finally, we find the percentiles that exceed certain value, obtaining a robust
estimation of the median of the HVSR. Some examples can be seen in Fig. 2.

Following the recent work of Idini and colleagues [22], we classify all our HVSR results considering the
observed predominant period and amplitude; this kind of classification has been previously applied to strong-
motion stations in Iran [23,24], Taiwan [25], Japan [26,27], and Italy [28]. It basically considers the observed
predominant frequency and the HVSR amplitude as shown in Table 2, right and left. Considering the
predominant frequency, a softer site class is given for sites with lower frequencies, ranging from s; up to sy; in
case of more than one peak, the largest one is selected. In the present study, we have limited the observed values
to the frequency range previously fixed between 0.1 an 10 Hz, and have computed the HVSR from the ST of
microtremors recording while Idini et al. [22] consider_the_5%-damping, response spectra of acceleration
records. Note that site classification s, corresponds to a stiff soil with HVYSR amplitude lower than 2 and cannot
be related to any predominant frequency.

Table 2 - Site classification considering HVSR results: left table considers the observed predominant frequency
and the right table, its corresponding amplitude (modified from [22]).

Site Frequency Limits [Hz] Site HVSR amplitude limits
Class Lower Upper Class Lower Upper
S 5.00 10.00 s, - 2
S 2.50 5.00 A 2 3
S 1.25 2.50 B 3 4
sy 0.10 1.25 c 4 )
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Fig. 2 — Examples of horizontal-to-vertical spectral ratio (HVSR) considering the S Transform for: (a) R21M, (b)
R13M, (c) C110, and (d) RO2M. The graphs also show the classification defined in [22], see text for details.

For the array measurements, we first deploy the geophones near the strong-motion station, trying to define
the largest aperture array in its vicinity, as shown in Fig. 3. Next, according to space availability, we performed a
larger array in the nearby area, as shown in the same Fig. We did microtremors measurements for 20 to 40
minutes, depending on the noise level at the time of the measurements. For sites where rock was suspected to be
near the surface, given the location on top of a hill, we complemented the passive measurements using active
source methods, methodology that has proven to give enough information to estimate the upper 30 to 50 meters
[10].
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Fig. 3 — Google Earth maps showing examples of the geometry used in the array measurements, these come from
the C010 station: each yellow square shows the location of a geophone and the white circle represents the
strong-motion station.

In the present study, we mainly used the methodology first proposed by Aki [7], and later modified for
more general configurations [29,30]. This methodology has shown to be able to explore the characteristics of the
dispersion curves in the lower frequency range considered [10]. Furthermore, we complement these results with
the method recently proposed by Erkstrém and colleagues [16,17], who noticed that the same methodology can
be further used to higher frequencies, by focusing on the zero-crossings [18]. Following Erkstrém et al [16,17],
the phase velocity at a frequency w,, where we have a zero-crossing, ¢(w,) can be computed using:

c(®n) = ®n MZpem Q)

where r is the distance between the sensors and z,., is the n+m zero-crossing of the Bessel function of order 0;
these values can be easily obtained from tables. An example is shown in Fig. 4: the upper panel shows the Bessel
Function of order 0, the red circles mark the zero-crossing; while the lower panel shows the corresponding phase
velocities by considering different possible values of m, shown at the upper-right corner. For this particular case,
the appropriate values corresponds to m=0, giving the correct dispersion curve.
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Fig. 4 — Results for R21M. Top panel: result of the correlation function, each green cross is an observed results
while the blue curve shows a smoothed version of it; the red dots mark the zero-crossing. Lower panel: given the
zero-crossing, and considering different values of m (see equation (1)), shown in the upper right corner, the
phase velocity is computed.
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As mentioned before, the lower frequency range of the dispersion curve is obtained using SPAC, mostly
considering its generalization to different geometries made by Chavez-Garcia and colleagues [29,30]; in the
present study, we used the implementation made by Wathelet and colleagues [31] in the open source, freely
available software, Geopsy. An example is presented in Fig. 5, left panel. This panel presents the corresponding
dispersion curve for the lower end of the frequency range. In addition, the results from the zero-crossings
estimation_are shown for higher frequencies (above 4 Hz). To the right, the 2 graphs show the used Bessel
Functions of order 0, with its corresponding error bar.
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Fig. 5 — Results for R21M. Left: example of dispersion curve formed by combining SPAC results, for lower
frequencies, and the zero-crossing technique, for higher frequencies. Right: examples of correlation function for
2 rings, related to the dispersion curve shown on the left.

Finally, the inversion from the obtained dispersion curves to the S-wave velocity profile was performed
using the Neighborhood Algorithm [32], appropriately adapted for this case by Wathelet [33,34]. We verified
each inversion by comparing the observed HVSR with the predicted ellipticity ratio, obtained for the best Vs
model in each case.

4. Results

In the present study we performed microtremors measurements in several strong-motion stations located in
Coquimbo, Valparaiso, Tarapacd, and Metropolitan regions. We were able to successfully determine the S-wave
velocity (Vs) in the upper layers, extend up to 50 meters, in average. The obtained profiles are presented in Fig.
6 to 9. In all of these Figs., the color is proportional to the obtained misfit of the dispersion curve, following the
corresponding scale in the lower part of each graph; in black are shown the models with the lower misfit. All of
the profiles are plotted to a depth of 50 m; however, the horizontal scale showing the Vs values vary in each
profile depending on the observed values. Each graph is labeled with the station code, as shown in Fig. 1 and
Table 1; the Vs3, calculated from the profiles are also shown_in the same Table.
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Fig. 6 — S-wave velocity profiles for the stations in Coguimbo region; each one is labeled with the corresponding
code name. For each graph, the color is proportional to the misfit of the model, following the scale below each
one; black shows the best models.

From Fig. 6 we can see that station C010 presents rather large Vs values (higher than 400 [m/s]) but it’s
classified as sy A, a rather low value (see Table 1). This low predominant frequency is produced by the strong
impedance contrast at 23 m depth, having an increase in Vs from 430 [m/s] to almost 1200 [m/s]. On the other
hand, station C070 shows increasing values of Vs from 200 to 760 [m/s], with a final jump to more than 1400
[m/s]; these large Vs values create the high frequency peak that defines the classification to s, B. In the same
way, station C110 presents a clear increment in Vs values, but in a much lower rate, reaching more than 1000

[m/s] below 40 m depth; this lower rate is responsible of the lower predominant frequency observed, classifying
as s A.
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Fig. 7 — S-wave velocity profiles for the stations in VValparaiso region; see Fig. 6 and text for details.

Fig. 7 shows stations VO1A and VO02A with lower Vs values in the upper layer, but jumping to larger
velocities (over 1000 [m/s]) in the few upper meters; this can be explained by their location in a strongly
weathered rock, in the Valparaiso and Vifia de Mar hills. These thin upper layers produce the large predominant
frequencies observed, classifying both as s;. On the other hand, VO9A and VO8A are located down in the
Valparaiso and Vifia del Mar valleys, respectively, placed on much softer materials, with Vs values usually

below 400 [m/s]. These softer materials produce the lower predominant frequencies, relating them to sy
classification.
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Fig. 8 — S-wave velocity profiles for the stations in Tarapaca region; see Fig. 6 and text for details.

Fig. 8 shows that stations TO2A, TO7A, T10A, and T13A are characterized by low velocities in the upper
layers (less than 400 [m/s]) and a strong impedance contrast below, producing a clear peak at low frequencies;
hence, classifying as s,y and sy, from HVSR. On the other hand, stations TO5A, TO6A, T08, TO9A, and HMBCX,
like stations VO1A and VO2A in the previous case, show a thin layer with rather low velocities followed by
layers of high Vs values, producing large predominant frequencies that go above the limit used in this study (10
[Hz]), leaving them as a s, classification. Station PSGCX shows a similar behavior, having a strong velocity
change in the upper meters, but it starts at a much larger velocity in the upper layer.

Station TO3A is characterized by low velocities in the upper layers and a strong impedance contrast in the
upper meters, leading to a high predominant frequency, reflected in its classification as s;;. Finally, station PB11
shows a slow increase in velocity from large Vs values (600 [m/s]) to even larger (over 1500 [m/s]); however,
it’s classified as sy A, quite a low predominant frequency. We believe that this is produced by a small impedance
contrast that was not observed with the measurements made, being a much lower depths; nevertheless, this is
issue should be further explored.



16" World Conference on Earthquake Engineering, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

—

i g

ﬂ. 19 D.?O L2 D22 0.23 D24 lJ.d-CI
Mislit wabie UslluaJuE

o

10

E0

.
R10M

40
% 300
Vs o Ve
-— *
o

D'Flh [rr\'l

[E L] 048 a.50 1,046 (8] 190 142 114 116

. 056
PMigfit valug Mist vakig Misfit value:

—
Ri4M i
i
400 B0 a00 200
Wi (mia) Ve [mi
_— o — KL
L] 0.2 033 0.3 035 038 0av .54
028 Q.27 028 0.28 0.3 o a2
Misht valua Mre‘m valua Mishi value
800
\ra rma W5 (m's)
- o —
.| 04z 044 048 oA .42 a4 045 048 050
Mishit vﬂue Mislit vale Misfit value

Fig. 9 — S-wave velocity profiles for the stations in Metropolitan region; see Fig. 6 and text for details.

From Fig. 9, note that stations RO2M, R14M, and R22M classify as s, from the HVSR, meaning that no
predominant frequency is observed; however, these stations present a clear velocity contrast in the in the upper
10 m. This is explained by the fact that in this study we restrict the frequency range up to 10 [Hz], and the
profiles for these three stations produce a clear predominant frequency at larger values, not shown in our
classification scheme, just as observed in station VO1A, VO2A, TO5A, TO6A, T08, T09A, and HMBCX, of
previous cases. Another intersting case is presented by RO5M: the HVSR classification defines it as a s, soil, but
in the upper layer we found S wave velocities as low as 200 m/s. This is produced by the slow increase in
velocity with depth, not presenting any strong impedance contrast that could produce a peak in the frequency
range considered in this study (from 0.1 to 10 [Hz]). The rest of the cases can be explained in similar ways as
done before.

5. Conclusions

| In this study, we present a methodology to retrieve the geophysical properties of site where strong-motion
stations are located. This issue is particularly difficult due to the fact that most of these stations are located in
moderate-to-large cities, with high urban noise. We successfully explore stations in the Coquimbo, the
Valparaiso and the Metropolitan regions, being able to explore up to 50 meters depth. We accomplish this using
array-based and 3-component, microtremors measurements using 4.5-Hz geophones. The most reliable methods
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used in the present study were SPAC [7] and it’s extension to higher frequency considering only the zero-
crossings [16,17]. We believe that this information will contribute in the understanding of the strong_motion
shaking produce from large to moderate earthquakes, especially in sites where most of the Chilean population
lives.
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