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the large avalanches in both BMGs and granular material. 
Small avalanches are self-similar with the same dynamics 
for many sizes, as indicated by the constant �  , but large 
avalanches are not. For large avalanches, events of different 
sizes will have different dynamics, and this will be indicated 
by a difference in �  . Temporal avalanche profiles of large 
avalanches, averaged over narrow size ranges, are shown in 
Figs. 4a and 5a for BMGs and the granular material, respec-
tively. Figures 4b and 5b show the average stress-drop rate 
normalized by the maximum average stress drop rate and 
time divided by the square root of the avalanche size S for 
the same average shapes as in Figs. 4a and 5a. Rescaling 
the shapes in this way shows the change in the functional 
form of the avalanche peak width from broad to narrow as α 
decreases in both systems. 

The size index for the shapes is also indicated in Figs. 4 
and 5. These large avalanches span a range of shape indices 
in both materials. In avalanches with the smallest sizes of 
those shown, which correspond to the largest values of α, we 
see the avalanche profiles, the “shapes,” have wide peaks. 
The stress drop rate is on the order of the maximum stress 
drop rate for the large majority of the duration. This indi-
cates that a large proportion of cells are failing, relative to 
the proportion of cells that fail at the fastest part of the event, 

Fig. 3   Shape index α for granular materials. The shape index is 
roughly constant for the small avalanches. The minor drift of the 
shape index from the constant value in the small avalanche regime is 
most likely caused by the discrete durations of the small avalanches 
very close to the experimental detection threshold. Above the critical 
size (S > 0.2 N), we see an approximate − ½ power-law dependence. 
The squares indicate the average shape index in one of 20 size bins. 
95% error bars are on the order of the marker size

Fig. 4   a Average stress drop rate <− dσ/dt|S>(t) averaged over ava-
lanches of similar size as a function of time (i.e., the “shape” for a 
given avalanche size) for large avalanches in BMGs (from large to 
small �  , the number of events averaged to produce each shape is 7, 
5, 8, 14, 8, and 7). A smaller shape index α, coincident with a larger 
size S, indicates a sharp peak that lasts only a portion of the total 
duration. The peak represents a period of fast propagation during 
which many cells fail. The avalanches with small shape indices show 
more pronounced peaks than those with large shape indices. Ava-
lanches are considered “large” above a critical size Scrit of ~ 2  MPa. 

b Rescaled stress-drop rate profiles (scaling functions) G(x) of 
Eqs. (1) and (2) for the same events as in a. Each average stress-drop 
rate profile in a is divided by the maximum average stress drop rate 
� �� �� � ��� � ���  and time is divided by the square root of the ava-
lanche size S. The large events have a smaller peak width. Despite the 
noise, the smaller avalanches have wider shapes G(x) than the larger 
ones. The large error bars are due to the presence of only a few events 
in each bin. Error bars indicate 95% confidence intervals in both a 
and b. Color is consistent between both a and b (color figure online)
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throughout the avalanche. In contrast, the largest events 
shown, i.e., those with the smallest values of α, show sharp 
peaks in their shapes. Those shapes have extended periods 
where the stress drop rate is much lower than the maximum 
at the beginning and end of the avalanche. In these periods, 
there are few cells failing, again relative to the number at 
the fastest part. The majority of the stress drop happens very 
quickly and only in a portion of the total avalanche; these 
periods are the peaks. We can see that there is a clear differ-
ence between the dynamics of events of different sizes, and 
furthermore, that these differences are shared by BMGs and 
granular media. As expected, α does change as the dynam-
ics change in both systems. α characterizes how peaked the 
shapes are and can therefore serve to differentiate types of 
propagation.

Finally, the model also predicts spatial scaling of the 
avalanches. The mean-field model predicts that small ava-
lanches propagate in a pulse-like fashion with approxi-
mately the same displacement at every slipping region. 
Consequently, the total slip S scales linearly with the slip-
ping area A, i.e., S ~ A, causing the small avalanches to 
increase in both size and duration. The large avalanches, 
however, are system-spanning. They propagate simulta-
neously across the entire specimen. Thus the mean-field 
model predicts that the total integrated displacement in 
a large avalanche grows with the slipping area to the 3/2 

power, i.e., S ~ A3/2, which is the same dependence as seen 
in cracks. In summary,

This scaling behavior reflects the difference in the propa-
gation mechanism between small and large avalanches. An 
experiment that measures the amount of slip A associated 
with each avalanche of known size S should reveal these 
different scaling behaviors of small and large avalanches. 
While the current data have no spatial resolution, we can 
use the mean-field model to predict the scaling in space of 
the avalanches.

3 � Conclusion

Both BMGs and granular systems show similar differ-
ences between small and large avalanches, specifically in 
their relationship between the avalanche sizes and dura-
tions, and the avalanche sizes and maximum stress drop 
rates. We have developed a metric for avalanches that both 
encapsulates these relationships and describes the dynam-
ics of the avalanches. The dynamics clearly differ for the 

(5)S ∼

{
A, S < S

crit

A
3∕2, S > S

crit

Fig. 5   a Average force drop rate as a function of time (i.e., the 
“shape”) for large avalanches in granular materials (from large to 
small � , the number of events averaged to produce each shape is 221, 
234, 179, 195, 179, and 18). A smaller shape index α, coincident with 
a larger size S, indicates a sharp peak that lasts only a portion of the 
total duration. The peak represents a period of fast propagation dur-
ing which many cells fail. Just like for BMGs, the avalanches with 
small shape indices show more pronounced peaks than those with 
large shape indices. Avalanches are considered “large” above a criti-

cal size Scrit of ~ 0.2  N. The shown shapes are the temporal profiles 
of the force drop rates averaged over many avalanches of similar 
size. b Rescaled stress-drop rate profiles G(x) of Eqs. (1) and (2) for 
the same events as in a. Each average stress-drop rate profile in a is 
divided by the maximum average stress drop rate M ≡< −d𝜎∕dt >

max
 

and time is divided by the square root of the avalanche size S. Error 
bars indicate 95% confidence intervals in both a and b. Color is con-
sistent between both a and b 
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small avalanches that have power-law statistics compared 
to the dynamics of the large avalanches that do not.

The differences between small and large avalanches are 
consistent with the predictions of a simple model for slip 
avalanches in solids and granular materials [6, 15]. This 
model predicts that the small avalanches propagate in a 
pulse-like fashion with intermittent acceleration and deceler-
ation throughout the pulse. In contrast, the large avalanches 
are predicted to propagate in a crack-like fashion, with a 
smooth acceleration to high rates that small avalanches can 
never reach. For small avalanches, the total slip (and thus 
the total stress drop) is predicted to scale linearly with the 
slipping area. For the large avalanches, however, the slipping 
area is predicted to be connected and system-spanning, and 
the total slip scales to the 3/2 power of the slipping area. It 
would be instructive and interesting to see a comparison 
of these predictions with spatio-temporally resolved experi-
ments for a wide range of materials.
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