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Introduction

Vector-valued Probabilistic Seismic Hazard Analysis has many important applications in
environments where the hazard related to a structure or soil condition is dependent on the joint
occurrence of two or more ground motion parameters (Luco and Cornell, 2001), Bazurro and
Cornell, 2002). In cases where such structures are used to test or infer ground motion and
earthquake recurrence models, such as the use of precarious rocks, VPSHA is equally important
for the comparison of damage (or toppling) and recurrence rates.

The objective of vector-valued probabilistic seismic hazard analysis (VPSHA) is to
provide the annual frequency of the joint occurrence of more than one ground motion intensity
measure.  This approach should prove superior to scalar valued PSHA because the response of a
rock to ground shaking is strongly dependent on more than one ground motion intensity measure
(Purvance, 2003).

In a joint SCEC-PEER project, the P.I.’s, in collaboration with Professor Allin Cornell of
Stanford University, have developed the ability to perform probabilistic vector-valued hazard
calculations following the method of Bazzurro and Cornell (2002).  VPSHA was applied to the
Van Nuys Holiday Inn, one of the PEER Testbeds for Performance Based Seismic Engineering.

The presence of precarious rocks in seismically active regions provides bounds on ground
motions over thousands of years, which generally includes many earthquake cycles (Shi et al.,
1996; Anderson and Brune, 1999; Brune, 2002).  Based on numerical studies, it has been shown
that a precarious rock topples when the peak ground acceleration (PGA) exceeds a threshold to
start it rocking, and subsequent longer period ground motion (PGV) at the natural period of
oscillation of the rocking rock is sufficiently large to topple the rock (Purvance, 2003).  Both
conditions are required for the rock to topple.  A nearby small earthquake may cause ground
acceleration large enough to cause the onset of rocking, but its weak long period motions may be
insufficiently strong to topple the rock.  Conversely, a distant large earthquake may cause large
enough long period ground motions to topple the rock if it were rocking, but its accelerations
may be insufficient to induce rocking. Estimating the probability of toppling using only one
ground motion parameter (as in ordinary PSHA) would therefore overestimate the risk
significantly.

This report contains part of the results from a collaborative study between UNR and URS to
interpret the results from precarious rocks in a probabilistic framework using the method
developed by Bazurro and Cornell (2002). The focus of this study is on the large set of
precarious rocks that extend from Riverside to Aguanga and lie approximately midway between
the San Jacinto and Elsinore faults in Southern California.  There is a large number or precarious
rocks extending along strike, indicating a systematic pattern in ground motion attenuation.  There
appear to be no major earthquake sources between the San Jacinto and Elsinore faults that would
be closer to the precarious rocks.  These features enhance the prospect for resolving the current
discrepancy.



Method

As an extension to the traditional scalar PSHA, we are interested in the joint probabilities of
exceedance of several parameters, which we will represent as a vector x, with every element (x1,
x2, .. xm etc) representing a ground motion parameters such as PGA, PGV, SAT=t, duration or
other. Arbitrary distributions can accommodated using transformations to the Gaussian
distribution. Starting with the probability density function (PDF) for a multivariate Gaussian
(Normal) distribution:

where

- the covariance matrix of x

l,m - the correlation coefficient between xl and xm

l - the variance of xl

For a two-dimensional case, this equation reduces to the form in Bazurro and Cornell(2002).
Compared to a scalar PSHA, the only extra parameters that are present are the extra sets of
ground motion parameters, and the only new parameter introduced here is the correlation
coefficient between pairs of ground motion parameters. This coefficient is essential for the
VPSHA procedure, and has been determined for spectral acceleration by Abrahamson et al
(2003), Inoue (1990) and for PGA/PGV by Gregor et al.(2002). Since we are interested in joint
probabilities of PGA and PGV, we decided to apply the Gregor et al (2002) attenuation model in
our subsequent calculations. Figure 1 shows the distance drop-off of this model.

Results

We have computed vector hazard for a range of sites between the San Jacinto and
Elsinore faults (Figure 2).   Our combined analysis shows that the presence of precariously
balanced rocks in the area appears to be inconsistent with current ground motion models.  For
instance, the vector-valued hazard surface at the Pedley location (Figure 3) for the joint
frequency of exceedance of PGA and PGV, convolved with the vector valued toppling fragility
surface of the rock (from a numerical model that has been validated against shaking table results)
gives the toppling curve, shown as the probability of toppling as a function of time (Figure 4).
This rock is thought to have been in its current precarious state for 10,000 years, in which time
the probability that it should have toppled is 99%; several other rocks that are still standing also
have high calculated probabilities of toppling.  The fact that these rocks have not toppled
indicates that the ground motion model overestimates the seismic hazard at the site of the rocks.
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This result is consistent with the observation that recent large strike-slip earthquakes having
large surface slip, including the 2002 Denali, 1999 Kocaeli, and 1992 Landers events, have
ground motion levels that are much lower than predicted by current ground motion models at
response spectral periods less than about 4 seconds (Somerville, 2003).
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Figure 1.  Distance dependence of PGA and PGV for the attenuation model of Gregor et
al.(2002).

Figure 2. Location of the sites that were studied (blue circles) and the major faults in the area.
The Pedley site is the northernmost circle.
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Figure 3. Joint Probability Density Function for PGA and PGV at the Pedley site.

Figure 4. Probability of toppling (red line) as a function of recurrence time at the Pedley site.


