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[1] We investigate the physics of laboratory earthquake
precursors in a biaxial shear configuration. We conduct
laboratory experiments at room temperature and humidity in
which we shear layers of glass beads under applied normal
loads of 2–8MPa and with shearing rates of 5–10μm/s. We
show that above ~ 3MPa load, acoustic emission (AE),
and shear microfailure (microslip) precursors exhibit an
exponential increase in rate of occurrence, culminating in
stick-slip failure. Precursors take place where the material
is in a critical state—still modestly dilating, yet while the
macroscopic frictional strength is no longer increasing.
Citation: Johnson, P. A., B. Ferdowsi, B. M. Kaproth, M. Scuderi,
M. Griffa, J. Carmeliet, R. A. Guyer, P.-Y. Le Bas, D. T. Trugman,
and C. Marone (2013), Acoustic emission and microslip precursors
to stick-slip failure in sheared granular material, Geophys. Res. Lett.,
40, doi:10.1002/2013GL057848.

1. Introduction

[2] Precursors to stick-slip events are seen in the field, in
laboratory experiments, and in numerical simulation.
Observations of precursors to slip may prove to be important
in that they may ultimately help constrain periods of
increased seismic hazard. Although precursors have been
observed for a significant number of earthquakes [e.g.,
Bouchon et al., 2013; Kato et al., 2012; McGuire et al.,
2005; Zanzerkia et al., 2003; Dodge et al., 1996], many
earthquakes apparently exhibit no precursor activity. This
fact may be due to incomplete seismic catalogs, as precursors
can be very small in magnitude. The question is very much
open at this time [Mignan, 2011]; however, the recent work
of Bouchon et al. [2013], for instance, is tantalizing in its
demonstration of precursor activity for a significant number
of interplate events.

[3] The results of many studies suggest that the dynamics
of granular media may be key to understanding systems that
exhibit stick-slip behavior [e.g., Marone, 1998; Nasuno
et al., 1998; Dalton and Corcoran, 2001; Johnson et al.,
2008, 2012]. For instance, in experiments involving a granu-
lar gouge sheared along a fixed direction,Nasuno et al. [1997]
observe microscopic rearrangements in gouge material pre-
ceding slip. Accumulation of these rearrangements leads to
creep, with the frequency of rearrangement rising dramatically
as slip approaches. Employing a device consisting of an
annular plate rotating over a granular material, Dalton and
Corcoran [2002] observe a wide spectrum of acoustic
emission (AE) patterns surrounding the timing of a stick-slip
event. Acoustic emission, analogous to seismic events in the
earth, is a commonly observed phenomenon leading to
fracture in experiments with rock and other solids [e.g.,
Berkovits and Fang, 1995; Hamstad, 1986; Roberts and
Talebzadeh, 2003].
[4] There is a growing body of numerical modeling of

granular materials that has been undertaken to gain insight
into both field and laboratory observations [Ferdowsi et al.,
2013; Griffa et al., 2012; Aharonov and Sparks, 1999]. In a
recent 3-D, Discrete Element Method (DEM) simulation that
emulates laboratory experiments of sheared granular media,
for example, Ferdowsi et al. [2013] report an increased rate
of microslip events as a stick-slip event is approached.
[5] Here we describe laboratory measurements on sheared

granular material that exhibits stick-slip behavior, allowing
us to examine precursors to stick slip and to explore the
controlling physics. The apparatus is the biaxial shearing ap-
paratus of Marone and coworkers [Marone, 1998; Frye and
Marone, 2002; Boettcher and Marone, 2004; Anthony and
Marone, 2005; Savage and Marone, 2007; Knuth, 2011].
We begin by describing the apparatus and the experimental
procedure and then show the results. We follow this with a
discussion of these results and conclude.

2. Experiment

[6] We perform experiments using the biaxial testing
apparatus shown in Figure 1a [e.g., Marone, 1998]. Two
layers of simulated fault gouge, under constant normal
stress, are subjected to a shear stress. The normal stress
ranges from 2–8MPa. The shear stress and friction on the
gouge layers, from the center drive block and measured with
a load cell, is an important experimental output. The simu-
lated fault gouge comprises class IV spheres (dimension
from 105–149 μm). The initial layer thickness is 2 × 4mm
(two layers), and the roughened interfaces with the drive
block have dimensions 10 cm × 10 cm. The drive block
vertical displacement rate is 5 μm/s, corresponding to a
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strain rate of approximately 1.2 × 10�3 /s. The apparatus is
servocontrolled so that constant normal stress and displace-
ment rate of the drive block are maintained at ±0.1 kN and
±0.1 μm/s, respectively. The apparatus is monitored via
computer to record load on the drive block and drive block
displacement at 10 kHz.
[7] Acoustic emission, detected on the central block via a

Brüel and Kjær model 4393 accelerometer and amplified by
a Brüel and Kjær 2635 charge amplifier, is a second impor-
tant experimental output. From the measured acceleration,
the strain ε associated with the acoustic emission is found
using the particle velocity u, layer wave speed c, and particle
acceleration ü : ε ¼ u̇

c , where u̇ ¼ ü
ω andω= 2πf [e.g., Aki and

Richards, 2002]. The average measured wave speed in the
granular material is c ~ 700m/s, and frequency f is
40.3 kHz. After band pass filtering the signal at 34–45 kHz,
we extract acoustic emissions using a thresholding algorithm
in which events are identified by amplitudes that exceed a
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Figure 1. Experimental configuration, with measured data.
(a) The biaxial shearing sample, comprised of a three block
system with two layers of glass beads. The central block is
driven at a constant displacement rate. The stress normal to
the layers, applied as indicated by arrows, is maintained con-
stant. (b) Complete record for a representative experiment

showing friction μ μ ¼ F=A
σ

h i
versus time, where σ is normal

load, A is the block area and F is the applied shearing force.
The data show hundreds of stick-slip events, with maximum
friction of ~ 0.38 and friction drops of ~ 0.08. The inset
shows an expanded view of the friction behavior. The shear
rate was initially 10 μm/s for the range 0 to ~ 5000 μm and
5 μm/s thereafter.

3115 3120 3125 3130 3135 3140 3145 3150 3155 3160

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

time (sec) 

sh
ea

r 
st

re
ss

 (
A

.U
.)

 

AE 

0 1000 2000 3000 4000 5000 6000

10-8

10-7

10-6

time (sec)

A
E

 (
st

ra
in

)

experiment p2393

0 1000 2000 3000 4000 5000 6000

10-4

10-3

10-2

10-1

100

101

time (sec)  

A
E

 r
ec

ur
re

nc
e 

(s
ec

) 

c.

b.

a.

recurrence
   interval

Figure 2. Acoustic emission (AE) characteristics. (a) AE
amplitude as a function of time (semilog scale) from the
characteristic stick-slip events (open circles) and precursor
events (solid circles). The AE precursors are plotted
according to their relative strain amplitude, which varies
from 3 × 10�9 to 5 × 10�8. (b) Expanded view of a portion
of the experiment, showing the timing of the precursor AE
(solid black circles). The solid black line is the shear stress
(arbitrary units). The characteristic event recurrence interval
of stick slips is noted. Precursory AEs begin late in the stick-
slip cycle and are frequently (but not always) associated
with microshear failures. (c) AE recurrence interval versus
time (semilog scale) for the entire experiment. Large, open
circles (blue) are AE from characteristic stick-slip events,
and small, closed circles (black) are precursor AE. Note that
the AE recurrence times for the early portion of the experi-
ment are shorter because the shearing rate is higher for
time< 500 s.
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fixed strain threshold of 2.7773-09. We find by visual inspec-
tion that all recorded events are captured, with the exception
of misidentification of multiple events as a single event. This
is rare, however. The shear microfailures termed microslips
are obtained from the shear stress signal by extracting events
that exceed a 0.002MPa threshold.

3. Observations

[8] In the following, we describe the observations associ-
ated with precursor phenomena observed in the shear stress
and in the acoustic emission. Figure 1b shows the shear stress
as a function of time delivered by the drive block, in the form
of a coefficient of friction μ (shear stress divided by the normal
stress μ ¼ τ

σ), for an experiment conducted at 5MPa normal
stress. The inset shows an expanded view of the frictional
behavior. In Figure 2a, the strain of each AE event is plotted
versus the time of its occurrence. The large amplitude AE
events (open circles in Figure 2a) are associated with the
stick-slip events in Figure 1b. The small amplitude AE events
(closed circles) are precursors to the stick-slip events. This is
made clear in the expanded view in Figure 2b, where the rela-
tion between acoustic emission and stick slip can be seen. The
small amplitude AE events (closed circles in Figure 2a) are on
average 2 orders of magnitude smaller in strain amplitude than
the AE events associated with stick-slip events (open circles in
Figure 2a). The small amplitude AE events occur before the
stick-slip event in a time domain in which small stick-slip
events (microslips) are seen (Figure 2b). Following each
stick-slip event, there is a quiescent period (no microslips
and no AE, see also Figure S1 of the supporting information).
[9] The probability distribution of all of the AE events, as a

function of event magnitude (as defined in the supporting
information), is shown in Figure 3 on a log-log scale. Such
a plot is the laboratory equivalent of a Gutenberg-Richter
(GR) plot [Gutenberg and Richter, 1954]. The AE events
associated with stick slips, the characteristic stick-slip
events, form the peak to the right and have mean magnitudes
of about �17.3. The cumulative probability of precursor AE
events is described approximately by Log10N= a� bM,
b ≈ 1.7. (For comparison, b for the global GR plot is 1.0).

The fact that the laboratory GR plot and the global GR plot
are within a factor of two provides reassurance that the labo-
ratory system captures some of the relevant physics of faults
within the earth. The relative ease of separating precursor AE
events from stick-slip AE events in this laboratory ex-
periment does not, however, carry over to the earth, where
characteristic stick-slip behavior is rare.
[10] The repeatability of the stick-slip events in the labora-

tory experiments allows us to regard the interval between
each such event as a realization of a basic mechanical evolu-
tion of the system. Thus, we construct the probability density
of precursor events as a function of time measured from the
moment of stick slip. We do this for the AE events in
Figure 4a and for the microslips in Figure 4b. In Figure 4,
at times far from the stick-slip event, we see a low, approxi-
mately uniform, background probability density for AE and
microslip events. As the stick slip is approached, the AE
and microslip probability density rises above the background
approximately exponentially. Immediately preceding the slip
there is a rapid acceleration of AE and microslips. The inset
of Figure 4b shows an overlay of the two probability density
functions (PDFs), normalized to their respective total
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Figure 3. Relative probability of acoustic emission occur-
rence versus magnitude (as defined in the supporting infor-
mation), plotted on a log-log scale. The emission from
characteristic events, the stick slips, are noted by the double
arrow. The slope of the precursor emission is denoted by
the thin, solid line.

−20 −15 −10 −5 0
0

1

2

3

4

time of AE preceding slip (sec)

lo
g(

O
cc

ur
en

ce
s)

−20 −15 −10 −5 0
0

0.5

1

1.5

2

2.5

3

time of microslips preceding slip (sec)

lo
g(

O
cc

ur
re

nc
es

)

a.

b.

Figure 4. PDFs of the AE and microslip data. (a) Occurrence
versus time plot (log-log scale) of all precursor data in ex-
periment p2393 (excluding data from the initial shearing
rate of 10 μm /s). The plot is constructed by summing as a
function of time, the number of precursors preceding each
stick slip. All stick slips are then set to zero time, and all data
are plotted together. See supporting information for details.
The slope of the exponential increase in AE activity (linear
in log-log space) is noted. (b) Occurrence versus time plot
(log-log scale) for microslip shear failures. The slope of
the exponential increase in microslip activity (linear in
log-log space) is noted. The inset shows normed AE and
microslip shear failure data plotted together. The data are
renormalized by their total number for the inset.
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numbers. The slopes collapse onto each other, indicating cor-
relation between the microslips and AE.
[11] We next determine quantitatively the relation of AE

to discrete microslips. We identify 12,991 AE and 4875
microslips for 620 stick-slip events. We construct two sig-
nals (Figure 5): event rates of microslips and precursors
versus time (details are available in the supporting infor-
mation and in Figure S2). An expanded view of the both
the AE and microslip time signals is shown in Figure 5b.
There is a clear increase in both AE and microslips as
characteristic slip events are approached (Figure 5a).
Figure 5c shows that a cross-correlation analysis performed
between the two time series gives an average correlation
coefficient of 0.82, suggesting strong correlation. The
results described here are for a single value of the
normal stress, 5MPa. Results for the stress range 2MPa
to 8MPa are reported in the supporting information (see
Figures S4–S7).
[12] The precursors we call attention to occur primarily

in a time domain in which the shear stress delivered by
the drive block to the gouge layers is very slowly increas-
ing (Figures 2b and S3), and where both granular material
dilation and slow slip are taking place. The material is
approaching or is already in a critical state, near failure
during this time. Displacement of the shearing block
associated with individual precursors is not measureable
above the background shearing rate—the gouge material
weakens while simultaneously broadcasting AE, but there
is no associated slip. We infer that this is due to the fact
that only a portion of the gouge material fails during a
precursor. In contrast, in a characteristic event, a large
displacement is recorded, along with a significant shear
stress decrease and large amplitude AE. Details of the

workings of the shearing system over a frictional cycle are
described in the supporting information (see Figure S3).

4. Analysis and Discussion

[13] It is clear from the results shown in Figures 4 and 5
that precursory AEs and microslips are associated. Most
microslips exhibit AE; however, many AEs do not exhibit
microslips. The signal-to-noise ratio of the AEs (about
103) is significantly larger than that of the microslips (about
102). Thus many microslips are likely missed in the ana-
lysis, and some may be so small as to exhibit no shear
stress signature.
[14] Themicroslips are associated with grain rearrangements

within the shearing layer. The DEM simulation work of
Ferdowsi et al. [2013] shows that microslips are associated
with an increase in the number of slipping contacts as well
as an increase in the kinetic energy of the granular layers.
In short, the grain rearrangements observed in the simula-
tion and surmised from the experiments can be viewed as
the result of bead asperities that resist the slow slip, leading
to local failures that produce precursors, and eventually
failing catastrophically in a stick-slip event. There is no
obvious evidence of static stress transfer triggering the stick
slip in the experimental data, as we observe no build up of
shear load due to the AE/microslips.
[15] In summary, the experiments resemble interplate pre-

cursor activity observed in the earth and indicate that a more
careful inspection of high quality data preceding interplate
events may prove useful. Precursors may be very small in
magnitude and therefore demand better instrumentation in
earthquake prone regions.

experiment p2393

(a)

(b)

(c)

Figure 5. Correlation of microslips with AE. (a) expanded view of a portion of the shear stress signal from experiment
p2393. (b) The microslip event rate (positive portion of y axis, shaded) and the precursor event rate (negative portion of y axis,
unshaded), determined from the AE over the same time interval. (c) Correlation coefficients between the AE and microslip
shear stress signals for each sequence leading to stick slip. See supporting information for computational details.
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