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INTRODUCTION 

The assessment of waveform parameters contributing to the toppling of slender, 
symmetric objects is vital to engineering design (computers, transformers, water tanks, 
etc.) and precariously balanced rock (PBR) interpretation.  Purvance (2004) has 
parameterized the toppling behavior as a function of the rigid bodies’ slenderness and 
height, along with the input PGA and PGV/PGA.  This study has elevated PBR results 
from qualitative in nature to quantitative constraints on ground motions.  Purvance et al 
(2004) utilized this formulation to test vector-valued PSHA output for specific PBRs 
between the San Jacinto and Elsinore faults.  This study suggests that some PBRs 
between the San Jacinto and Elsinore faults are inconsistent with the estimated hazard.    

 
NUMERICAL EXPERIMENT 

Purvance (2004) formulated a numerical experiment to derive the relationship 
between rigid body toppling and system parameters.  The rigid bodies are idealized as 2-
D symmetric blocks subjected to horizontal base accelerations.  Rocking initiates when 
the base acceleration exceeds a critical value.  It is assumed that the coefficient of friction 
is prohibitive to sliding.  Evaluation of the governing differential equation derived by 
Housner (1963) results in the probability of toppling PT (PT = 0 for no topple, PT = 1 for 
topple).  In order to assess the ability of a waveform to produce toppling, the waveform is 
scaled by multiplicative factors, giving waveforms with a specified range of PGA’s.  The 
multiplicative scale factors increase in 0.01*g increments to produce one PT vs. PGA 
curve. 

The waveforms utilized were synthesized as by Boore (1983).  This involves 
shaping Gaussian noise in the time and frequency domains.  For each envelope shape and 
spectral shape, 10 realizations have been run with different random series; these 10 PT 
vs. PGA curves are averaged to produce one PT vs. PGA curve, diminishing toppling due 
to acceleration pulses.  The total dataset includes all combinations of 6 spectral shapes, 
24 envelope shapes, and 20 rigid body shapes (2,880 PT vs. PGA curves).  The 
requirement 0 ≤ PT ≤ 1 is guaranteed by fitting the PT vs. PGA curves to logit(PT) = 
log(PT /(1- PT)) = a1 + a2*PGA.  An iterative maximum likelihood algorithm determines 
{a1} and {a2} (Collett 2003).  Changes in {a1} displace the PT curve without shape 
deformation, while changes in {a2} both displace and deform the shape of the PT curve.   

Initially {a1} and {a2} are fit to constants.  Additional explanatory variables are 
justified provided that the reductions in misfit are statistically significant as measured by 
the F-distribution.  Explanatory variables are investigated in a nested fashion by 
comparing the misfit with previous models.  The following explanatory variables have 
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been investigated: PGV/PGA, slenderness, height, PGD/PGA, PGA*PGV/PGD2, corner 
frequency, high-frequency spectral decay, envelope shape, ∫(v(t))2dt (v(t) is the velocity 
waveform), time to accumulate between 5% and 95% of the total energy, and SA at 30 
periods ranging from 0.01 sec to 5 sec with logarithmic spacing.  Only PGV/PGA, 
slenderness, height, and cross terms contribute significantly to the toppling behavior.  
Figure 1 demonstrates the PT vs PGA curves calculated when various rigid bodies are 
subjected to selected waveforms from the Denali earthquake.  The 95% confidence 
intervals are included in the PT vs PGA plots for reference. In this way, one can define an 
overturning probability surface in PGA versus PGV space (Figure 2).  The results shown 
in Figure 2 correspond to Pedley-1 PBR, centrally located in the line of PBRs halfway 
between the San Jacinto and Elsinore faults.  In general, PGA controls the toppling 
behavior of very slender, short objects.  As the slenderness and/or height increases, PGV 
contributes increasingly to the toppling response.  This suggests that the less slender, 
taller PBRs observed closer to faults constrain the occurrence of both PGA and PGV.     

 

 
 
 
 
 
VECTOR-VALUED PSHA AND PBRS 
 Utilizing the results of Purvance (2004), Purvance et al (2004) developed a 
methodology to test hazard estimates.  Testing the validity of these PSHA estimates 
requires an independent constraint on ground motions over long time periods.  It has been 
hypothesized that PBRs act as paleo-seismoscopes, constraining ground motions over 
10,000 years or more (Brune 1996, Bell et al 1998).  A comparison between PBR 
constraints and PSHA calculations requires the joint rate of occurrence of both PGA and 
PGV; vector-valued PSHA is the framework to provide this information.  Hong Kie Thio 
and Paul Somerville of URS Corporation give details regarding the vector-valued PSHA 

Figure 1. Calculated (blue) and predicted (red) overturning responses of various rigid 
bodies subjected to waveform records of the Denali earthquake shown above.  The black 

curves correspond to the 95th percentile confidence intervals on the prediction. 
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calculations in their annual report.  
 
 
 An example of the vector-valued annual rate of occurrence of PGA and PGV is 
given in Figure 3 for the Pedley-1 PBR site.  The product of the overturning probability 

surface (Figure 2) and the annual rate of occurrence (Figure 3) results in the annual rate 
of overturning as a function of PGA and PGV (Figure 4).  Summing the annual 
overturning rates over all ground motion bins yields the total overturning rate per year.  
Assuming that the time averaged characteristics of overturning due to ground motions 
can be approximated by a Poissonian distribution, one can calculate the time dependent 
overturning probability.  The time dependent probability of toppling curves shown in 
Figure 5 correspond to Nuevo-1, Pedley-1, and Tooth PBRs.  Assuming a PBR age of 
10,000 years (Bell et al 1998), Figure 5 demonstrates that the hazard calculated at these 
sites is not consistent with the presence of these PBRs.  

 
 

Figure 3.  Log rate of occurrence of both 
PGA and PGV calculated for the Pedley-1 
PBR site by Hong Kie Thio. 
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Figure 2.  Contour plot of the 
probability of topple in PGA 
versus PGV space for Pedley-1 
PBR.  Colors increase in warmth 
as the probability of toppling 
increases.  

Figure 4.  Probability of topple per year of 
the Pedley-1 PBR, or the product of the 
probability of topple (Figure 2) and the 
joint annual rate of occurrence of PGA and 
PGV (Figure 3).   
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Figure 6.  Time dependent toppling probability of the Nuevo-1, 
Pedley-1, and Tooth PBRs given in red.  The black curves 
correspond to the 95th percentile estimates.  The blue lines 

delineate the 10,000 year mark, the approximate age of PBRs in 
Southern California determined by Bell et al (1998).   
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