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Empirical Ground Motion Models (GMMs)

The standard approach for i median, 16/84™ percentiles
ground motion estimation relies ' from BJFS7 prediction

on empirical GMMs which
provide the probability
distribution of ground motion
intensity measures as a function
of basic explanatory variables
(magnitude, source-to-site
distance, site conditions,...)
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Knowledge gaps in ground motion
observations and empirical modeling

Q

Sparsity of recordings in the
near-source region, leading to
high uncertainty for damaging
earthquake scenarios

Variability of ground motion
with respect to geographical
region, fault style, site
conditions (e.g. very soft soils)
is typically undersampled

Ground motion time series,
especially from spatially dense
arrays, are not available
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Empirical Ground Motion Models (GMMs):
limitations

CISHN Peak Ground Velocity vs Distance

100 South Napa Earthquake of 24 Aug 2014, 6.0MW
¥

Underestimation of recorded .
peak ground motion values
at short source-to-site
distances by empirical GMMs

Max Horizontal PGV, cmis

Mw6 Napa Valley earthquake
Aug 24, 2014 CESMD, last ted 2015-07-01 16:23 (PST)
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Empirical Ground Motion Models (GMMs):
limitations

Spatial variability Physics-based approach Empirical: ShakeMap

of ground motion
is typically

oversimplified in

empirical GMMs
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Physics-based numerical simulation (PBS) of
earthquake ground motion

“Source-to-site(-to-structure)”
numerical simulation of seismic
,,,,, = _ wave propagation, including:

O seismic source

0 source-to-site propagation path in
heterogeneous Earth media

0 local site effects due to 3D
geological and topographical
features

O ...up to buildings in urbanized
environments

McCallen et al. (2021)
EQSIM Project -




Computer code for PBS: SPEED@PoliMI

Mw4.9 2019 Le Teil earthquake {2 Antonietti et al. (2012), Mazzieri et al. (2013)
(France) e ——

SPectral Elements in
Elastodynamics with
Discontinuous Galerkin

http://speed.mox.polimi.it/

General requirements on
the numerical scheme

v Accuracy

v Flexibility

v Scalability / Efficiency



http://speed.mox.polimi.it/

Workflow to generate regional-scale PBS
PBS |3
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...ahd to compute broadband ground motions

(code: SPEED)

/Regional-scale 3D PBS up to £,

with £, depending on spatial
discretization and ability of velocity
and source models to reproduce
realistically high frequencies

/ Estimating Broadband (BB) Ground Motions through Artificial Neural Network \
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Examples of application of PBS

d

Simulation of real earthquakes with complex source and soil behavior
models

BB-SPEEDset: a validated dataset of physics-based broadband simulated
ground motions from multiple regions

Select&Match: a software tool for ground motion selection and scaling
enhanced by PBS datasets

Utilization of simulated ground motions for structural non-linear time
history analyses and for seismic fragility studies

11



Overview of case studies simulated by SPEED
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Validation on real earthquakes: the ESG6
benchmark on the 2016 Kumamoto events

Kumamoto seismic
sequence in 2016, Japan

o

3D velocity model
(Modified from JIVSM
model)
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Validation on real earthquakes: the ESG6
benchmark on the 2016 Kumamoto events

Vel







Mw6.1 Kumamoto: 3D Non-Linear Plastic
(NLP) simulation

— NLP simulation with a new module implemented in SPEED
(Oral, 2016; Oral & Bonilla, 2017)
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Examples of application of PBS

d

Simulation of real earthquakes with complex source and soil behavior
models

BB-SPEEDset: a validated dataset of physics-based broadband simulated
ground motions from multiple regions

Select&Match: a software tool for ground motion selection and scaling
enhanced by PBS datasets

Utilization of simulated ground motions for structural non-linear time
history analyses and for seismic fragility studies
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International efforts towards the construction

of datasets of simulated accelerograms

Simulation

Mw-R

(2024)
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Construction of BB-SPEEDset (v1.0 —» v2.3)
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BB-SPEEDset (v2.3): a dataset of near-source
accelerograms from PBS

M.~ Rjp and Vg5, distribution of BB-SPEEDset

BB-SPEEDsetv2.3
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Open-source:

BB-SPEEDset:'AVaIidated Dataset of Broadband Near- http://speed.mox.polimi.it/bb-speedset/
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Bulletin of the Seismological Society of America (2021) 111 (5): 2527-2545.




Validation tests on several ground motion
features

Comparison, in the same (Mw,R) range, with respect to a dataset of near-source recordings
NESS2.0 (Sgobba et al. 2021)
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Variability analysis of BB-SPEEDset

Between- and within-event residuals of BB-SPEEDset and NESS2 with respect to the ITA18
GMM (Lanzano et al. 2019, adjusted by near-source effects)
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Examples of application of PBS

d

Simulation of real earthquakes with complex source and soil behavior
models

BB-SPEEDset: a validated dataset of physics-based broadband simulated
ground motions from multiple regions

Select&Match: a software tool for ground motion selection and scaling
enhanced by PBS datasets

Utilization of simulated ground motions for structural non-linear time
history analyses and for seismic fragility studies

22



Select&Match: a software tool for ground
motion selection enhanced by PBS
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Select&Match: a software tool for ground

motion selection enhance

d by PBS
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Examples of application of PBS

d

Simulation of real earthquakes with complex source and soil behavior
models

BB-SPEEDset: a validated dataset of physics-based broadband simulated
ground motions from multiple regions

Select&Match: a software tool for ground motion selection and scaling
enhanced by PBS datasets

Utilization of simulated ground motions for structural non-linear time
history analyses and for seismic fragility studies
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Engineering validation of BB-SPEEDset for
structural non-linear dynamic analyses

Response of inelastic SDOF under compatible
sets of recorded and simulated accelerograms
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Concluding remarks

d

PBS are recognized as one of the most promising tools to face the
knowledge gaps due to the sparsity of recordings (near-source
conditions, complex geology and spatial variability studies).

However, further efforts are still needed to build confidence in the
utilization of PBS by the seismological and engineering community.

Availability and dissemination of simulated ground motion datasets,
validated and embedded in accredited ground-motion selection tools, is
a key step for broadening community access and use.

Validation of simulated datasets, in a broad frequency range, for both
ground motion intensity measures and engineering demand parameters,
on median and variability trends, is essential as a proof of the suitability
of PBS for a variety of applications.
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On-going challenges

d

Simulation of real earthquakes deserves attention to: (i) gain insights
into the physics of complex interaction of seismic source, path and local
site effects (including soil non-linearity), (ii) verify/validate new
algorithms and (iii) to inform modelers on the application needs.

Approaches to generate broadband ground motions need enhancement
in such a way that the physical features of spatial variability and period-
to-period correlation are preserved also at high-frequency.

Data and metadata format for simulated ground motions shall be as
much similar as for recorded datasets but with some specificities. Such
specificities shall be shared by the international community.

Merging of recorded and simulated datasets (data fusion) for hybrid
ground motion modeling strategies still requires research
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Thank you for your attention

Chiara Smerzini

Dept. Civil and Environmental Engineering
Politecnico di Milano

chiara.smerzini@polimi.it
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