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Laboratory-scale experiments reveal a profound statistical similarity between the fracture of hetero-

geneous materials and earthquakes.
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The 1970s heyday of earthquake research was charac-
terized by a high degree of optimism, as leading scientists
expressed hope that some method of predicting earth-
quakes might be around the corner. This was partly
based on the assumption of a close similarity between
seismic events and controlled indoor laboratory tests on
the fracture of rock samples [I]. Such expectations led to
the belief that diagnostic earthquake precursors (such as
electromagnetic or acoustic phenomena, radon gas emis-
sions, and the like) may be identified. This early opti-
mism faltered as reliable precursors failed to materialize
when subjected to rigorous statistical testing [2], and as
results from theories of complexity [3] provided a possi-
ble physical explanation for their absence [4]: even fully
deterministic systems of interacting elements can exhibit
chaotic behavior, associated with an extreme sensitivity
to initial conditions that makes accurate prediction im-
possible.

While the deterministic prediction of individual earth-
quakes with sufficient accuracy to justify an evacua-
tion before an event is still considered to be beyond
reach—and may not even be a realistic scientific goal
[6]—probabilistic earthquake forecasting (i.e., the quan-
tification of earthquake hazards in a given area and pe-
riod of time) is instead enabled by the fact that earth-
quakes are not completely random events: they are lo-
calized, predominantly on plate boundaries (see Fig. [1]),
and tend to cluster in time [6].

Earthquake statistics obey a range of empirical scal-
ing laws that help carry out seismic hazard analysis, set
building design codes, or identify periods of elevated risk
due to clustering. Such scaling laws may also provide
strong constraints on the physics underlying the occur-
rence of earthquakes. Earthquake models are often built
by scaling up constitutive rules derived from fracture and
friction experiments in the laboratory, but an accurate
statistical comparison between such lab tests and real
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earthquakes was lacking. Now, writing in Physical Re-
view Letters, Jordi Baro at the University of Barcelona,
Spain, and colleagues provide perhaps the most compre-
hensive statistical comparison to date between seismic
events in the laboratory and in nature [7]. Their results
show that, within an impressive range of several orders
of magnitude, data collected from their laboratory-scale
experiments and from earthquake databases collapse on
the same distribution curves, revealing very similar scal-
ing laws.

Ultimately, the clustering of earthquake probability
distributions in space and time is due to a sensitive re-
sponse to small fluctuations in local stress, consistent
with a physical system that is close to criticality (e.g.,
at a first- or second-order phase transition), in which the
failure of an element of the system can trigger that of
another element that is close in space or time. This is
analogous to the spread of a contagious disease in a pop-
ulation by local transmission of infection between a car-
rier and a healthy but susceptible individual. Based on
this idea, statisticians have developed a purely stochas-
tic earthquake model, called epidemic-type aftershock se-
quence (ETAS) that combines epidemic-type models for
disease transmission with empirical scaling laws observed
more or less ubiquitously in earthquake occurrence.

Three scaling laws have proven to be of very general
validity. First, the Gutenberg-Richter law captures the
fact that small earthquakes are more frequent than large
earthquakes, providing a relationship between the mag-
nitude and number of earthquakes in a given region. Sec-
ond, the Omori law describes how the probability of af-
tershocks decreases with time: it is approximately in-
versely proportional to the time elapsed from the main
shock (the largest in a sequence). Finally, the so-called
“aftershock productivity” law relates the rate of after-
shocks triggered by a mainshock to its magnitude: larger-
magnitude earthquakes produce on average more after-
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FIG. 1: (Top) A global map of earthquake epicenters, show-
ing clustering in space, predominantly, but not exclusively,
at plate boundaries. (Bottom) A thin section of a rock sam-
ple, imaged under a microscope after a laboratory compaction
experiment. The indicated tensile microfractures have the po-
tential to generate acoustic emissions as they break. The work
of Bard et al. shows that laboratory-scale fracture experi-
ments follow the fundamental statistical laws that describe
the occurrence of earthquakes. ((Top) NASA; (Bottom) S.
Sathar et al., J. Sediment. Res. 82, 571 (2012))

shocks at a rate that depends on the local susceptibility
to triggering [8]. All of these fundamental observations
take the form of power-law distributions. The ETAS
model combines these three laws with a random popu-
lation of independent “background” events that trigger
sequences of correlated events (whereby the correlation
is caused by stress transfer—the equivalent of contagion
in the spread of a disease). One of the key signatures of
epidemic-type aftershock sequences is “crackling noise”:
the kind of noise, arising from a combination of random
cracking events and clusters of consequent events, that
can be heard when sitting by a fire or crunching a piece
of paper. Crackling noise has been shown to accompany
both earthquakes and the formation of microcracks in
laboratory tests on the fracture of granular or composite
media (see Fig. [1).

Within the ETAS stochastic modeling framework,
Baro et al. compare new experimental work on com-
paction tests in a granular medium with the analysis of
an earthquake catalog (a table of time, magnitude, and
location of earthquake events). The experiments involved
subjecting a high-porosity silica ceramic (a simple syn-
thetic sedimentary “rock”) to a uniaxial compression that
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increases linearly until the sample fragments into pieces.
Simultaneously, the mechanical response of the sample
was monitored by detecting high-frequency elastic waves
resulting from internal microcracks and analyzing them
in exactly the same way as real earthquake data. The
results show that the Gutenberg-Richter law holds over
67 orders of magnitude, which, in itself, is an impres-
sive achievement in terms of experimental sensitivity. At
the same time, when properly normalized, data obtained
under different compression rates collapse onto a single
curve, signaling universal scaling laws that follow both
the Omori law and the related aftershock productivity
law. Despite the great differences in spatial and temporal
scales, the external boundary conditions, and the signifi-
cantly different material properties of the media involved,
the authors find that the three scaling laws of seismicity
hold their validity in the laboratory experiments, with
only a slight difference in the precise scaling exponents
with respect to the earthquake case.

The authors further deepen the comparison by analyz-
ing the distribution of waiting times between consecutive
events. The analysis confirms a remarkable similarity in
the scaling behavior of waiting time probabilities pre-
viously attributed to the ETAS behavior [9, [10], but it
also shows something fundamentally new, which will have
to be considered in future earthquake modeling. Rather
than a single power law with an exponential tail (gamma-
type distribution), the distributions are best fitted by the
combination of two power laws. In a double-logarithmic
plot, this appears as a “dog-leg” distribution: a curve
made of two segments with different slope, resembling
the hind leg of a dog. Under stationary conditions, the
ETAS model produces a gamma distribution resulting
from a mixing of random background events and corre-
lated aftershocks [9] [10]. Baro et al. demonstrate that
the dog-leg law is instead due to nonstationarity in the
rate of background events. They argue that the origin of
nonstationarity is different in the two cases: in space (for
earthquakes) and in time (for the lab experiment). In
the lab experiment this is attributed to a nonlinear ac-
celeration in background rate as the stress is increased in
time. For earthquakes, nonstationarity is most likely due
to variability in background rate associated with spatial
clustering.

Future experiments will need to address some out-
standing issues, in particular, realizing conditions that
are closer to those relevant for earthquakes. The seis-
mogenic part of the Earth’s lithosphere deforms under
triaxial, rather than uniaxial, compression, doesn’t have
well-defined boundaries, and is much more heterogeneous
and less porous than the simple synthetic rock investi-
gated. Asa consequence, in Baro et al.’s lab experiments,
a large amount of strain is likely to be accommodated by
nonseismic mechanisms associated with the slow closing
of pores. It will also be interesting to carry out spatially
resolved experiments to locate the sources of the acous-
tic emission events, in order to disentangle the relative
contributions of spatial and temporal variability to the

(© 2013 American Physical Society


http://link.aps.org/doi/10.1103/Physics.6.20

PhysiCs

Physics 6, 20 (2013)

nonstationarity highlighted by the authors’ experiments.

The results of Baro et al. certainly boost the confi-
dence that the ETAS model can tackle seismology prob-
lems at all scales, from earthquakes to the deformation
of porous granular media, and may help develop bet-
ter probabilistic forecasting models for earthquakes and
other natural hazards such as landslides and forest fires.
However, only extensive testing with future observations
will reveal the true forecasting power of this approach
and the extent to which it could provide guidance for
policies and operational decisions [I1].
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