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This paper quantifies the sensitivity of structural response to stochastic rupture variability for near-fault scenarios on the
San Ramon Fault, Santiago, Chile. Stochastic finite-fault ground motions for Mw 6.5 and Mw 6.6, with three realizations
each, are applied to a linear elastic 10-story reinforced concrete building via the Domain Reduction Method at three site
locations spanning 3.3 to 22.5 km from the fault. A three-factor ANOVA at each floor level disaggregates total response
variance into contributions from moment magnitude, stochastic slip distribution, and source-to-site distance. Source-to-site
distance dominates, explaining 60% to 95% of variance, while stochastic rupture variability contributes 5% to 20%. Inter-
realization displacement differences exceed 100% at the nearest station, indicating that a single deterministic scenario is

insufficient to characterize near-fault structural demand.
1 INTRODUCTION

The San Ramén Fault is a west-verging reverse fault
located at the eastern foothills of Santiago, Chile, capable
of generating earthquakes up to Mw 7.0 (Armijo et al.,
2010; Gallardo et al, 2025) (Valdés et al,
2025)representing one of the most significant seismic
threats to the metropolitan area. Its proximity to densely
populated urban districts, with surface rupture projections
extending beneath the city, makes it a critical case study
for near-fault performance-based earthquake engineering.

Stochastic finite-fault simulations (Liu et al., 2006 ;
Schmedes et al.,, 2010) are widely used to generate
physically consistent ground motion ensembles that share
magnitude and fault geometry but differ in slip distribution,
rise time, and rupture velocity. These ensembles capture
the epistemic uncertainty inherent in the rupture process
and provide a natural framework for sensitivity analysis.
However, most existing studies examine ground motion
variability at the free surface or at reference rock
conditions, without propagating this uncertainty through the
complete source-to-structure chain. The extent to which
stochastic rupture variability influences engineering
demand parameters at the structural level, particularly
when soil-structure interaction is explicitly modeled,
remains poorly characterized for near-fault urban
scenarios.

This paper addresses this gap by quantifying the sensitivity
of structural response to stochastic rupture variability for
scenarios on the San Ramén Fault. Ground motions are
computed using the frequency-wavenumber (FK) method
(Bouchon & Aki, 1977; Zhu & Rivera, 2002) implemented
in ShakerMaker (Abell et al., 2022) and applied to a linear
elastic 10-story reinforced concrete building via the Domain
Reduction Method (Bielak, 2003; Yoshimura et al., 2003)
in OpenSees (McKenna et al., 2010).

2  METHODOLOGY

Figure 1 presents the geographical configuration of the
three DRM stations selected for analysis and the reference
coordinate system used throughout the study. Station
sta_3 is located at 3.3 km, sta_6 at 10.4 km and sta_9 at
22.5 km measured from the western edge of the fault
projection. The coordinate system is oriented such that the
longitudinal axis of the building is parallel to the X
component and the transverse axis is parallel to the Y
component. This distance range spans near-fault to
intermediate-field conditions, covering a broad spectrum of
urban exposure in Santiago.
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Figure 1. Geographical distribution of station locations
relative to the San Ramoén Fault plane.

2.1 Seismic Source & Stochastic Realizations

Seismic sources are generated using the Finite-Fault
Stochastic Generator with Double Corner Frequency,
which produces spatially correlated distributions of
kinematic rupture parameters including slip amplitude, rise
time, and rupture velocity, constrained by seismological



observations (Wells & Coppersmith, 1994; Liu et al., 2006;
Schmedes et al., 2010). Two moment magnitudes are
considered: Mw 6.5 and Mw 6.6, with three realizations per
magnitude, capturing the epistemic uncertainty associated
with the rupture process. Figure 2 presents the finite-fault
slip distributions for all stochastic realizations considered in
this study. The upper row corresponds to Mw 6.5 and the
lower row to Mw 6.6, each showing three realizations
(rup_bl_1, rup_bl_2, and rup_bl_3) that share the same
fault geometry but differ in slip distribution.
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Figure 2. Finite-fault sl|p distributions for all sfochastic
realizations considered.

2.2 Wave Propagation — Frequency-Wavenumber
Method

Regional-scale seismic wave propagation is computed
using the frequency-wavenumber (FK) method (Bouchon
& Aki, 1977 ; Zhu & Rivera, 2002) implemented in
ShakerMaker (Abell et al., 2022) which assumes a flat,
horizontally layered and elastic crust model. The crustal
structure is represented as a four-layer stratified medium
as shown in Table 1 (Taked from Valdés et al., 2025)

Table 1. Stratified crustal model parameters

Layer Thl(ilg:;)ss (k\rﬁ;s) (k\r;S/s) (gr/gms) Q Qs
1 020 132 075 240 1000.0 1000.0
2 080 275 157 250 1000.0 1000.0
3 145 550 314 250 1000.0 1000.0
4 - 700 400 267 10000 1000.0

23 High-Fidelity SSI — DRM Configuration

Soil-structure interaction is incorporated via the DRM
(Bielak, 2003) (Yoshimura et al., 2003) The reference

model consists of a soil box of 100 x 100 x 30 m with Ax =
2.5mand At =0.0025 s, satisfying both the wave resolution
requirement (N = 10 points per wavelength at fmax = 25
Hz) and the CFL stability condition (Courant et al., 1928).
Absorbing boundary conditions are implemented through
an exterior soil layer surrounding the interior domain,
modeled using Rayleigh damping C=ayM + BkK,
calculated at f1 =1Hz and f2 =10 Hz with a target damping
ratio § = 0.02

2.4 Structural Model

Figure 3 shows the structural model and represents a
typical 10-story reinforced concrete building common in
Chile, modeled in STKO (Petracca & Camata, 2021) and
developed in OpenSees (McKenna et al., 2010). with linear
elastic behavior. The building uses normal-strength
concrete (fc = 28 MPa, Ec = 25000 MPa), with columns
(0.70 x 0.70 m), solid slabs (0.20 m), shear wall (0.30m)
and a foundation slab (0.70 m).
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Figure 3. DRM model idealization for the ten-story
reinforced concrete building

The DRM framework decomposes the problem into two
substructures: an exterior domain (Substructure 2) that
includes the causative fault and the regional wave
propagation and an interior localized domain (Substructure
1) that contains the soil-structure system of interest.
Equivalent nodal forces computed at the DRM boundary
layer couple both substructures, transferring the incoming
wavefield into the localized model without spurious
reflections.

3 RESULTS & DISCUSSION
3.1 Ground Motion Variability at Foundation Level

Ground motion characteristics at the foundation level (z =
0) are examined through power spectral density (PSD)
analysis and Arias Intensity (IA) across the three DRM
stations and two moment magnitudes considered. Figure 4
presents the mean Fourier PSD for components X and Y
at each station for Mw 6.5 and Mw 6.6.

The Fourier PSD analysis reveals a distance-dependent
amplitude decay across the full frequency range, with sta_3
consistently exhibiting the highest power at all frequencies.
This attenuation is frequency-dependent: at low
frequencies (below 25 Hz) the three stations show
relatively similar spectral amplitudes, while moderate



differences emerge in the 25-50 Hz band and significant
separation is observed above 50 Hz. This behavior is
consistent with frequency-dependent anelastic attenuation,
which selectively dissipates high-frequency energy over
propagation distance. The spectral shape is largely
preserved across stations, reflecting the fact that the
stratified crustal model remains unchanged between
scenarios. Minor shape variations between magnitudes are

nonetheless expected given the different corner
frequencies associated with Mw 6.5 and Mw 6.6.
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Figure 4. Mean Fourier PSD at foundation level (z = 0) for
Mw 6.5 and Mw 6.6.

This distance-dependent attenuation is further confirmed
by the Arias Intensity results shown in Figure 5. For the
mean realization, sta_3 yields IA values of 6.84 m/s and
2.96 m/s for components X and Y respectively, compared
to 1.74 m/s and 0.88 m/s for sta_6, and 1.37 m/s and 0.90
m/s for sta_9. The inter-station ratio reaches approximately
5:1 in the X component, indicating that source-to-site
distance is the dominant factor governing ground motion
intensity at the foundation level for the configuration
studied.

Arias Intensity

CompY

Comp X

100 4 100 4

1A (36)

== [sta_3 mean | 1a=6.839 m/s
sta_6 mean | la=1.741 m/s 20 +
sta_9 mean | 1a=1.370 m/s

—t— [sta_3 mean | 1a=2.955 m/s
sta_6 mean | 1a=0.879 m/s
sta_9 mean | 1a=0.900 m/s

o 5 1w 15 2 2 ™ 0o 5 10 15 20 2
Time [s] Time [s]

Figure 5. Arias Intensity cumulative curves at foundation

level (z = 0) mean realization per station.

Figure 6 complements this analysis by presenting the PGA
values disaggregated by rupture realization and station for
both moment magnitudes considered, with each column
corresponding to a different magnitude (Mw 6.5 and Mw
6.6). Station sta_3 consistently exhibits the highest PGA

values across all realizations and magnitudes, confirming
the distance-dependent attenuation previously observed.
Notably, the stochastic nature of the rupture process
introduces non-negligible variability among realizations
sharing the same magnitude: individual seeds produce
distinct slip distributions that result in different excitation
levels at each station. This inter-realization scatter is
particularly evident at sta_3, where proximity to the fault
amplifies the sensitivity to source variability, while sta_6
and sta_9 show more homogeneous responses across
realizations due to geometric attenuation effects.
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Figure 6. PGA per rupture realization, DRM station, and
moment magnitude.

3.2 Floor-Level Structural Response

The displacement orbits at the roof level (z = 35.0 m) are
presented in Figure 7 for both moment magnitudes and all
rupture realizations. Each orbit represents the relative
displacement trajectory between the roof and the
foundation in the horizontal plane, providing a direct
measure of the building's bidirectional demand envelope.

Three key observations emerge from this analysis. First,
the orbit amplitude is strongly governed by source-to-site
distance, with sta_3 exhibiting significantly larger
displacements than sta_6 and sta_9 across all realizations
and magnitude. For Mw 6.6, the maximum resultant
displacement at sta_3 reaches 268.5 mm, compared to
116.2 mm and 71.4 mm at sta_6 and sta_9 respectively.
Second, stochastic rupture variability introduces
substantial scatter in the near-fault response. At sta_3, the
maximum resultant displacement varies from 123.9 mm
(rup_bl_3) to 268.5 mm (rup_bl_1) for Mw 6.6, representing
a difference exceeding 100% between realizations sharing
the same magnitude and fault geometry but differing only
in slip distribution. This highlights that a single deterministic
rupture scenario may significantly underestimate or
overestimate structural demand depending on the
realization selected, underscoring the necessity of



ensemble-based approaches in near-fault performance
assessment. Third, the shape and orientation of the
displacement orbits vary across realizations, indicating that
stochastic slip distribution not only scales the response
amplitude but also modifies its bidirectional character.
Different seeds produce distinct preferential displacement
directions, which have direct implications for the
assessment of torsional demands and directionality effects
in structural design. At sta_9, orbits are compact and
consistent across realizations, suggesting that geometric
attenuation reduces both the intensity and the inter-
realization variability of the structural demand at greater
distances from the fault.
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Figure 7. Displacement orbits at roof level for all rupture
realizations and moment magnitudes across DRM
stations.

3.3 EDP Sensitivity & Inter-Realization Variability

To quantify the relative contribution of each source of
variability to the structural response, a three-factor Analysis
of Variance (ANOVA) was performed at each floor level.
The additive model adopted takes the form equation 1.

yijk =p+a;+ B + vy + &jk [1]

where y;jk denotes the engineering demand parameter
(EDP) evaluated at a given floor level, u is the overall
mean, a; represents the effect of moment magnitude (Mw
6.5 and Mw 6.6), B; the effect of stochastic rupture
realization (rup_bl_1, rup_bl_2, rup_bl_3), y, the effect of
DRM station (sta_3, sta_6, sta_9), and ¢;jk the residual

error. Prior to ANOVA, a logarithmic transformation was
applied to all EDP values to stabilize variance across
stations. Formal assumption testing using Shapiro-Wilk
and Levene tests confirmed that normality and
homoscedasticity hold at all floor levels after
transformation, with isolated exceptions at z = 31.5 m in
component X, likely associated with modal amplification
effects near the roof level. The model assumes factor
additivity, residual normality, and homoscedasticity. The
design is fully balanced, with identical factor combinations
across both magnitudes, yielding 18 observations per floor
level and 12 residual degrees of freedom. The proportion
of total variance explained by each factor is quantified
through the eta-squared index n? = SS_factor / SS_total,
where SS denotes the sum of squares.
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Figure 8. ANOVA floor profile of eta-squared (n?) for Arias
Intensity across all floor levels.

Figure 8 presents the n?floor profiles for components X and
Y for Arias Intensity. The results reveal a clear hierarchy of
influence across all floor levels and both components. The
DRM station, which serves as a proxy for source-to-site
distance, is the dominant factor, explaining between 60%
and 95% of the total variance. This confirms that geometric
attenuation governs the ground motion intensity reaching
the structure, as already observed in the foundation-level
analysis. The stochastic rupture realization contributes a
secondary but consistent effect, accounting for
approximately 5% to 20% of the variance depending on the
floor level, demonstrating that slip variability propagates
through the full source-to-structure chain and produces
non-negligible differences in structural demand. Moment
magnitude, given the narrow range considered (AMw =
0.1), contributes less than 5% of the variance at all floors.
The residual fraction is generally low, indicating that the
additive model provides an adequate representation of the
variance structure for the scenario ensemble studied. A
slight increase in the rupture effect is observed at lower
floor levels relative to upper floors, suggesting that the



foundation input motion retains greater sensitivity to source
variability than the amplified response at higher elevations,
where modal filtering by the structure tends to reduce inter-
realization differences.
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Figure 9. ANOVA floor profile of eta-squared (n?) for PGA

across all floor levels.

Figure 9 presents the n? floor profiles for PGA across
components X and Y. The station factor remains dominant
across all floor levels, consistent with the Arias Intensity
results. However, several additional observations emerge
from this analysis.

The rupture realization contributes more to component X
than to component Y across all floor levels. Given the fault
orientation and the coordinate system defined in Figure 1,
component X receives ground motion energy more directly
aligned with the rupture propagation direction, making the
structural demand in this component more sensitive to slip
distribution variability. Component Y, being more oblique to
the wave propagation direction, is dominated almost
entirely by the station factor, with rupture contributing a
smaller and more uniform effect across all floors.

A height-dependent pattern is also observed. At
subterranean levels (z = -3.00 and -6.00 m), the rupture
effect carries greater relative weight compared to floors
above grade, suggesting that the embedded portion of the
structure responds differently to source variability than the
superstructure. At upper floors, the residual fraction
increases slightly for component X, indicating that modal
amplification introduces additional variability not fully
captured by the additive model.

Moment magnitude contributes less than 5% of the
variance at all floors and both components, confirming that
the narrow magnitude range considered does not produce
statistically distinguishable differences in peak floor
acceleration.

3.4 Limitations

Several limitations of the present study should be
acknowledged. The structural model assumes linear
elastic behavior throughout, which is appropriate for a first
characterization of the source-to-structure sensitivity but
does not capture the inelastic demand redistribution that
would occur in a realistic near-fault scenario with the
displacement amplitudes observed at sta_3. Additionally,
the ensemble size of three realizations per magnitude,
while sufficient to identify dominant trends, limits the
statistical power of ANOVA and prevents robust estimation
of higher-order interaction effects between factors. Results
should therefore be interpreted as indicative rather than
exhaustive characterizations of the rupture parameter
space.

4  CONCLUSIONS

This study investigated the sensitivity of structural
response of a linear elastic 10-story reinforced concrete
building to stochastic rupture variability for near-fault
earthquake scenarios on the San Ramon Fault, Santiago,
Chile. A three-factor ANOVA framework was applied at
each floor level to disaggregate total response variance
into contributions from moment magnitude, stochastic slip
distribution, and source-to-site distance. The following
conclusions are drawn from the analysis.

Source-to-site distance is the dominant factor governing
structural demand across all floor levels and both
horizontal components, explaining between 60% and 95%
of total response variance. This confirms that geometric
attenuation controls ground motion intensity in the near-
fault to intermediate-field distance range studied, and that
site location is the primary variable to consider in
performance-based assessments for structures near the
San Ramén Fault.

Stochastic rupture variability produces a secondary but
physically meaningful contribution of 5% to 20% of total
variance, demonstrating that slip distribution uncertainty
propagates through the complete source-to-structure
chain. At the nearest station, inter-realization displacement
differences exceed 100% (See Figure 7), underscoring that
a single deterministic scenario is insufficient to characterize
near-fault structural demand and that ensemble-based
approaches are necessary.

Displacement orbit analysis reveals that stochastic slip
distribution modifies not only the amplitude but also the
directionality of the structural response. Different rupture
realizations produce distinct preferential displacement
directions at the roof level, with direct implications for
torsional demand assessment and directionality effects in
structural design.

A directional dependence of rupture sensitivity is identified.
Component X, aligned with the longitudinal axis of the
building and more directly exposed to the rupture
propagation direction, exhibits greater sensitivity to
stochastic slip variability than component Y. This finding



has direct implications for directionality considerations in
structural design and ground motion selection for near-fault
sites.

Moment magnitude, over the narrow range of Mw 6.5 to
Mw 6.6 considered, contributes less than 5% of total
variance at all floors. Its primary effect is the scaling of
ground motion amplitude without significant modification of
spectral shape, as confirmed by the Fourier PSD analysis.

These results support the adoption of ensemble-based
ground motion approaches for performance-based
earthquake engineering assessments of structures located
in near-fault environments, where rupture stochasticity
represents a non-negligible source of epistemic uncertainty
that cannot be captured by deterministic scenario
analyses.

Future work will extend this analysis to nonlinear structural
models, a broader ensemble of rupture realizations, and
additional rupture idealization scenarios including
unilateral propagation, to more comprehensively
characterize the epistemic uncertainty associated with the
rupture process on the San Ramén Fault.
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