
A precariously balanced rock (PBR) is an individual or group of rocks that has
eroded into an unstable configuration. Given that the ages of many of these
features have been established to be in excess of 10 – 30 ka, precarious rocks
and other fragile geologic features are one of the only available means to
validate seismic hazard associated with long return periods. Current state-of-
the-art methods for predicting overturning of a precarious rock include detailed
surveying of the rock’s geometry followed by numerical simulations and
ultimately fragility analysis, in which the probability of overturning is related to a
measure of earthquake intensity. However, there are significant sources of
uncertainty at each analysis stage of the PBR, which impact the resulting
probabilities of overturning to unknown extents. As a result, the long-term goal
of this research is to reduce epistemic uncertainty in the probabilistic
overturning predictions for PBRs. In an effort to quantify the uncertainty and
better understand the behavior of these structures, an extensive shake table
study is ongoing at the University of Nebraska Lincoln’s shake table facility with
natural rocks used as representative specimens of PBRs and preliminary results
of this shake table testing campaign are presented herein. The key parameters
being investigated include the overall rock geometry, interface geometry, and
material. Hundreds of individual shake table tests, under a range of ground
motions covering relevant intensity parameters (PGA and PGV/PGA), are
conducted on an individual rock specimen. The overturning results of an
individual specimen are analyzed in concert with the results of corresponding
distinct element method (DEM) models incorporating varying numerical
parameters, which help to identify a range of reasonable numerical modeling
parameters as well as the uncertainty in overturning probabilities arising from
such modeling.

Distinct Element Method (DEM) modeling is adopted for numerical modeling
due to its ability to adequately represent the failure modes (rocking, sliding,
overturning) in 3D. The steps involved in the modeling process are shown in
Figure 2. The key numerical parameters to be studied are:

• Contact Normal and Shear Stiffness (KN and KS)        
• Friction Angle (𝜑𝜑)
• Contact Discretization 

Numerical modeling of simple 3D rectangular blocks of varying aspect ratios
reveals that contact normal and shear stiffness can be a significant contributor
towards uncertainty in overturning response (especially for relatively squat
geometries) as evident from the PGA demand (Figure 4).
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An extensive shake table study is ongoing at the University of Nebraska-
Lincoln’s shake table facility with natural rocks used as representative
specimens of PBRs. To date, hundreds of individual shake table tests, under a
range of ground motions covering relevant intensity parameters (PGA and
PGV/PGA), are conducted on a granite rock specimen (Figure 3). Though the
complete experimental protocol involves different versions of granite and
limestone (including modified/chiseled interfaces), alongside the study of impact
of soil variants at the interface, this presentation presents preliminary results
from the first granite specimen.
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Precariously balanced rocks (PBRs) are a special case of freestanding
structures as they are naturally occurring and have been there in their current
positions for potentially tens of thousands of years. These naturally occurring
structures (Figure 1) develop as water seeps through the subsurface along
fractured bedrock cracks, eroding the rock around them, resulting in the
remaining segments of the rock settling on one another. Brune [1; 2] presented
the idea of using precariously balanced rocks as a tool to gauge the ground
motion intensity that could have occurred at a site and using it to test and
constrain the seismic hazard.

Figure 2: Steps involved in numerical modeling methodology (Depicted pictorially
with an example)

Figure 3: Experimental testing of a granite specimen on the 7 ft x 7 ft shake table at
the University of Nebraska-Lincoln (Credit: M.K. Saifullah)

Figure 4: Overturning results of parametric study on contact stiffness employing simple
block models of different aspect ratios a) 30% cases overturning b) 50% cases overturning
c) 70% cases overturning d) 90% cases overturning
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Probabilistic Analyses 
As probabilistic approach is necessary for identifying trends in seismic response
(see Background section), for both experimental and numerical studies
mentioned in this presentation, the overturning results are analyzed
probabilistically with logistic regression through a vector valued seismic fragility
analysis employing vector valued intensity measures (i.e., PGA and PGV/PGA)
as shown in Equation 1.

P Overturning x1 = PGA, x2 = PGV
PGA

= 1
1+e− β0+β1x1

(1)

Where β0 and β1 are the regression coefficients.

Figure 5: Probabilistic overturning results of the granite specimen a) vector-valued fragility
surface b) 10% overturning contour c) 50% overturning contour d) 95 % overturning contour

The overturning response of the granite specimen tested on the shake table is
presented in the probabilistic domain in Figure 5. Figure 5a shows the fragility
surface obtained through the experimental data, while Figure 5b, 5c, 5d, show
fragility contours corresponding to 10%, 50%, and 95% overturning,
respectively, alongside raw experimental data (Overturning & Non-overturning).

Preliminary results of a shake table campaign on precarious rock fragilities, and
numerical study on simple symmetrical blocks are presented. The numerical
results on simple blocks show that the numerical parametric studies on
precarious rocks are warranted. In addition to comparing experimental results
with numerical fragilities, future experimental results will be compared with
those obtained with the same granite specimen chiseled at the base (base
modified) and with other specimens with different geometry and material such
as limestone, alongside cases incorporating soil variants at the interface.

Freestanding structures, such as PBRs, respond to seismic excitation in rigid
body modes, including rocking, sliding, and overturning. Analytical approaches
for predicting this response have highlighted geometric nonlinearities and
significant response uncertainty, which must be studied probabilistically [3]. One
of the earliest and most robust analyses for freestanding PBRs was that of
Purvance et al. [4], in which they compared shake table test results with a
probabilistic model based on 2D analytical rocking models. While this model
largely represents the state-of-the-art, additional sliding-based modes are
excluded and it has since been determined that 2D modeling of the complex 3D
rocking problem can lead to underestimation of response and increase
uncertainty [5]. Building upon this approach, more recent studies, including that
presented herein, attempt to improve confidence on overturning estimates
through detailed surveys of rock geometry and 3D numerical simulations [6].
However, there are significant sources of uncertainty at each stage of the
analysis that have yet to be quantified.

The objective of the study is to evaluate and quantify the uncertainty in
overturning response by employing experimental shake table tests on rock
specimens with different geometry, material, and interface condition, and
comparing it to numerical models of the same rocks incorporating different
numerical parameters. The results comparison is made in the probabilistic
domain to extract information on epistemic uncertainty.
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