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ABSTRACT: This article summarizes recent advances on the understanding of the seismic response of the Santiago Basin obtained
through geophysical exploration, geological-geotechnical information, and physics-based numerical simulations (PBS). First, a
large-scale wave velocity models of the Basin is presented, which account for different soil units and depth variations of the
underlying bedrock. Then, their 1D, 2D, and 3D seismic responses are analyzed, considering various seismic inputs, soil behaviors,
and numerical approaches (i.e., finite-element and finite-difference methods). The seismic inputs include plane polarized wavefronts
in the north-south, east-west, and vertical directions that simulate effects of interface and intraslab earthquakes triggered at large
distances from the Basin, as well as double couple sources that simulate the activation of the west-verging San Ramoén Fault. The
simulations results show that the largest surface ground motions and the most significant generation and reverberation of surface
waves occur in the northern area of the Basin, where the highest seismic intensities were observed during the 1985 Mw 8.0
Valparaiso and the 2010 Mw 8.8 Maule Earthquakes, particularly in areas with average Vs of the upper 30 m (Vs30) around 300 m/s.
In contrast, the Santiago gravel in the center of the Basin, with Vs30> 550 m/s, experience reduced amplifications and rapid
attenuation of strong motions. According to these results, we propose that the variation of seismic intensity measures and
amplification factors in the Santiago Basin is strongly controlled by the dynamic characteristics and behavior of the soils, basin

effects that manifest as surface waves generated where soils interact with rock outcrops, and the type of seismic input.

KEYWORDS: site effects, nonlinear soil behavior, numerical modelling, basin effects.

1 INTRODUCTION

The Santiago Basin, located in Central Chile (Figure 1), homes
more than 7 million inhabitants, about 40% of the total population
of the country (INE, 2018), in a seismically active region,
controlled by the subduction of the Nazca Plate underneath the
South American Plate. The most destructive recent earthquakes
that have struck the Santiago Basin in the last decades are the
1985 Mw 8.0 Valparaiso and the 2010 Mw 8.8 Maule
Earthquakes (Ruiz and Madariaga, 2018). The structural damage
during these events concentrated in the northwestern part of the
Basin, area predominantly composed of fine-grained soils. This
evidence indicates that surface geology has a strong influence on
the seismic response of the Basin. Proof of this amplification is
that the seismic MSK-64 intensities estimated after the 2010
Maule Earthquake over silty, clayey, and ignimbrite deposits were
larger than 7.5, while intensities over stiffer gravel deposits were
lower than 7.0 (see Figure 2). The seismic response becomes even
more relevant since a large megathrust earthquake is expected as
a recurrent event of the 1730 Mw~9.0 Central Chile earthquake
(Ruiz and Madariaga, 2018).

The socioeconomic importance of the Santiago city
emphasizes the need for gaining understanding on its seismic
response. This paper summarizes recent advances on the
understanding of the seismic response of the Santiago Basin
obtained through geophysical exploration,
geological-geotechnical ~ information, and  physics-based
numerical simulations (PBS). The main numerical findings are
confirmed with empirical evidence, whenever it is possible.

2 GEOLOGICAL FRAMEWORK

The Santiago Basin is a topographic depression filled with
quaternary sediments that extends for about 40 km in the
east-west direction and 90 km in the north-south direction,
withvery gentle slopes and elevations ranging from 450 to 700
meters above sea level. Gravimetric studies show that the
underlying bedrock morphology is irregular, with depocenters
that can reach 500 m depth (Araneda et al., 2010; Gonzélez et al.,
2018; Yaiiez et al., 2015).

The soil units in the basin (Figure 1) are described in Leyton et
al., (2011), an update of the surface geology map elaborated by
Valenzuela (1978). In the central and southern parts of the Basin,
there are mainly deposits of sub-angular blocks and gravels in a
sand-clay matrix, with interlayering of sands, silts, and clays,
originated by the materials transported by the Mapocho and
Maipo rivers (Soil unit II in Figure 1); these soils, called Santiago
Gravels, have high strength, stiffness, and shear wave velocities.
To the east, alluvial fans were formed by gravitational action at
the foot of the Andes Mountains (Soil units Illa, I1Ib, and Va in
Figure 1), composed mainly of blocks and gravels with
interlayering of sands, silts, and clays; these soils are moderately
stiff. To the west of the Basin, deposits of volcanic ashes, called
Pudahuel Ignimbrite, thicker than 20 m can be found, with
interlayering of gravels, sands, and silts (unit VI in Figure 1). To
the north and northwest of the basin, silts and clays deposits are
found, with some interlayered gravels (unit VII in Figure 1); these
deposits correspond mainly to soft soils with low stiffness and
strength.
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Vargas et al. 2014). According to analyses performed by Estay et
al. (2016), the SRF could be discontinuous, with several segments
(segments A to D in Figure 1) capable of generating earthquakes
of magnitude up to Mw 6.7. On the other hand, Vargas et al.
(2014) reported that the largest earthquake that the SRF could
generate is a magnitude Mw 7.5, corresponding to the rupture of
the complete SRF’s fault plane.

3 3D VELocitTy MODEL

Acevedo (2021) developed a 3D velocity model for the Santiago
Basin (Figure 3) that extends the surface geology presented in
Figure 1. The model considers 7 soil units whose properties were
defined based on results from surface wave methods, seismic
noise interferometry, the RayDec method, and the HVSR method.
The units are gravels (Units Al and A2), fine-grained soil (Unit
F1), ignimbrites (Units P1 and P2), and alluvial soils (Units C1
and C2). The depth of the bedrock underlying the soil was
obtained from gravimetric studies (Araneda et al. 2010 and
Gonzélez et al. 2018), except in units F1 and P1 where the depths
were estimated by adjusting the peak of a measured HVSR curve
to the peak of the theoretical Rayleigh wave ellipticity at the site,
calculated from the Vs profile of the soil unit.

The shear wave velocities of the different materials increase
with depth according to Figure 4. Table 1 shows the Vs;,, the
density, and the Poisson’s ratio of each unit.

Table 1. Soil unit properties.

Fiﬁure 1. Surface geology of the Santiago Basin based on Leyton et al.
2011). The San Ramén Fault trace is shown as a red segmented line,

ivided into four segments according to Estay et al. (2016). Next to the
seismic stations are the PGAs recorded during the 2010 Maule
Earthquake. RNA stations are shown in colored dots.
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Figure 2. MSK-64 intensities of the 2010 Maule Earthquake (adapted
from Molina 2011).

The seismic risk of the Santiago city is affected by the San
Ramon Fault (SRF), which is a reverse fault system located at the
boundary with the western flank of the Andes Mountains,
extending for about 40-50 km in the north-south direction.
Studies have shown that this system can be considered active,
with associated seismicity between 10 and 25 km depth, average
displacements between 0.1-0.5 mm/year, and a recharge period
close to 9000 years (Ammirati et al., 2019; Armijo et al., 2010;
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Figure 3. Velocity model of the Santiago Basin.
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Figure 4. Shear wave velocity profiles of soil units in the Santiago Basin
down to 100 m depth.

4 NUMERICAL SIMULATIONS

Recent studies have been performed to investigate the seismic
response of the Santiago Basin. Table 2 shows the most recent
studies and their characteristics, including the type of analysis
(i.e., 1D, 2D, or 3D), the material constitutive model ({e.
viscoelastic, efastic, and elastoplastic), the software or numericai
code, and the input ground motion. In the following sections, the
main results from the numerical simulations performed in these
studies are detailed.

Table 2. Numerical simulations presented in this article.

Author Analyses Software / Input motion
Code
Bustos et. 3 cross sections 2DFD_DVS Gabor pulse in
al (2023) with 2D and 1D (Moczo et al., model base
simulations 2007)
Viscoelastic
materials
Acevedo 3D model FDSim3D Bandpass-filter
(2021) . : (Moczo et al., ed Dirac delta
Vlsgg?gis;llg 2014)  function in model
base
Ortiz et al. 3D model FDSim3D Bandpass-filter
(2024) . ; (Moczo et al., ed Dirac delta
Vlsgf;?gis;llg 2014) function as double
couple
Chiorino 1 cross section with Plaxis 2D Gabor pulse in

(2023) 2D and 1D simulations model base

Elastic and
elastoplastic materials

1.1  Visco-elastic one- and two-dimensional simulations

Bustos et. al (2023) developed numerical simulations of
wavefront propagating upward in three cross sections of the
model using the finite-difference code 2DFD_DVS (Moczo et al.,
2007), which allows wave propagation in heterogeneous
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viscoelastic media in a rectangular domain with a flat free
surface. The cross sections were assigned wave velocities and
geometries slightly different than Acevedo’s (2021) model. Some
velocity inclusions were considered to evaluate their effects in the
surface seismic response.

The wavefronts were generated with a 1.0 s Gabor é)ulse input at
5 km depth in all the cross sections. The adopted viscoelastic
constitutive model for the materials was a Generalized Maxwell
body defined by Emmerich and Korn (1987) (GMB-EK).

Figure 5 compares horizontal ground-motion velocities
obtained at the surface near the EWI1 cross-section on
fine-grained soils subjected to a S-wavefront. Figure 5a shows the
one-dimensional (1D) solution of the wavefront approaching the
surface whereas Figure S5b shows the two-dimensional (2D)
solution. Surface receivers were located every 100 m and the red
signatures highlight the time-span between the 5-95% of the
ground motion Arias Intensity (Al). Considerable increase in the
duration of the strong motion can be observed in areas with softer
and deeper soil covers in the 2D simulation. In the east area of the
EW cross-section, filled with Santiago gravels, the seismic
response of 1D and 2D models are relatively similar.

30
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Figure 5. Horizontal ground-motion velocities near the EWI
cross-section. Some velocity inclusions were considered in this cross
section compared to cross section EW1. (a) 1D S-wavefront and (b) 2D
S-wavefront.

Soil amplification can be evaluated with amplification factors
(AF), defined as the ratio between an intensity measure calculated
at a site of interest IM; and that calculated at a reference site

M,

M

_ soil
AF =, M

Intensity measures are earthquake ground motion
characteristics, such as peak ground acceleration (PGA), peak
ground velocity (PGV), cumulative absolute velocity (CAV),
Arias Intensity (Al), and spectral acceleration at a given period T
(Sa(T)). In Eq. 1, the reference site can be either a rock outcrop or
the surface of stiff soil.

Figure 6 shows amplification factors of intensity measures
PGV (AFpgy) and CAV (AF,y) calculated from results in Figure
5 for 1D and 2D simulations. The reference site was selected as
the rock outcrop with a Vs= 1900 m/s. PGV is almost not affected
by the simulation approach, whereas CAV increases in 2D
simulations. The AFs of CAV almost double those of PGV on the
surface of fine-grained soils, indicating that the duration of the
strong ground motion has a pronounce increase in softer soils.
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Figure 6. Amplification factors of PGV and CAV calculated from results
shown in Figure 5. Adapted from Bustos et al. (2023).

1.1  Visco-elastic three-dimensional simulations

1.1.1 Plane waves

Acevedo (2021) performed three-dimensional physics-based
numerical simulations (3D-PBS) of the Santiago Basin using the
FDSim3D code, which allows the propagation of seismic waves
generated by an earthquake in three-dimensional media, with a
flat free surface (Moczo et al, 2014). The adopted source
function was the time integral of a bandpass-filtered Dirac pulse
(between 0.1 and 4Hz) proposed for the EuroSeistest Verification
(http://www.sismowine.org). The source function was located at 8
km depth and propagated as a S-wavefront in the EW and NS
directions.

Figure 7a and 7b show the amplification factors of PGV and
CAV, in the EW direction, for an input ground motion in the same
EW direction. The reference site was considered as rock outcrop.
The largest AFs were calculated in the northern fine-grained soils
(unit F1), ignimbrites (units P1 and P2), and alluvial soils (units
C1 and C2) in the east of the city. AFs of the CAV almost triple
those of PGV, highlighting that 3D simulations predict longer
durations of ground motions compared to 2D simulations (Figure
6) in soft soils. AFs in gravels (units Al and A2) remain close to

1.1.1 Shallow-crustal earthquakes

Ortiz et al. (2024) performed 3D-PBS of the seismic response of
the Santiago Basin, subjected to two shallow crustal earthquake
scenarios, associated to the SRF activation, using the FDSim3D
code. The earthquakes magnitudes were assumed as Mw 6.0.
Figure 7c and 7d show amplification factors for PGA and
Sa(T=1.0s) in the surface of the basin calculated in the orientation
of maximum intensity (RotD100). The epicenter of the
earthquake is marked with a star and the reference site is the
FCFM station shown in Figure 1, located on Santiago gravels.
The figure shows large seismic amplifications in the vicinity of
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the seismic source, evidenced by AFs up to 2.0 in alluvial soils
(units C1 and C2). In addition, fine-grained soils (unit F1) in the
north of the basin show the highest AFs (up to 3.0), particularly at
T= 1.0 s, whereas AFs up to 1.5 were identified in the sub-basins
of the western zone and the vicinity of rock outcrops. On the
other hand, Santiago Gravel (unit Al) generally presents AFs
lower than 1.25, and exceptionally reaching values up to 1.5.
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320000 330000 340000  350.000 360000

Figure 7. 3D seismic response of the Santiago Basin. Amplification
factors of (a) PGV and (b) CAV in the EW direction for an input ground
motion in the model base in the EW direction. Amplification factors of (c)
PGA and (d) Sa(T=1.0s) in the RotD100 direction for a seismic source
associated to the SRF.
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Figure 9. Horizontal predominant frequencies obtained in numerical
models in (a) Figure 7a-7b and (b) Figure 7c-7d.

The high intensities predicted in the northwestern fine-grained
soils are directly related to the lower shear-wave velocities (Vs)
and the higher depths of these deposits, which result in low
predominant vibration frequencies, captured in the numerical
models (Figure 9).

1.2 Non-linear two-dimensional simulations

Nonlinear soil behavior can limit the site amplification. The
extent of the nonlinearity increases with the input motion
intensity. Figure 8 shows velocity time histories obtained at the
surface of numerical models of a cross-section on fine-grained
soil subjected to a SV-wave created with a 1.0 s Gabor pulse
(Chiorino 2023). The surface responses were normalized by the
PGV recorded at a rock outcrop. Figure 8a shows the response of
the model with the soil assumed as linear elastic, whereas Figure
8b and 8c show the response of the model with the soil modeled
with the nonlinear hardening soil with small strain stiffness
constitutive model (HSS model), which accounts for stiffness

Horizontal period (s)
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degradation and hysteretic damping increase with shear strain.
The linear and non-linear models consider that Vs increases with
depth from 200 m/s at the surface to near 650 m/s at 250 m depth.
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Figure 8. Normalized velocity time histories with respect to PGV at the
rock outcrop (star). A linear-elastic soil response (a) is compared to the
HSS model response for (a) weak (rock outcrop PGA= 0.01 g) and (b)
?Er(())ZnSg) input motion (rock outcrop PGA= 0.1 g). Adapted from Chiorino
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Figure 9. Amplification factors of PGV and CAV for soil assumed as
linear elastic and nonlinear with HSS model, considering various
intensities of input motion (rock outcrop PGA= 0.01, 0.05, and 0.1).
Adapted from Chiorino (2023).

The response of the linear-elastic material (Figure 8a) is
similar to that of the HSS model for a weak input motion (Figure
8b, rock outcrop PGA= 0.01 g). Conversely, the HSS model
subjected to a stronger input motion (Figure 8c, rock outcrop
PGA= 0.1 g) shows lower relative velocity amplitudes, faster
ground shaking attenuation, and slightly longer dominant
vibration periods.

The amplification factors of PGV and CAV at the models’
surface with respect to rock outcrop are shown in Figure 9. PGV
amplification factors can vary from 2.5 to 3 along the
cross-section if the soil is considered linear-elastic or nonlinear,
subjected to a weak input motion (rock outcrop PGA= 0.01 g).
Amplification factors are significantly reduced if the amplitude of
the input ground motion increases (rock outcrop PGA= 0.05 g
and 0.1 g). CAV amplification factors can reduce to a third the
linear-elastic value for a strong input motion (rock outcrop PGA=

0.1g).

Outcrop el
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Figure 10. Amplification factors for PGA, PGV, and CAV in the RotD100
and vertical directions, calculated from interface earthquakes recorded at
seismic _stations in the Santiago Basin shown in Figure 1. Background
colors from left to right are for fine-grained soils, ignimbrites, alluvial,
and %ravel soils. AFs are calculated with respect to station RO2M on
gravel.

5 EMPIRICAL AMPLIFICATION FACTORS

Recorded amplification factors for PGA, PGV, and CAV were
obtained from 16 earthquakes recorded in 14 seismic stations
located in the Santiago city (shown in Figure 1). The reference
station is the RO2M located on Santiago gravels (A1l unit). The
earthquakes magnitudes range from Mw 5.0 to 8.3, the latest
corresponding to the 2015 Mw 8.3 Illapel Earthquake. The
earthquakes epicentral distances range from 60 to 240 km. The
horizontal amplifications were calculated in the RotD100
direction. The largest amplification factors in Figure 10 were
obtained in stations on fine-grained soils and ignimbrites,
whereas amplification factors of stations on alluvial and gravel
soils barely exceed 2, regardless the intensity in the reference
station. There is a slight trend to show lower amplifications as the
IM recorded in station RO2M increases, which can be attributed
to nonlinear soil behavior. These results confirm the pronounced
amplification in the softer soils of the Basin observed in
numerical simulations.

6 CONCLUSIONS

Physics-based numerical simulations show that fine-grained soils
in the north of the Basin amplify ground motions considerably
more than gravels. PGA and PGV in fine-grained soils can
amplify more than twice with respect to rock outcrops, whereas
CAV can amplify even more. On the other hand, PGA, PGV, and
CAV in gravel remain relatively constant at twice the values
computed in rock outcrops. Empirical AFs confirm that
fine-grained-soils and ignimbrites can have PGA, PGV, and CAV
as much as twice the values recorded in gravel.



— GEO CHILE 2021

% 17PAN-AMERICAN CONFERENCE | 2umuuencutscsom.

‘ON SOIL MECHANICS AND GEOTECHNICAL ENGINEERING |  CONFERE

LA SERENA + CHILE / NOVEMBER 12 16, 2024

PGA and PGV are not considerably affected by the simulation
approach, whether 1D, 2D or 3D. Nonetheless, CAV and Al tend
to increase in 2D and 3D modelling and to be affected by the type
of input ground motion.

2D numerical simulations show that amplification factors in
fine grained soils can decrease if nonlinear soil behavior is
considered. AFs of PGV can decrease to nearly 2/3 the elastic
value and CAV can decrease to 1/3 the elastic value.

The surface response of sedimentary basins is better captured
by 2D and 3D numerical approaches. The basin effects are
expected to exacerbate with more realistic input ground motions
(longer and broadband shakings), unlike the simple inputs shown
in this manuscript. The surface topography may increase further
the surface amplification.

The numerical and empirical results show in this article
highlights the relevance of the soil stiffness and earthquake
source type in the variability of the seismic site response. These
results can have significant impact on the evaluation of seismic
hazard in the Santiago City.
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