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ABSTRACT: The Mw 8.8 Maule Chile earthquake is one of the largest magnitude
events to have produced strong motion recordings world-wide. In this paper we describe
attributes of the recording stations, the data processing procedures and ground motion
intensity measures computed from the records. We then compare spectral accelerations to
predictions from GMPEs. Finally we present preliminary attenuation relations for
horizontal spectral accelerations developed using a database of Chilean accelerograms
recorded during interface earthquakes occurred between 1985 and 2010.
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INTRODUCTION

The Mw 8.8 Chile earthquake occurred on February 27, 2010 in the south central Chilean region of
Maule. This earthquake is associated with the subduction process of the Nazca plate beneath the South
American plate, and it is one of the largest magnitude events to have produced strong motion
recordings world-wide. There were around 30 relevant strong motion recordings from currently
accessible arrays, over a rupture distance range of 30 to 700 km. These recordings come from the
University of Chile research arrays.

In this paper we describe attributes of the recording stations, the data processing procedures, and
ground motion intensity measures computed from the records. We then compare spectral accelerations
to predictions from GMPEs. Existing well known GMPE for interface subduction events captures well
the distance scaling and dispersion of the data, but under-predicts the overall ground motion level.

Finally we present attenuation formulas for horizontal Peak Ground Accelerations (PGA) and
horizontal Spectral Accelerations (SA) obtained using a database of Chilean seismic records. The
database used contains accelerograms recorded during interface earthquakes occurred between 1985
and 2010, including the accelerograms from the 2010 Mw 8.8 Maule Chile earthquake.
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STRONG GROUND MOTION FROM THE 2010 Mw 8.8 MAULE CHILE EARTHQUAKE

The University of Chile (UCh) has maintained strong motion arrays in operation since the mid-1960,
controlled by the National Accelerograph Network at the Department of Civil Engineering
(RENADIC) and the Seismological Service at the Department of Geophysics (GUC). Most of the
instruments are analogue accelerometers (SMA-1 or similar) located inside one story buildings. The
Mw 8.8 Chile earthquake was recorded by the UCh strong motion arrays. Table 1 indicates location of
the recording stations, orientation of the instruments and geological and geotechnical conditions.

Data processing procedure

The procedure used in record processing is similar to techniques described in the literature for high-cut
filtering (Akkar et al. 2011) and for low-cut filtering (Akkar and Bommer 2006 and Paolucci et al.
2008). Recordings were digitized and processed in order to preserving high and low frequency signal
to the extent possible. The Fourier Amplitude Spectrum (FAS) was inspected in log-log space to
identify the maximum usable frequency (fmax) and to preliminarily estimate the low-cut filter corner
(fmin)- Typically, .« was taken as 90 Hz for a Nyquist frequency of 100 Hz and 40 Hz for a Nyquist
frequency of 50 Hz. An iterative process was performed to select the final value of fi,, in which the
value was varied up and down and the integrated displacement histories and displacement response
spectra were inspected. This process is illustrated in Fig. 1 for the VINA record. We seek the lowest
value of f;, that preserves a natural appearance to the record in the time domain without obvious drift
from low frequency noise. For the VINA record (NS component), fni, was selected as 0.03 Hz.
Filtering was applied in the time domain using an acausal fourth order Butterworth filter. Finally,
pseudo acceleration response spectra at 5% damping were calculated for a period band ending slightly
short of 1/fmin. More details about record processing can be found in Boroschek et al. 2012.

f,=033Hz )
Station: VINA Channel: NS £ 5Ty Station: VINA Channel: NS
—_ 1 (a) f.=010Hz 169 (b)
= min ~ Z g _
o =
= 50
8 )
s 0 = 3 4
2 25 —
A T 4
A
=0 T I B 1 N I B
0 40 80 120 160 200 0 10 20 30
Time (sec) Period (sec)

Fig. 1 Sensitivity of integrated displacements and displacement response spectra to different low-cut
filter corners. The case indicated with ‘NO’ corresponds to direct integration of the VINA record.

Ground motion intensity measures of selected recordings

Finite fault models of the earthquake rupture have been generated by USGS 2010 and Delouis et al.
2010 (DEA) based on different data sources. The rupture plane used for distance calculation is
trimmed from the DEA fault plane to envelope the high-slip region (530x150 km).

The closest instruments to the fault plane are in Concepcion city: CCSP (relatively firm soil) and
CONC (relatively soft soil) with rupture distances of 34-35 km. In Fig. 2(a) we present geometric
mean spectra of these records. The relatively firm soil conditions at CCSP produced large spectral
peaks above 2g at short periods (~0.2 s), while the softer conditions at CONC produced much lower
short period spectral accelerations and a pronounced spectral peak from 1.5-2.2 s. The CONT station
(soft soil) has much higher spectral ordinates over a broad period range (0.2 to 1.5 s), which may be a
site effect that is much more broadly banded than that at CONC.
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Fig. 2(b) shows geometric mean spectra of records with R,,,~50 km. LLO and HUAL stations are
located around the north part of the fault and, despite the geographic distance between them (about
150 km), present similar spectral shapes. ANGO station, located around the south part of the fault,
presents spectra with high accelerations for short periods and a large peak close to 3.5g at 0.2 s. Fig.
2(c) shows geometric mean spectra of seven records from the Santiago region. We observed similar
spectral shapes with spectral peaks over a period range of 0.15 to 0.5 s. An exception is the CRMA
station which presents higher short period spectral accelerations (by a factor of 2 compared with other
records) and a spectral peak of 2g at 0.5 s. Fig. 2(d) shows geometric mean spectra from the Valparaiso
and Vifia del Mar region, where four stations are located very close to each other with rupture
distances from 95-99 km. Data is plotted for stations VALU (rock) and three soil stations VINA, MAR,
and VAL (soft soil). Site amplification is evident at the soil sites with apparent site periods of 0.5-1.0 s.
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Fig. 2 Geometric mean spectra of some representative records

In Table 2 we present, for the closest sites to the fault, the intensity measures of: PGA, PGV, PGD and
5% damped PSa at 0.1, 0.2, 1.0, 2.0 and 3.0 s for the two horizontal components of recordings. The
maximum PGA was 0.93g at station ANGO, the maximum PGV was 67 cm/s at station CONT and the
maximum PGD was 40 cm at station SLUC. We also include in Table 2 Arias Intensity, Significant
Duration (defined from the 5-95% time interval on a normalized Arias intensity plotted v/s time) and
Central Frequency (Vanmarcke 1976). There is a strong motion record at Cauquenes that was saturated
with a clip value of 1g. Additional studies are underway to derived reliable information.
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Fig. 3 (a) 5-95% Significant Duration and (b) Arias Intensity versus rupture distance
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5-95% significant durations ranged from about 30-90 s, although perceptible durations were often
much longer at 2-3 min. Fig. 3(a) shows variation of significant durations (maximum value of the two
horizontal components is considered) with distance. It is observed a decreasing trend. Fig. 3(b) shows
variation of Arias intensity (calculated as the sum of the Arias intensity of the three components).

Table 2 Ground motion intensity measures (derived from Boroschek et al., 2012)

Code Arias  Significant Central
Station ~ Channel PGA PGV~ PGD 5% damped PSa (g) Intensity Iguration Freq.
(Rrup) @  (emls) (€M) Gicec O2sec Tsec  2sec  3sec (m/s) (sec) (Hz)
CCsP NS 0.65 38 16 138 215 049 015 0.08 1731 69.7 4.04
(34 km) EW 0.61 44 15 091 179 081 030 008 14.26 73.8 4.16
CONC L 0.40 67 21 061 105 039 113 0.18 8.79 80.6 2.13
(35 km) T 0.28 50 16 039 0.67 035 051 0.14 5.72 87.9 2.54
CONT L 0.55 44 11 070 168 057 034 013 19.85 59.8 2.97
(39 km) T 0.63 67 16 093 183 114 025 017 26.28 65.2 2.82
MAT L 0.34 42 9 041 085 072 035 0.15 7.10 34.0 2.29
(41 km) T 0.30 28 7 042 077 041 018 0.09 4.55 35.0 2.89
LLO L 0.32 26 4 085 1.08 032 0.08 0.05 5.00 36.2 4.36
(51 km) T 0.57 31 5 1.03 182 0.66 0.11 0.06 10.26 32.0 4.16
HUAL L 0.39 39 5 1.03 106 053 012 0.07 7.91 61.7 4.81
(52 km) T 0.46 36 7 129 096 049 012 0.10 8.71 56.0 5.03
ANGO NS 0.93 29 23 173 323 021 009 0.03 19.93 50.8 4.86
(54 km) EW 0.68 40 34 149 237 046 0.16 0.07 1754 49.8 4.76
MELP L 0.57 24 6 111 190 017 0.09 0.07 8.99 31.9 6.96
(65 km) T 0.77 42 12 129 160 0.60 0.11 0.09 12.69 31.8 5.97
TAL L 0.48 28 4 077 122 031 013 005 1161 69.9 5.14
(66 km) T 0.42 34 7 1.01 179 0.38 019 0.08 11.06 71.9 5.14
CASB L 0.29 33 7 037 056 028 0.06 0.03 3.68 32.2 2.89
(78 km) T 0.33 27 17 049 071 051 0.07 0.04 3.80 30.1 2.97
CURI NS 0.47 31 19 139 146 043 016 0.09 1071 50.2 5.57
(85 km) EW 0.41 37 29 1.08 111 041 017 0.07 11.06 51.7 4.68
VAL L 0.22 29 5 028 045 068 010 0.04 2.30 314 1.92
(95 km) T 0.27 22 4 033 066 049 0.08 0.04 2.04 27.3 2.44
VALU L 0.14 7 2 035 030 013 0.04 0.04 0.28 25.0 5.13
(96 km) T 0.31 16 3 060 072 015 0.07 0.04 0.50 21.9 4.62
MAR NS 0.35 39 18 061 079 0.75 0.09 0.04 4.45 30.5 3.01
(98 km) EW 0.34 46 12 052 0.80 112 0.17 0.06 4.73 33.6 3.03
VINA NS 0.22 24 24 031 049 050 0.08 0.04 2.07 29.4 2.26
(99 km) EW 0.33 35 21 058 0.60 0.46 0.07 0.06 3.84 24.6 1.85
CRMA NS 0.56 47 15 061 0.96 038 012 0.07 5.77 321 2.60
(101 km) EW 0.48 39 24 070 0.84 048 023 0.11 4.93 33.8 2.84
SLUC NS 0.24 25 39 039 094 020 015 0.06 2.80 40.7 4.96
(113 km) EW 0.34 44 40 044 047 063 0.23 0.14 2.80 37.8 3.64

Comparisons of spectral accelerations to predictions from GMPEs

We briefly compare in this section spectral accelerations to estimations from ground motion prediction
equations (GMPESs), examining primarily the ground motion level and the distance attenuation of the
Maule data. Relatively recent GMPEs for interface subduction zone earthquakes were developed by
Atkinson and Boore 2003, 2008 and Zhao et al. 2006, which we referred to subsequently as AB0O3 and
ZEAO06. The ABO3 interface model was derived exclusively from subduction zone interface
earthquakes. In contrast, the ZEAO06 model constrains near fault ground motions from crustal and slab
earthquakes. Fig. 4 shows geometric mean PGA, 0.2 s, 1.0 s and 2.0 s pseudo spectral accelerations
(PSa) at 5% damping versus rupture distance. Also shown in Fig. 4 are medians for the AB03 and
ZEAO06 GMPEs, plotted for the C/D boundary by averaging predictions for the two site classes.

1726



It is observed that the variation of Maule data with distance is consistent with the AB03 GMPE, which
was developed specifically for interface subduction earthquakes, but the Maule data are
under-predicted by the AB03. The ZEAO6 GMPE has significantly faster distance attenuation rates
than the AB03 model and over-predicts the attenuation rate of the Maule data.
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Fig. 4 Attenuation of PGA and spectral accelerations with distance and comparison to GMPESs

ATTENUATION RELATIONS FOR CHILEAN INTERFACE EARTHQUAKES

We present attenuation formulas for horizontal Peak Ground Accelerations (PGA) and horizontal
Spectral Accelerations (SA) developed using a database of Chilean seismic records. Attenuation
curves were estimated using the maximum likelihood regression method. The proposed formulas take
into account differences in the soil type according to the Chilean code soil classification.

Strong Motion Database

The database used contains accelerograms recorded in Chilean territory during interface
(thrust-faulting) earthquakes occurred between 1985 and 2010, including the accelerograms from the
2010 Mw 8.8 Maule Chile earthquake. The database was generated from public accelerographic data
and accelerograms recorded by the UCh through the RENADIC and the Seismological Service (GUC).
We used a subset of the overall database compiled considering only the interface events with
magnitude Mw > 6.5. The resulting subset consists in 117 accelerograms from 13 interface
earthquakes recorded at 79 stations, located at distances between 30 and 600 km.

The earthquakes used in this study, listed in Table 3, correspond to 9 main events and 4 aftershocks
with large magnitudes. Moment magnitude (Mw) was used, which was obtained from a search of the
Harvard Centroid Moment Tensor (CMT). The date, time, location of the epicenters (Lat, Long) and
focal depth (H) were taken from the Seismologic Service of the UCh. The epicenters of earthquakes
and location of the recording stations are shown in Fig. 5 (in this Figure the earthquakes are listed as
indicated in Table 3). Despite the small dataset, this is an initial attempt to capture the general behavior
of GMPE at different SA periods for the country.

Due to the limited number of accelerograms used in this study, we decided to classify the sites of
the recording stations only into two generic groups: Rock and Soil. Based on different type of
geotechnical information we classify the sites according to the Chilean code soil classification,
considering that the sites located on Rock comply with Vsz, > 900 m/s (average shear wave velocity
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over 30 m), or RQD > 50% (Rock Quality Designation according to ASTM D 6032), or g, > 10 MPa
(Compressive Strength). In other cases we classify the sites as Soil.

Table 3 List of interface earthquakes used to develop attenuation relations

4 Date UTC Time Mw Lat. Long. H Number of Records
(dd-mm-yy) (hh:mm) S W (km) Rock Soil
1 03-03-1985 22:46 7.9 -33.24 -71.85 33 5 22
2 03-03-1985@ 23:38 7.3 -32.74 7121 33 1 2
3 09-04-1985@ 01:56 7.1 -34.13 -71.62 38 1 9
4 30-07-1995 05:11 8.0 -23.57 -70.60 33 1 1
5  30-01-1998 12:16 7.0 -23.51 -69.83 44 1 0
6  23-06-2001 20:33 8.4 -16.26 -73.64 33 1 6
7 07-07-2001® 09:38 7.6 -17.40 -71.80 37 0 1
8  18-04-2002 16:08 6.6 -27.51 -70.09 53 1 0
9  20-06-2003 13:30 6.8 -30.65 -71.81 24 0 1
10  30-04-2006 21:40 6.5 -26.84 -71.15 18 0 2
11 14-11-2007 15:40 7.7 -22.69 -70.22 39 6 11
12 16-12-20079 08:09 6.7 -22.95 -70.18 42 5 9
13 27-02-2010 06:34 8.8 -36.29 -73.24 30 3 28

(a) Aftershocks of the 03-03-1985 (22:46) earthquake. (b) Aftershock of the 23-06-2001 earthqua

(c) Aftershock of the 14-11-2007 earthquake.

=

e.

Focal mechanisms were obtained from published works and from the CMT solutions. This
information was subsequently revised considering the proximity of the events to the subduction zone
interface and the alignment of the mechanisms with the dip of the interface. The closest distance to the
rupture surface (Rrup) is used as source to site distance. To estimate this parameter we modeled the
earthquakes fault plane using the CMT solutions and the aftershocks distributions. For main events
without a defined aftershock rupture area (events 5 and 8) and for aftershocks of the 03-03-1985
earthquake (events 2 and 3) we used hypocentral distance instead of Rrup. The magnitude-distance
distribution of the database used is shown in the Fig. 6.
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Fig. 5 Map of north and central Chile showing epicenters (listed circles) of earthquakes used in this
study. Red circles correspond to main events and orange circles correspond to aftershocks. The circles
size is proportional to the magnitudes. Grey triangles represent the strong motion stations.

1728



T T T T -
O Rock
9 + Soil
" STRRTRNRNE. v, | T
= g5 4
g® g 0 +
5 8 +@tureror B+ +
g +te o ® 48 O ++
= 7.5F i
g - -+
s 4 o tgt H o+ i
¥ +00 + + T ok
6.5 <A + -
1 1 1 1 1
20 30 50 100 200 200 600

Closest distance to the rupture surface, RIrup (km)

Fig. 6 Distribution of the data for interface earthquakes used in this study
Regression method and functional form

Regression of the database was performed using the one-stage maximum likelihood regression method.
We used the following simple functional form:

log,,(Y)=C,+C,M,+C,H+C,R—-glog,,(R)+C,Z (1)

where Y is either Peak Ground Acceleration (PGA) or 5% damped Spectral Acceleration (SA). In
both cases the geometric mean of two horizontal components in units of g was used. M,, is the

moment magnitude, H is the focal depth in kilometers, R :,/Rmp2 +A® with R the closest

rup
distance to the rupture surface in kilometers and A a near-source saturation term, given by
A=C,10%M g =Cy +CyM,, is the geometrical spreading coefficient. For Rock sites Z =0 and

for Soil sites Z =1. Coefficients C.,with i=1,...,9, were determined by regression analysis.

The coefficients Cg and C; (associated to the near-source saturation term) and the coefficients Cg
and Cy (associated to the geometrical spreading coefficient) were calculated using an optimization
algorithm that allowed minimize the mean of residuals for the PGA data with distances lesser than or
equal to 80 km. This subset of the data, consisting in 47 recordings, was selected considering the
distance range where the possible saturation occurs. These coefficients were fixed for all periods
analyzed. The coefficients C;, C,, Cs, C4 and Cs were calculated using the one-stage maximum
likelihood regression method for each period; therefore the values of these coefficients vary with the
period.

Results of the regression

The regression coefficients obtained for all the periods analyzed are shown in the Table 4. As found in
previous work, there is a weak depth effect given by the coefficient Cs, with deeper events causing
larger accelerations. Inspection of the coefficients Cs shows that Soil accelerations exceed Rock
accelerations by a factor ranging from 1.6 to 2. Standard deviations of the residuals (o) are in the
range of 0.21 to 0.26. Fig. 7 shows 0.04 and 1.0 s predicted spectral accelerations versus rupture
distance for different magnitudes and soil conditions. It is clearly observed the effect of the saturation
term for large magnitudes and near to fault distances. In Fig. 8 we compare predicted and observed
accelerations for PGA, 0.4, 1.0 and 2.0 s, considering an earthquake with Mw=8.8 and H=30 km.
Predicted curves proposed in this study for Rock and Soil are plotted. Also AB03 and ZEA06 models
are plotted for the C/D boundary by averaging predictions for the two site classes.
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of residuals (g) and the standard deviation of residuals (o) for the data shown are indicated.
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It is observed that the relations obtained present a good fit for the earthquake data plotted
(Mw=8.8+0.5). AB03 GMPE under-predicts the acceleration level, but it is consistent with the
variation of data with distance (excepting 2.0 s data). The ZEA06 GMPE over-predicts the attenuation

rate.
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Fig. 9 Comparison of observed response spectra versus predicted response spectra
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Fig. 9 shows a comparison of observed response spectra versus predicted response spectra for some
representative records. The relations proposed in this study, generally result in higher accelerations
than those estimated in other works, excepting the case of ZEA06 model for near to fault distances.

Table 4 Regression coefficients

P(ess(?)d Cl Cz C3 C4 C5 Ce C7 Cg Cg (o)

PGA -1.8559 0.2549 0.0111 -0.0013 0.3061 0.0734 0.3552 1.5149 -0.103 0.2137
0.04 -1.7342 0.2567 0.0111 -0.0016 0.2865 0.0734 0.3552 15149 -0.103 0.2311
0.10 -1.4240 0.2597 0.0081 -0.0019 0.2766 0.0734 0.3552 15149 -0.103 0.2557
0.20 -1.0028 0.2375 0.0023 -0.0014 0.2699 0.0734 0.3552 15149 -0.103 0.2469
030 -1.2836 0.2519 0.0044 -0.0009 0.2977 0.0734 0.3552 15149 -0.103 0.2434
0.40 -1.4161 0.2568 0.0049 -0.0008 0.3150 0.0734 0.3552 15149 -0.103 0.2414
050 -2.1228 0.3208 0.0094 -0.0008 0.2834 0.0734 0.3552 15149 -0.103 0.2272
0.60 -2.7134 0.3668 0.0141 -0.0008 0.2824 0.0734 0.3552 15149 -0.103 0.2174
0.70 -2.9001 0.3795 0.0152 -0.0009 0.2969 0.0734 0.3552 15149 -0.103 0.2221
0.80 -3.0909 0.4005 0.0147 -0.0009 0.2834 0.0734 0.3552 15149 -0.103 0.2279
0.90 -3.1439 0.3952 0.0163 -0.0010 0.2730 0.0734 0.3552 15149 -0.103 0.2260
1.00 -3.3352 0.4013 0.0186 -0.0010 0.2839 0.0734 0.3552 15149 -0.103 0.2351
110 -3.5092 0.4093 0.0202 -0.0011 0.2849 0.0734 0.3552 1.5149 -0.103 0.2379
120 -3.5599 0.4079 0.0211 -0.0011 0.2700 0.0734 0.3552 1.5149 -0.103 0.2374
130 -3.6365 0.4090 0.0218 -0.0010 0.2631 0.0734 0.3552 15149 -0.103 0.2429
140 -3.7061 0.4096 0.0225 -0.0010 0.2555 0.0734 0.3552 1.5149 -0.103 0.2425
150 -3.7750 0.4089 0.0228 -0.0010 0.2528 0.0734 0.3552 1.5149 -0.103 0.2459
2.00 -3.9051 0.4079 0.0215 -0.0008 0.2057 0.0734 0.3552 15149 -0.103 0.2592

CONCLUSIONS

The 2010 Mw 8.8 Maule Chile earthquake produced about 30 relevant strong motion recordings over a
rupture distance range of 30 to 700 km. The strong motion data were processed using high- and
low-cut filters designed to optimize the usable frequency range. Ground motion intensity measures
were presented, including PGA, PGV, PGD, 5% damped pseudo spectral accelerations, 5-95%
significant duration, Arias intensity and Central frequency. Significant durations for this earthquake
generally ranged from about 30 to 90 s. Data from the Concepcion and Vifia del Mar areas exhibit site
effects with respective site periods of about 1.5-2.2 s and 0.5-1.0 s. The variation of Maule data with
distance is consistent with the ABO3 GMPE, but the Maule data are under-predicted by the ABO3
model. The ZEA06 GMPE over-predicts the attenuation rate of the Maule data.

Accelerograms database was generated from public accelerographic data and data recorded by the
University of Chile. The earthquake database analyzed enabled a gross estimation of attenuation
relations for Chilean interface earthquakes. These GMPEs could be useful to improve the seismic
hazard assessment in Chile and others similar subduction zones. In particular, the relations obtained
present a good fit for earthquakes with larger magnitudes, and the logarithmic standard deviations of
the errors are in the range 0.21 to 0.26. The obtained curves indicate that the accelerations at stations
located in Soil are higher than those estimated at stations located on Rock by a factor of up to 2. For
the Chilean case, the horizontal accelerations are generally higher than those estimated in studies
where records from different subduction zones around the world are mixed. This issue highlights the
need to develop GMPEs for specific subduction zones.
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