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Introduction

Nonlinear response spectra

Spatial distribution of ground shaking intensity

Adoption of ground motion simulations for rupture-to-rafters analyses depends not only
upon the quality of the science underlying the models, but also on empirical validation of
ground motion parameters relevant to engineering analyses.

Real structures are expected to behave nonlinearly in strong ground shaking, so the inelastic response spectrum (which measures peak responses of nonlinear oscillators) provides a proxy for the eﬀect of ground motions on nonlinear structures.

This work compares statistical properties of simulated
and recorded ground motions, with a focus on properties
that are known to aﬀect the response of structures. Comparisons may be diﬃcult due to a lack of recorded data,
but the procedures are useful when feasible.

Assuming that elastic response spectra of the simulated motions appear reasonable, a
simple way to study inelastic spectra is to consider the ratio of inelastic to elastic response, as shown below. Calculated response ratios are shown for both simulated and observed ground motions, plotted versus the expected level of nonlinearity (R).
ˆ

Ground motion intensity at nearby sites is spatially correlated, due to commonalities in
wave propagation paths, site conditions, and locations of nearby asperities in the fault
rupture plane. These correlations can have a signiﬁcant impact on estimated regional
losses (Bazzurro, Park and Baker, 2007).

Rˆ measures the ratio between the expected linear response and the yield displacement of
the simple oscillator. Other researchers ﬁrst compute the linear response for each record,
but here with use the expected response predicted based on magnitude, distance, etc.,
because when considering future ground motions in hazard analysis, the true linear response cannot be known a priori. The use of expected response is thus a valuable practical
approach (Tothong and Cornell, 2006). Response ratios are shown below for suites of
simulated and recorded ground motions, and their geometric-mean responses are compared to the predictive model of Tothong and Cornell (2006).

Example results are presented for Puente Hills broadband
simulations at 648 sites in the Los Angeles region. The
simulations were produced by Rob Graves (2006). The
ﬁgure shows spectral acceleration values at 1 second
from an example simulation.
From Graves (2006)

Correlations are measured among the residuals of predicted intensity provided by attenuation models. As seen below, spatial correlation of these residuals is observed in both
simulated ground motions and in recordings from the 1997 Chi-Chi earthquake.
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• Standard deviations of response spectra
Motivation: capture structural response variability, and enable physicsbased PSHA
Observations: simulations appear reasonable at periods longer than 1s
• Correlations of response spectral values at multiple periods
Motivation: measure the “bumpiness” of the spectra, which aﬀects response of nonlinear and multi-degree-of-freedom structures
Observations: simulations are consistent with observations (except at
soft-soil sites)
• Nonlinear response spectral ratios
Motivation: measure a proxy for behavior of nonlinear structures
Observations: simulations appear reasonable at longer periods
• Spatial correlation of ground motion intensity
Motivation: spatial correlation impacts regional loss estimates
Observations: simulations agree with observations, especially when
soft-soil sited are excluded

Other observations
• The apparent soft-soil discrepancies require further investigation. It is
not known whether this is a shortcoming in the simulations or due to a
comparison with unrepresentative empirical data.
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• Strong directivity eﬀects in the simulations require more study. This is
needed for validation, and the simulations may also help reﬁne directivity-prediction models.
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• Mean values of response spectra
Motivation: capture mean structural response
Observations: simulations appear reasonable at stiﬀ soil sites and periods longer than 0.2s
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where γ(h) is the semivariogram associated with two locations separated by a vector distance h, and ε(u) is the ground motion intensity residual at location u. An example variogram is shown below on the left for the simulated dataset illustrated above. A key parameter from this plot is the range, which speciﬁes the distance at which spatial correlation no
longer exists. The ﬁgure below on the right shows variogram ranges for simulated and
empirical datasets, as a function of spectral acceleration period.
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These correlations are quantiﬁed using empirical variograms, which measure the decay of
correlation with increasing separation distance:
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To facilitate general validation of simulated ground motions, the following
list describes ground motion properties relevant to the engineering community. Preliminary observations relating to the speciﬁc simulations studied here are also noted.
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The elastic response spectrum is important because it often serves as the link between
seismic hazard analysis and structural response calculation. Mean spectra are important,
but standard deviations and correlations also aﬀect structural response.

A tentative list of important ground motion properties,
and observations to date
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These results will aid engineers in understanding whether ground motion
simulations can supplement or improve upon empirical ground motions,
as well as provide feedback to those developing simulation models.
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with observed ground motions is much better when
low-Vs30 records are omitted.

0
0.05

0.1

T [s]
1

1

10

Both the elastic response spectra (at the left) and the inelastic response ratios (above)
agree well with comparable recorded ground motions at periods larger than 1 second. At
shorter periods, the variability of the simulated elastic spectra is lower than the observed
spectra and the inelastic response ratios of the simulations appear to be too high. The
large inelastic response ratios may be due to diﬀerences in the mean elastic spectra,
which could aﬀect softening nonlinear oscillators.

The ranges of the simulated ground motion set are generally higher than those from observed earthquake ground motions. It appears that this is because the simulated ground
motions in regions with low shear velocities have similar residuals, and the large regions
of low Vs30 thus drive up the observed spatial correlation. If the low-Vs30 observations are
omitted from analysis, the simulated and observed ground motions show good agree-
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