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Abstract

Stochastic ground motion models can facilitate a versatile description of earthquake acceleration time histories by
modulating a white-noise sequence through functions that address spectral and temporal properties of the excitation. This is
established by (i) selecting appropriate time/frequency modulation functions and (ii) relating the parameters of these
functions to seismological (fault type, moment magnitude and rupture distance) and site (shear wave velocity)
characteristics through predictive relationships. Various approaches have been proposed to accomplish these tasks. Source-
based models (also known as physics-based) rely on physical modeling of the rupture and wave propagation mechanisms,
whereas record-based models (also known as site-based) are developed by fitting a preselected “waveform” to a suite of
recorded regional ground motions. In recent years, record-based models have gained increasing popularity within the
structural engineering community, due to their versatility in selecting their waveforms to capture all important features of
ground motion (such as spectral non-stationarities, deemed important for inelastic structures). This paper investigates the
development of a record-based stochastic ground motion model for Chile by utilizing a suite of ground motions recorded by
the RENADIC (Red de cobertuta nacional de acelerografos) network and the Seismological Center of the University of
Chile.

A stochastic model that addresses both temporal and spectral non-stationarities, corresponding to a series of cascading
single-degree-of-freedom (SDOF) oscillators with time-varying frequency and damping, is adopted as the basis for this
development. The stochastic model is then modified appropriately through information extracted from the available ground
motion suite. This facilitates a complete parameterization of the time and frequency functions defining the stochastic ground
motion model. An identification framework is then discussed that provides the optimal fit of the parameterized model to a
specific ground motion, and a validation of the resultant model is proposed in terms of the corresponding response
spectrum. The results of this identification are then exploited to develop, though regression analyses, predictive
relationships that relate the model parameters to seismicity characteristics. This facilitates the generation of synthetic
motions for specific seismic scenarios. The corresponding model and regression relationships are finally validated by
comparison to regional ground motion prediction equations.
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1. Introduction

Seismic risk assessment requires description of the earthquake hazard through appropriate models that
adequately address its variability for different seismicity levels. For applications involving dynamic analysis this
description corresponds to the entire ground motion acceleration time history. The growing interest in the last
decade in performance-based earthquake engineering (PBEE) [1] and in simulation-based mitigation approaches,
especially for the design of high-performance protective devices such as floor and base-isolation systems and
viscous dampers [2], has increased the importance of this task within the structural engineering community. In
both instances, the need arises to address in detail the entire spectrum of response, ranging from linear to
nonlinear to structural collapse, requiring a realistic, comprehensive characterization of earthquake acceleration
time histories for a wide range of seismicity scenarios.

Undoubtedly the most popular approach for accomplishing this task for probabilistic seismic risk
assessment is the scaling of ground motions based on Intensity Measures (IMs) for different hazard levels [3].
Though popular, this approach suffers from the fact [4] that the inherent variability of the acceleration time
history is somewhat arbitrarily addressed by the exact selection of the ground motions. More importantly,
scientific concerns exist regarding the validity of ground motion scaling, as it was shown that this approach may
contribute to a significant bias in assessing seismic risk [5], especially when nonlinear behavior is of interest [6].
This realization has motivated researchers in the structural engineering field to put greater emphasis on
stochastic ground motion models for characterizing seismic hazard [7]. These models are based on modulation of
a stochastic sequence, through functions (filters) that address spectral and temporal characteristics of the
excitation. The parameters of these filters are related to seismological (type of fault, moment magnitude and
rupture distance) and site (shear wave velocity) characteristics through predictive relationships [7, 8]. This
facilitates ultimately a comprehensive link to the resultant risk, established simply by adopting a probabilistic
characterization for the seismological/site properties [9, 10].

The essential component of stochastic ground motion models is the development of the associated
predictive relationships. Source-based models (also known as physics-based) [8, 11] rely on physical modeling
of the rupture and wave propagation mechanisms, whereas record-based models (also known as site-based) [12-
16] are developed by fitting a preselected “waveform” to a suite of recorded regional ground motions. It should
be acknowledged that deterministic (kinematic or dynamic) and hybrid source-based models also exist, offering
a comprehensive platform for generating artificial ground motions, though at a very large computational cost
[17]. Because of the latter characteristic such approaches, though powerful, are not widely utilized for
comprehensive probabilistic seismic risk assessment. Stochastic models are preferred for this task with the
record-based ones enjoying lately a wider appreciation by the structural engineering community [18] due to their
versatility in selecting their waveform to capture all important features of ground motions, an advantage not
necessarily shared by source-based models. For example, the most popular model within the latter category, the
point-source model, cannot directly address spectral non-stationarities [11], an important excitation characteristic
for inelastic structures —creating the so-called moving resonance [19].

This paper discusses the development of a record-based stochastic ground motion model for Chile
utilizing a suite of ground motions recorded by the RENADIC (Red de cobertuta nacional de acelerografos) network
and the Seismological Center of the University of Chile. A model that addressed both temporal and spectral non-
stationarities is adopted, corresponding to a series of cascading single-degree-of-freedom (SDOF) oscillators
with time-varying frequency and damping [12, 14]. The selection of these characteristics as well as of the
characteristics of the temporal envelop function is then established in order to match the predominant waveforms
in the available suite of ground motions. This leads to a complete parameterization of the stochastic ground
motion model. An identification framework is then developed that provides the optimal fit of the parameterized
model to a specific ground motion, and a validation of the resultant model is proposed in terms of the
corresponding response spectrum. The results of this identification are then exploited to develop, though
regression analyses, predictive relationships that relate the model parameters to seismicity characteristics
(moment magnitude, rupture distance and soil classification). The corresponding model and regression
relationships are finally validated by comparison to regional ground motion prediction equations [20].
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2. Regional Characteristics and Seismological Database

Chile, located on the subduction zone between the Nazca Plate and the South American Plate, experiences
significant seismic activity, including Some of the largest earthquakes ever-recorded (e.g. 1960 Valdivia and
2010 Maule seismic event) [21, 22]. Following the 2010 Maule earthquake, discussions have been initiated about
modifying design practices, including placing greater emphasis on time-history analysis. The latter feature
provides strong incentive for generating synthetic acceleration time histories, which is also aligns well with the
objectives for this research endeavor.

The database used in this study is the one established by the National Seismological Center (CSN) and the
National Network of Accelerograms (RENADIC) of the University of Chile. Details about the compilation of the
entire database are included in [20, 23-25]. For the suite of ground motions used here, only subduction interplate
events are examined. Though Chile is exposed to different types of earthquakes, such as interplate earthquakes,
intraplate, outer rise and cortical earthquakes [25], most of the major earthquakes (representing the majority of
the available recordings) correspond to an interplate mechanism. Describing all aforementioned type of
earthquakes with a single stochastic model might be problematic, since their characteristics can be substantially
different. Therefore the decision is made to focus the research effort ton interpolate events. In order to define
such seismic events, only earthquakes characterized by a reverse faulting mechanism and epicenter location
around the Chile-Peru trench with a depth between 20 and 55 km are considered.

Only large earthquakes and strong motion records were retained, corresponding to magnitudes over My,
6.0 and peak ground acceleration (PGA) over 0.05g. As distance measure the rupture distance, as defined by
Idini [25], is adopted, taking into account the rupture path and the shape of the contact between the plates. This
option is considered more appropriate [26] than alternative measures for the subduction seismic events of the
Chilean region [26]. Only records with rupture distance smaller then 250 km were retained.

All records are processed by a fourth order Butterworth filter whose [25]. The time-histories for a large
number of the records in the database combined, along with the main seismic event, parts that appear to
correspond to foreshocks and aftershocks (clearly distinguished by the main seismic event). To automatically
identify the main seismic event the following procedure was adopted: using a moving window approach the
envelope of the ground motion was determined (more details are provided in Section 4) and the main event was
defined to correspond to the time window for which envelop remains within 1% of its peak value. Finally the
records were classified according to the type of soil at the seismological station location. Since detailed soil
classification information is not available, the generic classification proposed in [27] was used, distinguishing
simply between rock or soil. The utilized database consisted of 33 events from 1985 to 2015, with magnitudes
M,, ranging between 6.0 and 8.8 Mw and rupture distances R ranging between 30 km to 250 km. A total of 205
different records satisfied the previous assumptions, with 81 classified as rock and 124 as soil. Fig.1 shows the
distribution for M and R of the events included in the database.
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Fig. 1 — Distribution for moment magnitude and rupture distance for the seismic events used in this study.
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3. Stochastic Ground Motion Model and its Parameterization

The stochastic ground motion model chosen addresses efficiently both temporal and spectral non-stationarities
[7, 14]. The former is established through a time-domain modulating envelope function, whereas the latter is
achieved by filtering a white-noise process using a filter corresponding to multiple cascading SDOF oscillators
with time-varying characteristics. The discretized time series of the ground motion is modeled based on the
suggestions in [12] as:

—1,10,)]
\/Z —10,0)F

where W =[w(iAf):i=1,2,...,N;] is the Guassian white-noise sequence, 0 is the vector of model parameters,
distinguished between frequency 0, and time-domain @, parameters, A is the chosen discretization interval
(assumed here constant and equal to 0.005 s), g(¢]0,) is the time-modulating function, and A[f —7|0,(z)] is an
impulse response function corresponding to the pseudo-acceleration response of a linear SDOF oscillator with
time varying frequency o, (7) and damping ratio {,(z), in which 7 denotes the time of the pulse

a0, W)= q(t|0) w(idt) | kAt <t<(k+1)At (D)

i =10, ()= 22D exp[-0, (¢, ()t~ o)]sin (W - GO0 | v<1

\/1 Cf(f)

=0; otherwise

2)

Note that the quantity in the brackets in (1) corresponds to a stochastic response with unit variance, meaning that
the intensity characteristics of the ground motion are completely defined by the time envelope ¢(z,0) [12].

For the time envelope modulating function the following expression, based on [28], is adopted

2
a [%} ifr>T,
1

q(119,)= a it <1<T, 3)
aexp| -a,(t-T)" | if1>T,

where 0, is the model parameter vector for the temporal envelop (to be defined later). This envelop function was
preferred over other candidates because it was found to provide a better match to the waveform characteristics of
the available suite of ground motions [comparisons not reported here due to space limitations], and facilitate a
balance between accuracy and complexity. It has a flat plateau (for time window [7; T3]) with amplitude a,, a
quadratic rise up to time 7, and an exponential decay after time 7>, with its shape defined by parameters a, and
a;. Mathematically this envelope is described by parameters [a; a; a; T} T»]. This set of parameters can be related
to physical properties of the excitation, and similarly to [12] concepts related to the Arias intensity are adopted
here. The Arias intensity up to time ¢, /,(¢), for the temporal envelope in Eq. (3) is given by:

L=y 4104z (4)

As properties of the excitation, to replace the mathematical parameter set {a; a, a3} that have no clear
physical interpretation, the total Arias intensity /, [given by (4) for the total duration of excitation], the strong
motion duration Ds_gs (defined as the duration for the Arias intensity to increase from 5% to 95% of its final
value), and duration 5, corresponding to 50% of the Arias intensity, are used. For a chosen parameter set {7} 7
Ds.o5 t50} parameters a, and a; are ultimately obtained through a solution of a nonlinear system of two equations
so that parameter set {7| 7> a, a;} matches the target duration characteristics Dsos and #59. Then a; can be
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selécted to match /,. Therefore the model parameter vector for the temporal envelope is 0.=[1, T\ T> Ds.95 ts0],
with the first parameter scaling the amplitude of the envelope and the remaining ones modifying its shape.

For the time varying characteristics of the impulse response in Eq. (2), a linear variation is adopted for
w;(7) and for the bandwidth [corresponding to the product of frequency and damping a,(7)={,(7)w,(7)].
These functional forms are similar, respectively, to the recommendations provided in [12] and [14], and were
chosen here based on the time-varying frequency and bandwidth properties observed in the suite of ground
motions in the database. The latter properties were obtained utilizing the moving window approach discussed in
Section 4. A linear variation was then chosen as the best fit for the frequency and bandwidth characteristics. For
the frequency the exponential decay suggested in [19] was also examined, but was found to provide similar level
of accuracy, so the linear variation was ultimately preferred due to its simplicity. Fig. 2 demonstrates how the
suggested functional forms are fitted to the characteristics for a recorded time history.

For the frequency the following parametric formulation is utilized

0,(0) =0, ~(0, @) 5)
90 5

where f99 and 5 correspond to the times 5% and 90%, respectively, of the Arias intensity is reached, and w, and
wy are the corresponding reference frequencies, considered to correspond [14] to the frequencies for P and
surface waves, respectively. The choice to use times ty and #5 as references (any two time instances could have
used to describe the linear function for the frequency) is made so that the parametric description for the
frequency variation is “anchored” to instances close to the beginning and end of the time-history, that also have a
clear underlying physical interpretation (related to different types of seismic waves). The identification of the
functional form of Eq. (5) (as described in the next section) for specific ground motions is based, through, to fit
over the entire time-history, not just for these specific instances.

Similarly for the bandwidth we have
—t

> (6)

90 _ts

a,(t)=a,-(a,—a,)

where a, and a, are the reference values for the bandwidths associated with the P and surface waves,
respectively. Therefore the model parameter vector for the impulse response function is 0~=[w, w; a, a,].

Ultimately, the ground motion model has as parameters 0=[/, T} T, Ds.os tso @, @, a, a,]. Following the
recommendations in [12], the simulated time history is eventually high-pass filtered to guarantee a zero residual
velocity. This filter corresponds to a critically damped oscillator with frequency 1 Hz and has a minimal impact
on the response below this frequency.
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Fig. 2 — (a) Frequency and (b) bandwidth characteristics of a real ground motion and fitted functional variations.
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4. Identification of Model Parameters

This section examines how 0 is chosen so that the stochastic ground motion model fits a specific time history
ay(t). This is separately performed for the temporal envelope and the frequency filter parameters. The process
has as foundation the determination of the characteristics within a moving window of short duration, as
suggested in [14]. This process is reviewed first here.

4.1 Moving Time-Window

The moving time-window approach analyzes the non-stationarity of the accelerogram a,(#) assuming that for a
short period AT this accelerogram can be approximated as stationary process. This allows a stationary auto-
regressive (AR) model to be fitted to successive segments of a,(¢) and obtain information about 8. Each segment
is centered at time ¢,, (so extends from ¢,-A7/2 to t,+AT/2) and ultimately supports (see discussion next) the
identification of the most probable AR model for that segment, whose characteristics are then attributed to time-
instance t,. Moving t, along the record using some time step At the time-varying characteristics of a.(f) are
obtained. For the second-order model representing the frequency variation [corresponding to the impulse
function of Eq. (2)], the parameters of the equivalent second-order AR model are given by the least squares
solution a,(z,)=(Y"Y)"Y'y [14] where, assuming that a,(f) is provided with a constant time strep At,, the
observation matrix and output vector are, respectively

Y =[a,&) a@) .. a@)]. Y

@) a@) . ag(zzl)} o

- 1 2 N-2
ag (Zm) ag (tm) ag (tm )

with a, (¢.) representing the accelerogram value at the i" time instance within time-window [t,,-AT/2, t,,+AT/2]
and N representing the total number of time steps it this window. The relationship between a (z,)and the
frequency and damping (or bandwidth) of the second order model may be then obtained by matching free
vibration solutions as [14]

a,(t,) =2 """ % cos(a(t, W1 - ¢ (1,) A, 8
&2 (lm) = _ewa(tm)é(t,”)A,g ( )
Identificaiton of the frequency and damping completely defines he characteristics of the impulse function (2),

since its amplitude is not required (normalized to unit variance based on the adopted here formulation).

The envelope value of the accelerogram can be also obtained by looking at the RMS value within the time

window
ERNEDIACH 9

4.2 Identification of temporal envelope characteristics

For identifying the temporal envelop characteristics the fit to the arias intensity variation has been
suggested in the literature [7]. For the time-history a,(¢) the Arias intensity up to time ¢ is given by

IR0 =%L’ & (v)dr (10)

then 0, can be selected so that the difference between Zy(f) (for the actual accelerogram) and /,(f) given by (4)
(for the temporal envelop) is minimized. This approach corresponds to a fit to cumulative characteristics of the
time envelop up to each time instance, which might not necessarily provide a good fit based on instantaneous
variation for the envelop characteristics. To address this shortcoming and exploiting the moving time-window
concept discussed in the previous section, an alternative objective is introduced in this work, corresponding to a
direct comparison of ¢(#|0) and the envelope value for the accelerogram e(z, ) given by Eq. (9). This ultimately

leads to the following optimization problem for identifying 0,
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0, = argmin(fel(ee)“' 7efez(9e))
> (L) -1,a)) 3" (e, ()~ [8,)) (1)
N, s ; J(0,)= N, "
zi:l Ig () Zi:l % ()

where f,; and f., represent the aforementioned two objectives (approprlately normalized through the quantities
appearing in the denominator), y, is a weighting function, # is the i/ time instance used in the evaluation of the
objectives and N, is the total number of time instances used in this evaluation. It was found that using the
combined objectives provided better fit across the entire database than using one of them. Fig. 3 demonstrates
key comparisons; it shows the characteristics (intensity, envelope) for a time history a(f) as well as the
corresponding ones for the fitted envelope based on the combined objectives f;; and f;; and for only objective f;;.
It is evident that, at least in this case, the optimization using the combined objectives leads to a much better fit to
the envelope of the strong ground motion, providing a further justification for the proposed modification for the
temporal envelope fit.

fel(ee) =

1 @ 02r (b)
= 2 o3
BEE 0.15F 2
SE8 E &
— Q
05FE 2= . 01r8 2
5 358 Recorder ground motion S Z
Zz g L . . < @
< Optimization only with Arias 0.05r
0 — Combined optimization ‘ 0 ) ) ) —
0 50 100 150 200 0 50 100 150 200

Time [s] Time [s]

Fig. 3 — Demonstration of the temporal envelope fit over a real ground motion using different approaches for (a)
cumulative Arias intensity and (b) acceleration envelope

4.3 Identification of frequency characteristics

For the frequency characteristics 05 the identification is performed by minimizing the discrepancy between the
frequency and bandwidth functions given, respectively, by (5) and (6) and the frequency and bandwith identified
by the moving time-window approach given by (8). This identification is performed through the minimization

{0, o} :argminNLtZ:;V'l(a)f(t")—Cz)(t"))2
(12)
{a, a}= argminNLtz:V'I(a‘, (ti)—a(t"))2

where 7 is the i time instance used in the evaluation and N, is the total number of time instances used.
4.4 Identification over the entire database and validation of the fitted ground motion model

The approach discussed in Sections 4.2 and 4.3 is implemented now over the entire database of strong ground
motions. The numerical characteristics chosen are: 47= 5 s duration of the moving time-window with Az=0.75 s
step, optimizations of Eqgs. (11) and (12) are performed for all instances resulting from this time step, and
selection of weight y, is equal to 0.5. The identified stochastic ground motion model is then validated by
comparing the resulting spectrum for a 5% damped SDOF oscillator. Fig. 4 shows this comparison for a specific
case. The spectrum for 100 synthetic ground motions, as well as the median is shown. The comparison is
performed by comparing that median to the spectrum of the recorded ground motion.

The comparison is then extended over the entire database. Two different error measures are calculated,
mean relative error, calculated over all periods, and peak relative-error (error for the peak of the response
spectrum). The statistics are, respectively, 15% and 35%, which show a good overall fit.
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Fig. 4 — Comparison between response spectra for a recorded ground motion and the synthetic ground motions
provided by the fitted stochastic ground motion model.

5. Predictive Relationships for the Ground Motion Model Parameters

With a validated model that has been fitted over the entire database, the next step is to establish the predictive
relationships that connect the model parameters 0 to the seismological characteristics that describe the database,
the moment magnitude M and the rupture distance R. This is established through a regression analysis, which is
performed here separately for records classified as rock or soil. The regression analysis here is established for the
horizontal component corresponding to the largest value of the Arias intensity (strong ground motion
component). Different regression functions were considered for the Chilean subduction zone with the final
selection made based on similar functional forms available in the literature [29, 30] and the existing attenuation
curves for Chile [20, 23]. The selected functional forms for the model parameter vector 0=[1, T T> Ds.os tso @,

a, as] are

log(8) =c,, +(c,,M +c;;)1og(R+10) +c,, M +c,,(R +10) i=141}
log(6) = ¢, + ¢, log(M) + ¢, log(R) i=2.3 (T, T,}
log(8) = ¢, + ¢, log(M) + ¢, log(R) + ¢, M i=4 (D, )} (13)
log(6) =c, + ¢, log(M) + ¢, log(R) + c,M + c,,M* i=5{t,}
0 =c, +c, log(M)+c, log(R) i=6,789 {0, o a,a}

The regression is performed through a standard maximum likelihood approach, with the regression
residuals decomposed in intraevent and interevent following the methodology in [31]. The optimized coefficients
and normalized residual variances [separated into intraevent (t°) and interevent (c°)] are reported in Tablel.
Normalization is established with respect to the variance for the data y* (also shown in Table 1). In Table 2 the
correlation of the residuals is reported. Fig. 5 plots also the residuals for some specific cases of interest.

Based on the regression results the generation of a synthetic ground motion for a specific seismological
scenario follows the following steps: _

1) Given seismological parameters M and R the mean value for the ground motion model parameters 6,
is obtained through regression relationships in Eq. (13), using the optimized coefficients from Table 1.
This defines the mean vector 0 .

2) A random sample is generated for the residuals for @ from a Gaussian distribution with zero mean, and
covariance matrix with variance y*(t*+c”) as reported in Table 1 and correlation coefficients the ones
in Table 2. This defines the residual vector 0. o

3) The model parameter vector is given by combining the previous two components 0 =0+0. If the
preference is to use the mean regression predictions only, the second component should be ignored.
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4) A white noise sequence is generated W =[w(iAr):i=1,2,...,N;] and a synthetic ground motion is
obtained through Eq. (1). This further entails identification of parameters a; and a, based on values {7}
T, Ds.9s ts0}, as described in Section 3.
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Fig. 5 — Residuals for the regression relationships as function of M and R for soil classification for different
model parameters (denoted at the right top corner in each plot).

Table 1: Optimized coefficients for records simulated on Rock and Soil (in parenthesis) sites. Units in this Table
correspond to s for 7', T, ts, Ds.9s, rad/s for w,, w,, a,, a,, and g2 for 1,2¢g/m.

Par. C C C3 Cy Cs o’ 7 )’2

12g/n -49.68 (-24.95 -1.05 (-0.37) 8.54 (2.42) 6.00 (3.22)-0.02 (-0.01 0-38 (0.16) 0.10 (0.10) 3.11 (2.82)
T, -523(-5.18) 3.42(3.66) 0.24(0.11)  0(0) 0() 0.71(0.67) 0.06 (0.07) 0.59 (0.65)
T, -6.42(-6.04) 4.33(4.30) 0.16(0.08)  0(0) 0(0) 0.56(0.52) 0.10(0.08) 0.58(0.76)

tso  -16.46(-9.01) 13.46 (14.47) 0.14 (0.05) -0.93 (-3.31)-0.02 (0.13> 0-54(0.43) 0.10 (0.11) 0.59 (0.61)
Dsos -18.77(6.23) 16.31 (-8.88) -0.11 (-0.24) -1.55(1.96)  0(0) 0.44(0.34) 0.03 (0.02) 0.67 (0.76)

w, 11.98(86.02) 16.56 (-16.85) -2.71 (-4.21)  0(0) 0(0) 0.82(0.78) 0.10(0.11) 0.90 (0.88)
w,  8.79(78.38) 18.80 (-10.58) -2.98 (-5.50) 0 (0) 0(0) 0.80(0.72) 0.09 (0.15) 0.95(0.96)
o,  2.15(3.09) 0.08(0.16) -0.12(-0.40)  0(0) 0(0) 0.77(0.75) 0.13(0.14) 0.78 (0.65)
o, 3.39(3.94) -0.77 (-0.86) -0.04(-0.16)  0(0) 0(0) 0.71(0.87) 0.20(0.02) 0.91(0.90)
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Table 2: Correlation coefficients of residuals for records simulated on Rock and Soil (in parenthesis) sites

Par. 1, T, T Ds Ds.o5 W, Wy o, O
I, 1 0.26(0.26) 0.47 (0.34) 0.43 (0.37) 0.70 (0.65) 0.29(0.04) 0.16 (-0.05) 0.01 (-0.01) 0.18 (0.10)
T, 1 0.77 (0.89) 0.90 (0.94) 0.53(0.52) 0.12(0.01) -0.09 (0.04) ¢ 03 (0.05) 0.11 (0.06)
T, 1 0.94 (0.98) 0.77 (0.67) 0.02 (-0.01) -0.15 (-0.06) 0.18 (0.01) 0.05 (0.03)
Dso 1 0.76 (0.68) 0.06 (-0.01) -0.14 (-0.03) 0.22 (0.03) 0.08 (0.04)

Ds .05 1 0.21 (-0.08) 0.02 (-0.17) -0.01(-0.05} 0.18 (0.01)
w, symmetric 1 0.78 (0.62) 0.28(0.13) 0.63 (0.60)
w, 1 0.30 (0.44) 0.28 (0.48)
a, 1 0.38(0.41)
o 1

6. Preliminary Validation against Regional Ground Motion Prediction Equations

The stochastic ground motion model is finally validated against the ground motion prediction equations
(GMPEs) —also referenced as attenuation relationships— available for Chile [20]. Synthetic ground motions are
obtained through the process described in Section 5 and their spectrum is averaged over 100 samples. These
median predictions are then compared to the GMPE by Boroschek and Contreras [20] for a reference focal depth
of H=30 km. Results are reported in Fig. 6 for earthquakes for soil classification. Since the GMPEs in [20]
refer to the median horizontal component of the ground motions and the predictive relationships were developed
here for the strong component (research team is currently developing relationships for the median as well), the
following modification is established for a consistent comparison: a correction factor is developed and the results
from the stochastic ground motion model are adjusted by this factor. This correction factor is established through
the following process: for each ground motion in the database the square root of the ratio of the arias intensity
between the median horizontal component and the strongest horizontal component is calculated, and then a
regression relationship is developed for this ration. This relationship, found to be 0.8+0.05log(M)-0.017log(R),
represents the desired correction factor. The results in Fig. 6 show overall a good agreement, but also for some
scenarios (smaller rupture distances) larger discrepancies, that partially contradicts the validation against the
database discussed in Section 4.4. This can be potentially attributed to the approximation established here for
correcting the predictions to the median ground motion component (comparison will be updated as soon as the
new regressions are developed). A potential remedy for these discrepancies would be to enhance the current
approach for optimizing the regression characteristics with the approach advocated in [32] that can facilitate a
direct match to any GMPE.

——— M=7 Simul. —— MZS Simul.
M=7 GMPE M=8 GMPE

——— M=8.8 Simul, - - - - -
3 Period 0.2 s ‘ Period 0.6 s. - __. M=8.8 GMPE Period 0.9 s ‘ Te-s
)
10 10° 10 Rupture Distance [km] 10°

Spectral Acceleration [g]

Rupture Distance [km] Rupture Distance [km]

Fig. 6 — Comparison of results of stochastic ground motion model (Simul. in the figurelegend) to a regional
GMPE for 5% damped SDOFs with different natural periods [0.2, 0.6 and 0.9 s].
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7. Conclusions

The development of a record-based stochastic ground motion model for the Chilean subduction region was
discussed in this paper, utilizing a database provided by the RENADIC and CSN networks that considers [25]
thrust earthquakes along the Chile-Peru trench of magnitudes over 6.0 and within 250 km of the source. A
widely used stochastic model that addresses both temporal and spectral non-stationarities was adopted,
corresponding to a series of cascading SDOF oscillators with time-varying frequency and bandwidth
characteristics. An identification framework is then developed that provides the optimal fit of the parameterized
model to a specific ground motion, using a moving time-window approach for identifying the time-varying
characteristics of recorded ground motions. For the fitted stochastic ground motion model, linear variation for
the frequency and bandwidth were proposed, as this was found to match well the trends in the available database.
A temporal envelop that combines a quadratic growth, a plateau and an exponential decay was adopted, and its
fit was establish in order to match both the energy and peak characteristics of the recorded ground motions.
Validation of the resultant model in terms of the corresponding spectrum (comparing original ground motion and
fitted stochastic ground motion model) showed good agreement. A regression analysis was then established to
connect the parameters of the stochastic ground motion model to seismological characteristics (moment
magnitude and rupture distance). This provides the ability to create synthetic ground motions for different
seismological scenarios. The developed model was finally validated by comparison to regional ground motion
prediction equations. Discrepancies that were reported are a topic of current investigation by the research team.
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