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Three-dimensional physics-based numerical simulations (3D-PBS) of the seismic response of the Santiago Basin,
Chile, were performed considering a large-scale velocity model and shallow crustal earthquake scenarios,
associated with the west-verging thrust San Ramon Fault. Numerical results show that competent gravelly soils in
the center of the basin respond with low seismic amplification and shorter durations of strong ground motions,
unlike less competent fine-grained soils in the northern area. A significant increase in the seismic intensities is

observed in the vicinity of rock outcrops, attributable to the generation of surface waves. Seismic amplification
factors were calculated with respect to a reference site on gravel and their values show high levels of amplifi-
cation in the vicinity of the seismic source, and on soils with low shear wave velocities (V;) and long fundamental
vibration periods. On the other hand, empirical ground motion models (GMM) were used to estimate amplifi-
cation factors for peak ground accelerations and spectral accelerations at various periods. Results from GMMs
and 3D-PBS were compared, showing similarities in the attenuation pattern on stiff soils, but differences in soils
with low V. Moreover, 3D-PBS captured site effects associated with the local geomorphology, unlike GMMs.

1. Introduction

The Santiago Basin, located in Central Chile (Fig. 1), is home to more
than 7 million inhabitants, about 40 % of the total population of the
country [1], in a seismically active region, controlled by the subduction
of the Nazca Plate underneath the South American Plate. Some of the
most recent earthquakes in the region are the 1985 Mw 8.0 Valparaiso
and the 2010 Mw 8.8 Maule megathrust earthquakes, as well as the
1958 Ms 7.0 Las Melosas shallow crustal earthquake [2]. Due to the
socioeconomic importance of Santiago city, the study of its seismic
response has gained special interest.

Previous studies have shown that ground motion amplifications and
variations in the motion frequency content are caused by the variability
in the soil’s dynamic properties and topographic irregularities in
different zones of the basin. Acevedo [3] developed an updated 3D ve-
locity model for the Santiago Basin, based on results from surface wave
methods, seismic noise interferometry, the RayDec method, and the
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horizontal-to-vertical spectral ratio (HVSR) method, which were used to
perform a three-dimensional physics-based numerical simulation
(3D-PBS). The 3D model was subjected to two seismic scenarios and
found that the Santiago Gravels (Soil unit II in Fig. 1) respond with low
seismic amplification due to their high shear wave velocities (Vs), a
smooth Vj increase with depth, and low impedance contrast with the
underlying bedrock. In contrast, the fine-grained soils in the north-
western part of the city (Soil unit VII in Fig. 1) show higher amplification
due to their lower Vg, variability in bedrock depth, and lateral variations
of V. In addition, the numerical simulations predict relative amplifi-
cations in fine-grained soils that are similar to those obtained from real
seismic events (5.0 < Mw < 6.7). Subsequently, Bustos et al. [4]
modeled the seismic response of three large-scale 2D cross-sections of
the basin, showing that its geometry and difference in soil types modifies
the surface response, with longer ground motion durations in the
northern, northwestern, and western zones of the basin (Soil units VI
and VII in Fig. 1), and with rapid ground motion attenuation in the
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Fig. 1. Surface geology of the Santiago Basin based on Leyton et al. [27]. The San Ramon Fault trace is shown as a red line, divided into four segments according to
Estay et al. [11]. The scarp is extended to the south (below segment D) as proposed by Ammirati et al. [6]. The three cross-sections analyzed in this study (EW1, EW2,

and NS) are shown in black segmented lines.

central, southern, and eastern zones dominated by the Santiago Gravels.
Aggravation factors for two-dimensional versus one-dimensional simu-
lations showed that the 1D approach provides similar results to 2D
simulations in areas with stiff soils but fails to capture surface waves
generated in soft soils at the edges of rock outcrops, which is captured by
the 2D approach. This result underscores that 1D simulations are unable
to adequately represent the phenomena observed during seismic events,
a conclusion also drawn by other studies, such as Ozaslan et al. [5] in the
Gemlik Basin, Turkey.

It is worth mentioning that both studies conducted on the Santiago
Basin described above considered plane wavefronts as seismic input,
which can be associated with deep or very distant earthquakes. It is not
evident that the seismic response found in these studies would prevail if
the basin was subjected to shallow crustal earthquakes, such as those
that could be triggered by the San Ramén Fault (SRF, Fig. 1).

The SRF is a reverse fault system located east of the Santiago City, on
the border with the western flank of the Andes Mountains, with an
extension of about 40-50 km in the north-south direction. Studies have
shown that this system can be considered active, with associated seis-
micity between 10 and 25 km depth, average displacements between 0.1

and 0.5 mm/year, and a recharge period close to 9000 years [6-10].
According to Estay et al. [11], the SRF could be discontinuous, with
several segments (segments A to D in Fig. 1) capable of triggering
earthquakes with magnitudes up to Mw 6.7. On the other hand, Vargas
et al. [10] reported that the largest possible earthquake that could be
triggered by the SRF would be a magnitude Mw 7.5, corresponding to
the rupture of the entire fault plane.

Earthquakes associated with shallow crustal faults can cause large
socio-economic impacts, such as the 1994 Mw 6.7 Northridge Earth-
quake, which caused nearly 60 deaths, financial losses estimated at 13 to
20 billion dollars (the most costly earthquake in U.S. history to date), as
well as destruction and severe damage to buildings [12]. Another
example is the 1999 Chichi Mw 7.6 earthquake, which ruptured an
approximately 100 km segment of the Chelungpu thrust fault, resulting
in more than 2400 people dead and more than 11,000 injured [13],
more than 8500 buildings destroyed, and economic losses estimated to
be close to 10-12 billion dollars [14]. Given the devastating conse-
quences of shallow crustal earthquakes, there is concern about the po-
tential seismic risk associated with the activation of the SRF in the city of
Santiago. Thus, several studies based on the application of PBSs and



F. Ortiz et al.

Soil Dynamics and Earthquake Engineering 181 (2024) 108633

Fig. 2. (a) Plan view of the 3D sedimentary model considered for the Santiago Basin with the three cross-sections analyzed in this study and the SRF trace. The
shaded areas on the trace show the segments considered in the SRF1 and SRF2 simulations. The focal mechanism of each case is shown to the right of each segment,
in the location of each epicenter. (b) Depth distribution of the sedimentary model. (c) Cross-sections EW1, EW2, and NS. Shear wave velocities are shown below each

cross-section.

ground motion models (GMMs) have been evaluated to obtain the
seismic response of the Santiago Basin to earthquakes associated with
the SRF.

In this context, PBSs have emerged as a robust method for con-
ducting small- and large-scale seismic risk analyses. These numerical
simulations provide synthetic ground motion time histories reflecting
the physics of the seismic wave propagation problem from the source up
to the site of interest, including directivity effects in the near-field, as
well as topographic and complex site effects [15], thus allowing pre-
diction of ground motion variability [16]. Cortés [17] performed PBSs
for the SRF activation, considering a model of the Santiago Basin with a
uniform soil layer on top of the bedrock, and a 40 km long and 20 km
wide fault surface. The simulations were performed for 8 seismic sce-
narios with moment magnitudes Mw ranging from 6.0 to 7.0 and
considered linear visco-elastic (LE) and non-linear elastic (NLE) soil
models. The results of the PBSs at the model surface were peak ground
velocities (PGV), peak ground accelerations (PGA), and spectral accel-
erations at various periods (Sa(T)). In addition, the study evaluated the
GMM developed by Cauzzi et al. [18] to estimate PGAs and PGVs. The
results show that PBSs can capture site effects due to the topography of
the area and soil properties, unlike the results from GMM. Despite the
differences, this study highlights that both methods predict relatively
similar average peak ground motion distribution and attenuation

patterns from the seismic source. On the other hand, Ammirati et al. [6]
proposed a seismic scenario for a magnitude Mw 7.5 earthquake eval-
uated with two GMMs [19,20] that considered a 50 km long and 20 km
wide fault plane. The results show PGAs close to 0.7-0.9 g in the vicinity
of the fault scarp, values that are consistent with Cortés’s [17] results in
the same zone, while being much larger than the PGAs recorded during
the 2010 Mw 8.8 Maule megathrust earthquake in the central-eastern
area of Santiago (PGA ~ 0.3g in Soil unit III, Fig. 1) and the ignim-
brite deposits (PGA = 0.56g in Soil unit VI, Fig. 1), according to Bor-
oschek et al. [21].

The objectives of this study are (1) to implement a 3D-PBS of the
Santiago Basin, using the updated velocity model developed by Acevedo
[3] with different soil units, (2) to simulate two seismic events associ-
ated with the activation of two segments of the SRF (segments B and C in
Fig. 1), (3) to study the seismic behavior of the basin in terms of ground
motion duration, PGA, Sa, predominant vibration periods, among
others, (4) to implement three GMMs [18-20] for the estimation of the
relative seismic demand and (5) to compare the surface response of both
methodologies and judge their applicability in ground motion
estimations.
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Table 1
Dynamic properties of the soil units [3].
Soil Depth z Vs Vs30 Vp Poisson Density
Unit (m) (m/s) gn/ (m/s) Ratio v (kg/
=) m®)
Al 0-10 400 579 748 0.3 2100
10-20 700 1310
20-30 800 1497
30-530 Vs(z) = Vp(2) =
800 + 1497 +
49.2v/z — 30 92.0vz — 30
A2 0-10 300 437 561 0.3 2000
10-20 500 935
20-30 650 1216
30-350 Vs(z) = Vp(2) =
650 + 1216 +
36.3vz — 30 67.9vz — 30
F1 0-10 200 290 356 0.27 1800
10-30 350 624
30-80 450 802
80-150 500 891
150-250 550 980
250-450 600 1069
P1 0-10 350 382 624 0.27 1700
10-200 400 713
200-600 500 891
P2 0-10 350 469 624 0.27 1700
10-20 500 891
20-40 650 1158
40-600 Vs(z) = Vp(z) =
800 + 1497 +
49.2v/z — 30 92.0v/z — 30
C1 0-10 300 415 561 0.3 2000
10-20 450 842
20-30 600 1123
30-450 Vs(z) = Vp(2) =
600 + 1123+
29.3vz - 30 54.8v/z — 30
c2 0-10 300 407 561 0.3 2000
10-20 450 842
20-50 550 1029
50-600  Vs(z) = Vp(z) =
800 + 1497 +
49.2y/z — 30 92.0vz — 30
Table 2

Dynamic properties of bedrock.

Depth [m] Vs Vp Poisson Density (kg/m®%)
(m/s) (m/s) Ratio v (—)

0-600 1900 3555 0.3 2600

600-1000 2300 4303

1000-2000 2500 4677

2000-2500 3000 5612

>2500 3600 6735

2. Geological framework

The Santiago Basin is a topographic depression filled with quater-
nary sediments [22] that has an approximate extension of 40 km in the
east-west direction and 90 km in the north-south direction, with very
gentle slopes and elevations ranging from 450 to 700 m above sea level
[23]. Gravimetric studies show that the underlying bedrock morphology
is irregular, with depocenters that can reach 500 m depth [24-26].

The soil units in the basin (Fig. 1) are described in Leyton et al. [27],
which is an update of the surface geology map elaborated by Valenzuela
[28]. 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
intercalations of sand, silt, and clay, originated by the materials trans-
ported by the Mapocho and Maipo rivers. These soils, called Santiago
Gravels (Soil unit II in Fig. 1), have high strength, stiffness, and shear
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wave velocities. To the east of the basin, alluvial fans were formed by
gravitational action at the foot of the Andes Mountains (Soil units IIIa,
IIIb, and Va in Fig. 1), composed mainly of blocks and gravels with in-
tercalations of sands, silts, and clays. These soils are moderately stiff. To
the west of the basin, volcanic ashes, called Pudahuel Ignimbrite (unit VI
in Fig. 1), can be found in terraces thicker than 20 m with intercalations
of gravel, sand, and silt. To the north and northwest of the basin, silt and
clay deposits are found with some intercalated gravels (unit VII in
Fig. 1). Units VI and VII correspond mainly to soft soils with low stiffness
and strength.

3. Numerical model

The large-scale three-dimensional model developed to study the
seismic response of the Santiago Basin subjected to the activation of the
SRF, considering the different soils’ dynamic properties, the finite-
difference code, and the two seismic scenarios, is detailed below.

3.1. Three-dimensional geological-sedimentary model

The sedimentary model of the basin considered in this work (Fig. 2)
is based on the updated model proposed by Acevedo [3], which extends
and simplifies the surface geology presented by Leyton et al. [27]. This
updated model defines the bedrock depth and 7 soil units based on the
results of the HVSR method in each unit and shear wave velocity profiles
(V) obtained with surface wave methods. The units are gravels (units A1l
and A2), fine-grained soil (unit F1), ignimbrite (units P1 and P2), and
alluvial soils (units C1 and C2). According to Acevedo [3], the depth of
the bedrock underlying the soil was obtained from gravimetric studies
[24,25], except in units F1 and P1 where the depth was estimated by
adjusting the peak of a measured HVSR curve to the peak of the theo-
retical Rayleigh wave ellipticity at the locations, calculated from the Vg
profiles of the soil units.

3.2. Dynamic properties

In the new velocity model proposed by Acevedo [3], each soil unit
was assigned a characteristic Vs profile, obtained by inverting all
available phase velocity dispersion curves in a soil unit and assuming
that the HVSR is the Rayleigh wave ellipticity [3]. The V profiles were
defined as a stack of 10 m thick layers. Moreover, the V; of the 3 shal-
lowest layers were assigned such that the resulting averaged shear-wave
velocity of the upper 30 m (Vg30) matched the values measured in situ.
The functions defining Vj profiles of the soil units are shown in Table 1.

Compressional wave velocities (V,) were obtained considering the
Poisson’s ratio v and the theory of elasticity with Equation (1). The
densities, also shown in Table 1, were adopted from Bonnefoy-Claudet
et al. [29].

2(1-v)
o=Vl )
V; of the bedrock was adjusted to the results in Salomon et al. [30],
considering a total of 5 layers with V; values ranging from 1900 m/s in
the top layer to 3600 m/s for depths larger than 2.5 km (Table 2).
Quality factors were defined for S- and P-waves, according to
Equations (2) and (3) [31], which are inversely proportional to damping

£2Q=1/9.

Vs

10 2)

Os

0, =20, ®3)

The maximum damping levels in the model are found near the sur-
face, where Qs and Qp reach their minima. Considering the Vg values of
each soil unit near the surface (Table 1), the largest damping values are
closeto & ~2.5% inunitF1, £ ~ 1.7 % in units A2, C1,and C2, £ ~ 1.4 %
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Fig. 3. Sketch of the 3D model and the finite difference grid, with the different soil units. Note that the dimensions of the grid elements are not to scale with the

values of the axes.

Fig. 4. Source function used in the simulations. (a) Normalized displacement in time and (b) Fourier amplitude of the source function.

Table 3
Hypocentral location and focal mechanism of the simulated events.
Event  East North Strike Dip Rake Depth
coordinate coordinate @] ©) ©) (km)
(UTM) (UTM)
FSR1 363,850 6,302,472 343 34 90 15
FSR 2 363,850 6,293,204 0 34 90 15

in units P1 and P2, and ¢ =~ 1.25 % in unit Al. These values decay rapidly
with depth as Vg increases.

3.3. Physics-based numerical simulations

Numerical simulations were performed using the finite-difference
(FD) code FDSim3D, which allows the propagation of seismic waves
generated by an earthquake in three-dimensional media, with a flat free
surface [32]. The adopted viscoelastic constitutive model is a

Generalized Maxwell body (GMB-EK, defined by Ref. [33]). The
computational algorithm is based on an explicit FD scheme that solves
equations of motion for a heterogeneous viscoelastic medium with
material interfaces [34]. In this regard, the code uses a (2, 4)
velocity-stress (VS) scheme, 2nd-order accurate in time and 4th-order
accurate in space, which is constructed on a staggered FD grid.

For the computational region of the model, FDSim3D generates a
discrete parallelepiped from the intersection of representative volumes
of each soil unit, on which a discontinuous grid is defined. Each grid
point adopts the dynamic properties of the soil unit or the bedrock where
it is located. In addition, the code allows dividing the model into an
upper section (where the soil units under study are located) with a finer
spatial discretization compared to the lower section (bedrock only),
which optimizes computational resources and execution time. A
graphical representation of the model is shown in Fig. 3.

Boundary conditions are defined using Perfectly Matched Layers
(PML), validated by Kristek et al. [35], which prevent seismic wave
reflection at the edges of the model. To ensure numerical stability, the
time step At, defined as a function of the maximum wave velocity V; and
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Fig. 5. Snapshots of vertical ground motions from SRF2 simulation (Time step = 1.3 s).

the corresponding grid spacing h, must satisfy the stability condition for
the (2, 4) staggered-grid VS FD scheme used in the code as follows [32]

6 h

At < —— 4
3 V; @

The maximum credible frequency f,. of the simulation can be
estimated from the minimum velocity Vs, and the associated grid
spacing h [36]

. Vsmin

Sinax = “oh (5)

The model is 46 km in the north-south direction, 46 km in the east-
west direction, and 18 km in depth, with a fine grid spacing h = 10 m
from the free surface to 2 km depth, and a coarse grid spacing H = 50 m
from 2 km depth to the base of the model, as seen in Fig. 3. Considering
V, = 4677 m/s, the maximum Vp from the surface up to 2 km depth, and
the minimum spacing h =10 m, a time step A t = 0.001s is obtained with
Equation (4). For larger depths, V;, exceeds 5500 m/s (Table 2), allowing
larger grid spacings (H = 50 m) for the same time step. The adopted grid
spacings ensure the numerical stability of the model. On the other hand,
the minimum value of Vg in the model is close to 200 m/s near the
surface in soil unit F1, which results in a maximum credible frequency of

3.3 Hz for this unit, according to Equation (5). The maximum credible
frequency increases to > 5 Hz for the other soil units with minimum Vy
close to 300 m/s.

Regarding the seismic source, there are mainly two alternatives to
simulate the waves propagating from an earthquake source, either from
the full extent of a fault or from a point-source approximation. As
described by Xu & Knopoff [37], the first case requires accounting for
geometric complexities along a fault to fully account for the variable
ground motions observed in real earthquakes, hence, inhomogeneity is a
critical property of earthquake models. This is also detailed in Bizzarri
[38], who points out that all geometrical complexities of the source,
spatial heterogeneities, details of the stress release, and the forces acting
on the failure interface must be considered, which is rather challenging
to achieve. On the other hand, the point-source approximation considers
that all of the energy released by an earthquake is concentrated in one or
more double couple (DC) points, which are pairs of couples whose tor-
ques cancel each other [39], accounting for the average fault geometry
and the seismic moment of the earthquake.

FDSim3D allows two options to simulate earthquakes, either to use
vertical and horizontal plane wavefronts coming from the base of the
model, or to implement DC points inside the model domain. In both
cases, a source function that defines the body waves generated at the
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Fig. 6. Velocity ground motions in the EW direction along cross-sections EW1, EW2, and NS, for simulations of SRF1 (upper panels) and SRF2 (middle panels). The
bedrock depth and the different soil units are shown in the lower panels. The legend is the same as that in Fig. 2.

seismic source is required. While plane wavefronts can be associated
with deep or very distant earthquakes, which is not representative of
shallow crustal earthquakes addressed herein, the second option allows
us to freely locate DC points on the SRF plane; therefore, we decided to
use this option in our simulations.

The code requires a normalized-displacement time function as the
input of the seismic source (Fig. 4). This study adopts one used by Moczo
etal. [32] and is described as s(t) = K-D(t), with K a constant and D(t) a
bandpass filtered Dirac delta function. The amplitude of the source
function decays at about 3-5 Hz, consistent with the maximum credible
frequency obtained for the adopted soil velocity model and grid spacing.

3.4. Seismic scenarios

Two seismic scenarios associated with the activation of the SRF,
named SRF1 and SRF2, were simulated. These scenarios are directly
related to the activation of segments B and C shown in Fig. 1, which were
defined based on the surface manifestation of the SRF and supported by
results of gravity profiles and the fluctuation of the sinuosity index along
the fault trace [11]. These two segments were selected since they are
closer to the most populated areas and critical infrastructure, as well as
to the northern and northwestern fine-grained soils, which are of
particular interest due to their poor dynamic properties.

For the two selected segments, Estay et al. [11] obtained the scalar
seismic moment (M) using the equation defined in Aki & Richards [40],
and the moment magnitude (Mw) using the equation defined in Hank &
Kanamori [41], considering an approximate shear modulus y = 3 x 100
Nm 2, a fault width in the 10-15 km range, and an average slip of 4 m,
thus obtaining moment magnitudes in the range of Mw 6.2 to 6.7.

A proper simulation of large magnitude earthquakes (e.g. the
maximum credible earthquake Mw 7.5, [10]) using DC points requires

defining the initial rupture location and the spatial distribution of a
series of DC points on the fault plane, which can be sequentially trig-
gered to represent the propagation direction and the rupture velocity.
Unfortunately, this detailed information is unavailable since studies that
characterize the rupture process of the SRF have not been performed. A
valid option in the absence of this information would be to assume
different combinations of rupture initiation locations, propagation di-
rections, and rupture velocities for the fault plane and perform several
numerical simulations, which is beyond the scope of this work due to our
limited computational capacity.

Considering the next best feasible approximation, two selected
seismic scenarios were modeled with singular DC points in the middle of
each fault segment, striking according to the approximate fault traces in
Fig. 2a (343° and 0° for SRF1 and SRF2 simulations, respectively). The
study of Ammirati et al. [6] was considered to define the direction and
depth of the DC points, in which an east-dipping fault plane of ~34° was
estimated, with associated seismicity between 10 and 25 km depth. DC
points were located at a depth of 15 km. Finally, a magnitude Mw. 6.0
was considered for the two seismic scenarios, which is slightly lower
than the maximum magnitudes estimated by Estay et al. [11] for the
segments B and C of the SRF. This decision allows for the adoption of the
DC point approach to be valid. A summary of the characteristics of the
simulated seismic events (SRF1 and SRF2) is presented in Table 3
whereas their epicenters and focal mechanisms are shown in Fig. 2a.

4. 3D-PBS results

Fig. 5 shows snapshots of vertical ground motions resulting from
SRF2 simulation. Arrivals of p-waves at the model surface at t = 3.4 s
(frame 2) are followed by s-waves at t = 6.0 s (frame 4). Waves travel to
the west of the basin up to t = 15 s, approximately, after which surface
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Fig. 7. PGA in the EW direction for (a) SRF1 and (c) SRF2, and in the NS direction for (b) SRF1 and (d) SRF2 simulations, normalized by the maximum PGA in each
direction. The black star on the right of each figure indicates the epicenter of the simulation.

waves generated at the edges of the basin and rock outcrops continue to
reverberate, particularly in the northern and northwestern zones of the
basin, filled with fine-grained soils (F1 unit) and ignimbrite deposits (P1
unit), and in the small sub-basins formed in the western part.

4.1. Surface ground motions

Fig. 6 shows velocity ground motions in the EW direction along the
three studied cross-sections, for SRF1 and SRF2 simulations. The re-
ceivers in the cross-sections are 800 m apart. As shown in the figure, the
largest ground motion durations and intensities occur in areas with low
stiffness soils, such as fine-grained soils (unit F1) and ignimbrite deposits
(unit P1). However, ground motion intensities in these soil units
decrease in the westernmost part of the EW1 cross-section compared to
the central part, due to geometric spreading with increasing distance
from the seismic source. In contrast, stiffer soils, such as Santiago gravels
(units A1 and A2), experience the lowest intensities and shorter ground
motions. Moderately stiff soils (units C1 and C2) show higher intensities
than gravelly soils, but lower than fine-grained soils.

Accelerations at each receiver were obtained by deriving velocity
time histories. Fig. 7 shows the peak ground accelerations in the EW and
NS directions for the SRF1 and SRF2 simulations, normalized by the

largest PGA in each direction. The amplitudes of the ground motions in
the EW direction decrease to the west of the seismic source but increase
considerably to the north and the south. The opposite is true when
studying the amplitudes in the NS direction. These amplification pat-
terns are related to directivity effects caused by the radiation pattern of
the adopted reverse fault mechanism for the SRF.

To be able to compare the results from 3D-PBS simulations and
GMMs (section 5), the NS and EW accelerations were combined to
obtain a single horizontal ground motion for different azimuths ranging
from —90° to 90° with 5° increments. Then, acceleration response
spectra Sacry with 5 % damping were calculated for the combined hor-
izontal acceleration time histories at each receiver. Finally, the
azimuthal directions with the largest spectral acceleration in the
response spectra were identified for a range of periods ranging from T =
0.2-3.0 s. Fig. 8 shows the variation in the direction of maximum hor-
izontal spectral acceleration for the period range mentioned, evaluated
at several control points on different soil units (the location of control
points P1 to P8 are shown in Fig. 9). Softer soils, such as fine-grained
soils and ignimbrite deposits, show high variability in the direction of
maximum spectral acceleration as a function of the period (Fig. 8a and
8b). In contrast, the direction remains relatively constant in receivers on
top of more competent soils, such as gravelly and alluvial soils (Fig. 8c
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Fig. 8. Direction of maximum horizontal spectral acceleration for periods between 0.2 and 3 s, evaluated at 8 control points in the model surface (see their location
in Fig. 9). (a) P1 and P2 are located on fine-grained soils, (b) P3 and P4 on ignimbrite deposits, (c) P5 and P6 on Santiago Gravel, and (d) P7 and P8 on alluvial soils.

and 8d).

Fig. 9 shows the direction of maximum horizontal spectral acceler-
ation in the model surface for simulations SRF1 and SRF2 at T = 0.5 s
and 1.0 s. In stiff soils, there is a gradual direction variation influenced
by the focal mechanism of the seismic events. In contrast, the directions
in soft soils seem to be further influenced by variations in the bedrock
depth and interactions between the different soil units, as well as the
proximity to rock outcrops.

4.2. Amplification factors

Results are presented in this study as amplification factors since
expected seismic intensities directly extracted from the simulations are
likely unrepresentative, given that there are some aspects of the physical
phenomena of seismic events that are not accurately simulated, such as
the initial location of the rupture, its direction and rupture velocity, the
energy of the seismic source, among others. In addition, aspects related
to the sedimentary model, such as the low damping values present in the
model and the limitations regarding the elevation changes of the basin
(i.e., any topographic changes in the Basin were not incorporated in the
model) may add further inaccuracies.

An amplification factor (AF) is defined as the ratio between an in-
tensity measure calculated at a site of interest to that calculated at a
reference site. The FCFM station was defined as a reference site (see the
location in Fig. 1) because it is a seismological station located at the
National Seismological Center of the University of Chile (CSN), which
has been in operation for more than 100 years. The station has recorded
many earthquakes, including the most important earthquakes of the last
decades, such as the 1985 Mw 8.0 Valparaiso and the 2010 Mw 8.8
Maule Earthquakes. In addition, the CSN is located on the Santiago
Gravel (unit A1), characterized by high strength and stiffness.

To study the seismic amplification pattern in different areas of the
basin, the amplification factor at a given site with respect to the response
of the FCFM station is defined as:

site

) a
AF ;l'm = F(C?M
Sa )

(6)

Where Sas("T“)3 is the spectral acceleration at the site of interest at a period T
and Sa(f™ is the spectral acceleration at the FCFM station at the same
period T. Note that for a period T = 0 s, the amplification factor becomes
AFS) — PGASI®/PGAFCTM,

Fig. 10 shows amplification factors for PGA, Sa(r = 0.55), and Sacr —
1.0s) in the surface of the basin calculated in the directions of maximum
horizontal spectral acceleration for SRF1 and SRF2 simulations. The
figure shows large seismic amplifications in the vicinity of 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 part 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 A1) generally
presents AFs lower than 1.25, and exceptionally reaching values up to
1.5 in the SRF1 simulation when the seismic source is closer to this soil
unit.

4.3. Fundamental vibration period

Fundamental periods of ground vibration were estimated for sites in
the northern and north-western part of the basin, where the fine-grained
soils and ignimbrite deposits are located, and compared with field
measurements [3,23,42-44]. The fundamental periods were estimated
from the peak amplitudes of surface-to-bedrock standard spectral ratios
(SSR), calculated as the ratio between the smoothed Fourier spectral
amplitude of the horizontal motion at the model surface to that of the
projected point at the soil-bedrock interface. A smoothed Fourier spec-
tral amplitude of the horizontal motion is considered as the geometric
mean of the smoothed Fourier spectral amplitudes in the NS and EW
directions.

Fundamental periods were also calculated from peak amplitudes of
horizontal-to-vertical spectral ratios (HVSR), calculated as the ratio
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Fig. 9. Direction of maximum horizontal spectral acceleration in the model surface at T = 0.5 s for (a) SRF1 and (b) SRF2, and at T = 1.0 s for (c) SRF1 and (d) SRF2.
The star to the right of each panel indicates the epicenter of each simulation. The circles indicate the location of control points analyzed in Fig. 8.

between the smoothed Fourier spectral amplitude of the horizontal
motion at the model surface to that of the vertical motion at the surface.
In both cases, SSR and HVSR, the fundamental period in each surface
receiver was chosen as the longest period with a significant peak. Fig. 11
shows estimated fundamental periods of horizontal ground motions
ranging mainly between T = 1.0-5.0 s, which agree with periods
inferred from field measurements.

5. Ground motion models

Ground Motion Models (GMMs) are empirical regression equations
calibrated based on observations of past earthquakes and are commonly
used to estimate ground motions in seismic hazard assessment due to
their simple implementation compared to 3D-PBS. However, GMMs
have some important limitations to consider. One of these is related to
the ergodic assumption [45] where the variability in ground motion of a
single site-source combination is assumed the same as the ground mo-
tion observed at a more global scale [46]. As a consequence of this
assumption, GMMs cannot account for specific effects related to the
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earthquake source, complex site effects in the case of large sedimentary
basins, and source-to-site path [47]. Another limitation of these models
is in the consideration of inherent cross-correlations and
spatial-correlations, associated with “inter-event” variability and
“intra-event” variability. “Inter-event” variability is related to a sys-
tematic misprediction of ground motions caused by a higher or lower
stress drop at the source, and “intra-event” variability is related to the
tendency of local observations to be different than the median GMM
estimation, due to near-fault directivity effects and wave propagation
[16]. Also, due to the lack of ground motion recordings in the vicinity of
seismic sources, GMMs are poorly constrained and uncertain in the
near-source region [48].

Predictions from GMMs and 3D-PBS are compared in this section to
elucidate their differences in the seismic response of the Santiago Basin.

5.1. GMMs results

Mean horizontal Peak Ground Accelerations (PGA) and Spectral
Accelerations (Sa) were calculated using the GMMs proposed by Graizer
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Fig. 10. Amplification factors for PGA, Sa(T = 0.5s), and Sa(T = 1.0s) calculated in the directions of maximum horizontal spectral acceleration for SRF1 and SRF2
simulations by 3D-PBS. PGA for (a) SRF1 and (b) SRF2, Sacr — ¢.55) for (¢) SRF1 and (d) SRF2, and Sa(r — 1.05) for (¢) SRF1 and (f) SRF2. The star to the right of each
panel indicates the epicenter of each simulation, and the circles indicate the location of the FCFM reference station.
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Fig. 11. Fundamental periods of horizontal ground motions calculated from peak amplitudes of surface-to-bedrock standard spectral ratios (SSRs) and from the peak
amplitudes of single-receiver HVSRs for (a and c¢) SRF1 and (b and d) SRF2 simulations. Only spectral amplitudes larger than 2.5 are shown. Colored circles are HVSR

results calculated from field measurements.

and Kalkan [20], hereafter referred as GK15, Abrahamson et al. [19],
hereafter referred as ASK14, and Cauzzi et al. [18], hereafter referred as
CFVB15. These models were chosen because they had been used in
previous studies of the basin, allowing a direct comparison with avail-
able data. Each of these models considers a series of parameters for the
estimation of the surface response, such as the earthquake mechanism
and magnitude (Mw), the minimum source-to-site distance (rmyip), and
Vs30, among other parameters. The seismic sources considered for the
GMM evaluation are those assumed in the 3D-PBS, with the same hy-
pocentral location of the SRF1 and SRF2 events and magnitude Mw 6.0.
Appendix A details the parameters adopted for the evaluation of each
scenario with every GMM.

Fig. 12 shows amplification factors with respect to the FCFM refer-
ence site for PGA, Sa(r = ¢.55), and Sacr = 1.0s) at the surface of the basin
calculated with the ASK14 GMM for SRF1 and SRF2 simulations. The
largest amplifications occur in the vicinity of the seismic source,
although a considerable increase in intensity is also observed in less
competent soils, away from the SRF scarp, in the fine-grained soils of the
northern part of the basin. This increase is more prominent for T = 0.5
and 1.0 s.

5.2. Comparison of GMMs and 3D-PBS results

The ratio between the surface horizontal spectral acceleration pre-
dicted by the 3D-PBS (Sa??)’P BM) and the mean prediction of the ASK14
GMM (Sa’(“Ts)K“) is defined as

Sa?;))iPBM S 3D—PBM > SaASKM
SaiyF a(r) =94

A 7
Sa??)—PBM Sa(T) <S (1)

Fig. 13 shows this ratio for PGA, Sacr — o.55), and Sacr = 1.05). In
general, both models predict similar intensities in competent soils such
as Santiago gravels, particularly up to 20 km from the seismic source,
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with Rt < 1.25. However, GMMs tend to predict larger responses than
3D-PBS in less competent soils, such as fine-grained soils in the north
and ignimbrite deposits in the west, and at long distances from the
seismic source regardless of the soil unit (blue areas in Fig. 13). The only
areas where the 3D-PBSs predict systematically higher intensities are in
the vicinity of rock outcrops and the sub-basins located in the eastern
zone (red areas in Fig. 13).

Figs. 14-16 compare in more detail the amplification factors
(Equation (6)) estimated from the 3D-PBS and the three considered
GMMs in the three cross-sections studied (Fig. 2c). The attenuation
patterns of the three GMMs are very similar, with intensity predictions
generally decaying progressively with distance, with slight variations
unless there is a major change in Vg0, such as the transition from alluvial
soil (unit C1) to gravelly soil (unit Al) in the east of the EW1 cross-
section (Fig. 14) and the transition from gravels (unit A2) to ignim-
brite deposits (unit P1) in the center of the EW2 cross-section (Fig. 15).

On the contrary, amplification patterns predicted by 3D-PBS are
more complex than those of the GMMs. The figures show abrupt changes
in attenuation with distance from the seismic source even in the same
soil unit, increasing amplification west of rock outcrops (see unit F1 in
EWT1 cross-section Fig. 14), and lower amplitudes close to the seismic
source, as in the case of gravelly soil (Al unit) and alluvial soil (C1 unit)
in the east of EW1 cross-section (Fig. 14).

The depth of the bedrock is explicitly considered in the ASK14 GMM,
predicting that seismic amplification decreases close to rock outcrops
where the soil thickness also decreases (except for PGA where the decay
in the AF is not as noticeable as in the case of Sa). In contrast, the in-
fluence of the bedrock depth in the AF predicted by the 3D-PBS is not
clear since the seismic amplification is strongly controlled by the dis-
tance from the seismic source, the analyzed period, and the proximity to
rock outcrops.

6. Discussion

Results of the 3D-PBS consistently show that the highest intensities



F. Ortiz et al. Soil Dynamics and Earthquake Engineering 181 (2024) 108633

Fig. 12. Amplification factors for PGA, Sa(T = 0.5s), and Sa(T = 1.0s) calculated in the directions of maximum horizontal spectral acceleration for SRF1 and SRF2
simulations by ASK14 GMM. PGA for (a) SRF1 and (b) SRF2, Sa(r — ¢.s5) for (c) SRF1 and (d) SRF2, and Sa(r — 1,05 for (e) SRF1 and (f) SRF2. The star to the right of
each panel indicates the epicenter of each simulation, and the circles indicate the location of the FCFM reference station.
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Fig. 13. Ratio between the surface horizontal spectral acceleration predicted by the 3D-PBS and that predicted by the ASK14 GMM. PGA for (a) SRF1 and (b) SRF2,
Sacr — o.55) for (¢) SRF1 and (d) SRF2, and Sat — 1.05) for (e) SRF1 and (f) SRF2. The star to the right of each panel indicates the epicenter of each simulation, and the
circles indicate the location of the FCFM reference station.
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Fig. 14. Amplification factors for PGA, Sa(r — o.55) and Sacr — 1.0s) estimated from the 3D-PBS (3D-HOR) and the ASK14, GK15, and CFVB15 GMMs along the EW1
cross-section for SRF1 and SRF2 simulations. The legend of the soil units is shown in Fig. 2.

and amplifications occur in areas composed of softer soils. The increased
amplification in these areas may be due to the high impedance contrast
between the fine-grained soils and the underlying bedrock, and to
seismic waves trapped in rock-enclosed areas. In contrast, the limited
amplification of highly competent soils, such as the Santiago gravels
(unit A1), is due to their higher V, lower impedance contrast with the
bedrock, and much larger free areas without rock outcrops to get in the
way of seismic waves.

The difference in material damping is another factor to consider
when comparing the seismic response. Damping was included in the 3D-
PBS through the quality factors Qs and Qp, resulting in the highest values
being about 2.5 % in fine-grained soils and 1.5 % in gravels and alluvial
soils near the surface of the model. Hence, poorly competent soils have
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higher damping, yet they respond with the largest intensities and du-
rations during the seismic simulations.

In the eastern part of the basin, horizontal seismic amplification
reaches high values in the vicinity of the SRF, where the seismic sources
were simulated. The amplification increases in the C1 soil unit since Vy is
not as high as that of the Santiago Gravels, even though both soil units
are close to the seismic source. Moreover, differences in the EW and NS
responses cannot be explained by soil properties alone, so it must be
related to directivity effects imposed by the reverse fault mechanism.

At the vicinity of rock outcrops, the large amplifications in these
areas are due to the generation and bouncing of surface waves. In gen-
eral, these amplifications depend on the period analyzed. Simulations
show that the highest AFs occur in the northern zone for T = 1.0 s, which
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Fig. 15. Amplification factors for PGA, Sa(r — o.55) and Sacr — 1.0s) estimated from the 3D-PBS (3D-HOR) and the ASK14, GK15, and CFVB15 GMMs along the EW2
cross-section for SRF1 and SRF2 simulations. The legend of the soil units is shown in Fig. 2.

could be related to soil resonance in that area, considering that F1 soil
unit shows long fundamental periods (T > 1.0 s in Fig. 11).

In stiffer soils with lower fundamental periods, the lower ground
motion amplification could be controlled by the adopted source function
(see Fig. 4), which has the largest amplitudes between 0.2 Hz and 0.5 Hz
(T =2.0stoT = 5.0 s) and decays rapidly at higher frequencies.
Particularly, the amplitude of the source function decays to half the
maximum at 1 Hz (T = 1s) and to 1/4 the maximum at 2 Hz (T = 0.5 s).
Therefore, the values of the amplification factors predicted in this study
may not necessarily be observed if the SRF is activated, but the general
trend should remain valid.

The responses of the three implemented GMMs were similar, even
when some of them have more input parameters, such as the ASK14
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model, which considers parameters related to down-dip rupture width
(W), fault dip, depth to the top of the rupture (Ztor), among others.

When comparing the results of GMMs and 3D-PBS (Fig. 13), we
found good agreement in competent soils, such as the Santiago gravels
(Al unit) but differences in fine-grained soils (unit F1) and at short
distances from the SRF trace, particularly in alluvial soils (unit C1). This
difference is due to the low amplitude predicted by the 3D-PBS near the
seismic source, particularly in the EW direction (Fig. 7c), which is
affected by near-fault directivity effects.

GMMs do not adequately capture amplifications in the vicinity of
rock outcrops and, furthermore, they cannot predict the duration of the
strong motions, whereas both aspects can be assessed with the 3D-PBS
(see Fig. 6). Although, due to the nature of GMMs, they cannot
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Fig. 16. Amplification factors for PGA, Sa(r — ¢.55), and Sacr — 1.05) estimated from the 3D-PBS (3D-HOR) and the ASK14, GK15, and CFVB15 GMMs along the NS
cross-section for SRF1 and SRF2 simulations. The legend of the soil units is shown in Fig. 2.

account for site effects in areas with complex geological settings, they
can be used as a tool for estimating first-order seismic amplification
patterns in the Santiago Basin for low magnitude earthquakes associated
with the SRF.

7. Conclusions

In this study, we compare results from PBSs and GMMs for two
seismic scenarios associated with the activation of the San Ramon Fault
in the Santiago Basin, Chile.

The 3D-PBS results indicate that site amplification is controlled
mainly by three aspects: proximity to the seismic source; dynamic
properties of the soils, such as Vs and fundamental vibration period; and
the generation and bouncing of surface waves in the vicinity of rock
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outcrops and sub-basins.

In general, soils with low Vg, such as fine-grained soils and ignim-
brites, experience the highest seismic amplifications and intensities in
terms of amplitude and duration of strong motion. These amplifications
are related to the fundamental periods of the sites. On the contrary,
competent soils with high Vj, such as the Santiago Gravels, which were
used as reference soil for the seismic amplification estimation, consis-
tently respond with lower seismic intensities. Areas in the east of the
basin where the SRF is located, with moderately stiff soils, showed high
intensities due to the proximity to the fault scarp and directivity effects
due to the radiation pattern of the reverse fault.

Predictions from GMMs agree with those of the 3D-PBS in stiff soils
up to approximately 20 km from the seismic source, but differ in fine-
grained soils overestimating the response, and in areas closer to the
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epicenter where there may still be radiation- or directivity-pattern ef-
fects. GMMs usually fail to account for local site effects, unlike 3D-PBS.
Nevertheless, for this specific case study, considering low magnitude
earthquakes, GMMs are a rational method to preliminarily estimate
seismic demand, providing a conservative response, particularly in areas
prone to seismic amplifications.

Even though this study advances the validation of GMMs in sub-
ductive environments, where few shallow crustal earthquakes have been
recorded, the results cannot be directly generalized since ground mo-
tions can be highly influenced by site- and source-related effects, which
cannot be accounted by GMMs. Then, it is necessary to use 3D- or 2D-
PBS that can consider these effects and therefore provide better
predictions.

8. Statement of originality

The present article evaluates the seismic response of the Santiago
Basin subjected to shallow crustal earthquake scenarios, associated with
the west-verging thrust San Ramoén Fault, which poses large seismic
hazard to the Chilean Capital. The study integrates a novel large-scale
wave velocity model that accounts for all the soil types found in the
basin, spanning from stiff gravelly soils to soft fine-grained soils, in 3D
physics-based numerical simulations (3D-PBS). Previous studies
considered a single soil type, hindering the physical processes found in
this study, such as pronounced site amplification and changes in the
direction of the ground shaking on soft soils, particularly near rock
outcrops. These results were compared with predictions from ground
motions models, which have been evaluated in previous studies, and
found that they can be considered as upper bounds of the maximum
ground shaking amplification predicted from the 3D-PBSs.
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