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with time [Scholz, 2002; Mogi, 2007]. In the laboratory,
localized cracking in rock is recorded using acoustic emissions
(AEs), which are triggered by the formation and movement of
discontinuities much smaller than the �1–10 cm dimensions
of a sample. Since the pioneering experiments of the 1960s
[Mogi, 1962; Scholz, 1968], published AE studies for crustal
rock have been concerned primarily with deformation in
compression, normally under a constant load or an increasing
load at a constant strain rate, and have confirmed the ubiqui-
tous occurrence of AE before bulk failure at room temperature
and confining pressures of as much as 200 MPa (depths of
about 8 km), under dry and water-saturated conditions [Scholz,
1968; Hallbauer et al., 1973; Lockner et al., 1991; Lockner,
1995; Meredith et al., 1990; Zang et al., 1998; Lei et al.,
2004; Benson et al., 2007; Mogi, 2007], and in simulated
volcanic environments to temperatures of at least 600°C
[Rocchi et al., 2004; Burlini et al., 2007; Tuffen et al., 2008;
Smith et al., 2009].
[6] The time-dependent behavior of fracturing and strain in

experiments resembles that recorded in the field [Fukuzono,
1985; Voight, 1988] and strongly suggests that analogous
processes operate over the corresponding range of length
scales. Indeed, analyses of multiscale data have produced
numerous empirical expressions for describing fracturing and
deformation before bulk failure, including Charles’ law for the
subcritical growth of cracks [Charles and Hillig, 1962], the
Saito-Fukuzono relation for ground movement before slope
failure [Saito, 1968; Fukuzono, 1985], and Voight’s relation for
geophysical precursors to volcanic eruptions [Voight, 1988].
[7] Although derived from different data sets, the empiri-

cal expressions are alternative descriptions of the same
underlying trends [Voight, 1988, 1989; Main, 1999] and can
be illustrated by the Voight relation for accelerating creep
before bulk failure, in which the acceleration and rate of
change of a recorded parameter W are related as follows
[Voight, 1988, 1989]:

d2W=dt2 ¼ A dW=dtð Þa ð1Þ

where t is time, A is a constant, and the exponent a lies
between 1 and 2. For deformation under constant stress,
Voight [1988] proposed that the strain, number of fracturing









1960]. The spacing changes at temperatures and confining
pressures above zero and represents a deformation with
respect to ideal conditions. The additional effect on atomic
spacing due to a differential stress also depends on the
departure from the ideal spacing before the stress is applied.
Therefore, it is anticipated that the relative deformation due
to applying a differential stress can be measured in terms of
the quantity (Energy supplied per volume per deformation
because of an applied differential stress)/(Energy stored per
volume because of a temperature and pressure above zero).
[17
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