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ABSTRACT: It is now widely recognized that earthquake faults exhibit a variety of slip behaviors ranging from near
instantaneous and devastating rupture to slow slip events that last weeks to months. Simulating these events in the laboratory, in the
form of stick-slip shear experiments, provides an opportunity to probe fault slip in a well-controlled environment usually
unavailable in nature. We report on a suite of laboratory earthquakes, consisting of stick-slip cycles that are probed using a dense
array of P-polarized piezoelectric transducers (PZT) to detect acoustic emissions (AE). The stick-slip experiments are performed on
layers of glass beads, used as simulated fault gouge and which exhibit reproducible, earthquake-like dynamic rupture and frictional
instability. The experiments were performed in a servo controlled biaxial testing apparatus in a double direct shear configuration.
The AEs are treated as laboratory earthquake proxies and analyzed to gather information about their frequency, magnitude, energy
content and location. We monitor these source characteristics and report on their behavior during periodic and aperiodic stick-slips
cycles. We also report on AE during stable, aseismic shearing. We find that grain scale roughness could explain the presence of
periodicity in unstable sliding behavior through observations of AE nucleation frequency, spectral content and AE energy.

have documented the full spectrum of fault zone failure

1. INTRODUCTION modes in the laboratory, by matching the loading

Tectonic faults exhibit a wide variety of failure modes,
ranging from dynamic earthquake rupture to slow
earthquakes and aseismic fault slip. The mode of failure
is dictated by frictional properties of the faults, sliding
rate, elastic coupling with the surrounding wall rock, and
length of event occurrence in time (e.g., Scholz, 2002;
Peng and Gomberg, 2010). Many studies have sought to
understand and describe the underlying physical
processes that produce these different failure modes and
classes of earthquakes (e.g., Obara, 2002; Ide et al.,
2007; Leeman et al., 2016). Precursory signatures of
fault failure and earthquake slip have also been the
subject of much interest. Laboratory and field examples
of such signals include electromagnetic emissions, gas
emissions, groundwater level changes, temperature
changes, surface deformation, and changes in elastic
wave speed (Hayakawa et al., 2000; Hartmann and Levy,
2005; Niu et al., 2008; Cicerone et al., 2009; Scuderi et
al., 2016).

Earthquake processes are often studied in the laboratory
via stick-slip frictional sliding on rough rock surfaces or
within natural or simulated fault gouge. Recent works

stiffness with the critical frictional weakening rate
(Leeman et al., 2016; Scuderi et al., 2016). These
observations provide key insights into the underlying
micromechanical processes of fault slip. In particular,
such works allow us to probe whether the different
classes of observed earthquakes follow unique
mechanical processes or if they share some of the same
underlying mechanisms.

Previous studies on acoustic precursors have focused
largely on acoustic emissions from saw-cut and natural
fractures in intact rock subjected to triaxial stress states.
For instance, Thompson et al. (2009) report on
observations of long term acoustic precursors to stick
slips and argue that the source properties of the events
scale well with natural earthquakes. Goebel et al. (2012)
perform stick-slip experiments on intact Westerly
Granite samples in a triaxial cell and report on spatio-
temporal clustering of acoustic emissions (AE) at
asperities prior to stick-slip failures. They also calculate
the Gutenberg-Richter frequency-magnitude statistic ‘b’
and track its evolution over stick-slip cycles. Goebel et
al. (2013) and Kwiatek et al. (2014) calculate b-values



and perform moment tensor inversions to characterize
and compare laboratory AE events with natural
earthquakes and attempt to link fault structure
complexity to spatio-temporal event clustering.
McLaskey and Lockner (2016) use a calibration scheme
to compare laboratory AE event magnitudes on saw-cut
granite samples to natural systems.

While analysis of stick-slips on bare surfaces has been
insightful, studies also indicate that the behavior of
granular media may provide crucial information to
constrain the physics of stick-slip instabilities (Marone,
1998; Johnson et al., 2012). Dalton and Corcoran (2002)
report on their results from rotary shear experiments on
granular media with AE acquisition, and argue that the
system behaves as would be expected from a natural
earthquake, by exhibiting a wide range of phenomena
including clustering, foreshocks and aftershocks.
Johnson et al. (2013) performed double direct shear
experiments on glass beads, which are well-established
analogues for fault gouge, and show an exponential
increase in AE occurrence rate close to failure.

Here we report on a suite of periodic and aperiodic stick-
slip events in sheared glass bead layers. We combine
friction data and frequency-magnitude relations of the
AE events with spectral analyses to investigate failure
processes.

2. METHODS

We conducted experiments using the Penn State biaxial
testing apparatus (Fig 1) in a double-direct shear
configuration. Two layers of simulated fault gouge
composed of glass beads (105-150 pum diameter) are
sandwiched between grooved steel side blocks and a
central forcing block. The normal stress is applied
laterally on the steel side blocks and the central block is
forced down at a constant velocity to shear the layers.
Grooves in the steel blocks prevented strain localization
at the layer boundaries and promoted shear within the
gouge layer.

We sheared 4 mm thick granular layers between forcing
blocks with nominal frictional contact dimensions of 10
cm x 10 cm. The layer normal stress was varied from 0.5
MPa to 2 MPa in steps of 0.5 MPa, with a servo-
controlled precision of +0.1 kN. The shearing rate was
maintained at 10 +0.1 pm/s, which translates to a shear
strain rate of 2.5x10° s'. The mechanical data

acquisition system records the experiment at 1 kHz.

We report the coefficient of friction u as the ratio of the
normal stress ¢ to the shear stress t, assuming zero
cohesion:

T

u= (1)
(o2

Figure 1. Schematic of the biaxial testing apparatus showing
(a) horizontal and (b) vertical hydraulic rams (c) central
forcing block (d) side blocks and (e) displacement transducers.
Gouge layers are represented by yellow strips between blocks
(c) and (d).

The AE events are recorded wusing P-polarized
piezoelectric transducers (PZT) and a 14-bit Verasonics
data acquisition system with 4 MHz sampling rate. The
PZTs are embedded in steel blocks that are placed on
each side of the grooved side forcing blocks of the
double-direct shear configuration. The PZTs have a
central frequency of 500 kHz. We discard clipped
acoustic events with amplitude equal to 2'* bits during
post-processing. Time and amplitude of all AE events
are detected by computing the envelope of the raw
waveforms and using a peak detection algorithm. The
latter uses a threshold amplitude (chosen above noise
level) and a ‘rundown time.” The latter is used to create
an exponential fit from the AE amplitude peak to
baseline noise, similar, in some ways, to an Omori
aftershock sequence. The ‘rundown time’ is used to
ensure that peaks in the coda of an AE waveform are not
detected as separate events.

3. RESULTS

Results from three experiments, p4583, p4677 and
p4680, are reported in this section and summarized in
Table 1.

Table 1. Summary of boundary and environmental conditions
for the shear experiments conducted on glass beads

Normal | Sliding | Relative
Experiment | stress velocity | humidity | Temperature
(MPa) | (um/s) (%) 0
p4583 3 5 20 24
p4677 2 10 70 22
p4680 05,2 10 70 22
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Figure 2. (a) Time evolution of friction for experiment p4677
(b) a section of (a) from 1820 s to 1860 s showing the friction
drop during periodic stick-slip events (c) a section of p4680
showing the friction evolution typical of aperiodic stick-slip
events. (d) a section of p4680 at a normal stress of 0.5 MPa
showing the large stress drops typical of stick-slips and
multiple smaller stress drops between the large ‘mainshocks’.

The sections in (b) and (c) correspond to identical normal
stresses and driving shear velocities for two different
experiments.

Representative plots of friction as a function of shear
displacement and time are shown in Fig. 2. We report
on stick-slip events from the section of experiment
p4677 shown in Fig. 2b. Note the periodic stick slip
sequences with an average recurrence interval of
approximately 7 s. Conversely, the corresponding
section of p4680, at 2 MPa, undergoes aperiodic stick-
slip with slip events lasting 20-250 s (Fig. 2c). We
attribute this difference in behavior to the different
slip/loading histories of the two sections.

Fig. 3 shows the evolution of AE events during stick
slips for the periodic and aperiodic sequences. The AE
events are counted in bins of 50 ms, to reduce noise, and
converted to an AE evolution time rate in events per
second. It is immediately apparent that periodic failure
events are associated with roughly periodic behavior in
the AE events (Fig. 3a). That is, the rate of AE events
increases until stick-slip failure occurs and then drops to
a background level at the start of the next stick-slip cycle
(Fig. 3a). In contrast, for aperiodic stick-slip events, the
rate of AE events increases rapidly during shear stress
increase, and then remains constant during stable
shearing until failure occurs (Fig 3b). In both cases, the
AE rate increases sharply for a brief time at failure (e. g.
2000 to 2600 events per s at failure, Fig. 3a).
Immediately after a stick-slip, it takes approximately 1-2
seconds for the number of events to reach a baseline
(marked by the rectangle in Fig. 3a). This is evidence for
the presence of a laboratory equivalent of an Omori
aftershock sequence within the AE system which is not
immediately obvious from observations of the
mechanical system.

In contrast to the somewhat consistent behavior of AE
nucleation in periodic stick-slips, AE events in the
aperiodic sequence accelerate linearly until a constant
shear stress is achieved after which they nucleate at a
constant rate. In other words, the AE nucleation tracks
shear stress evolution in both cases. An interesting
distinguishing feature between the two sections is that
the AE evolution rate is approximately 30-50% higher in
the aperiodic stick-slip experiments despite the two
experiments having similar environmental and boundary
conditions. The rate of AE nucleation in Fig. 3a goes
from ~ 500 AE/s to 2600 events per s. In contrast, the
range in Fig. 3b, for the aperiodic events, goes from 300
events/s to ~4500 events/s.
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Figure 3. Evolution of shear stress and AE events as a function
of time for the (a) periodic stick-slip regime of p4677 and (b)
aperiodic stick-slip regime of p4680

To further probe the differences between periodic and
aperiodic stick-slips, we look at the Gutenberg-Richter
‘b’ value statistic, which is a tool commonly used in the
seismological community to characterize the frequency
magnitude statistics of earthquakes. This statistic arises
from a log-linear relationship between the number of
earthquakes, N, of magnitude greater than or equal to M,
given as

N =a-bM )

Parameters a and b in Equation 2 are constants and the
value of b is normally observed to be in the range of 0.8-
1.0 for earthquakes [we could add a reference here]. We
perform similar b-value analyses for our AE events
throughout the stick-slip cycle. We do this by calculating
a b-value using a moving window with a constant
number of events. Specifically, we calculate a b-value
for every 550 events, centered at the middle of our
window in time, and then slide our window to
incorporate 138 new events while discarding the first
138 events (corresponding to 75% overlap). The results
of the b-value analysis, shown in Fig. 4, are consistent
with observations from prior AE studies on stick-slips in
intact rocks (e.g. Kwiatek et al., 2014) and fault gouge
(Mair et al., 2007). Over a single stick-slip cycle, the b-
value decreases from a value of approximately 1.7 to 1.3
at failure in the case of periodic stick-slips. For aperiodic
sequences, the b-value evolution over time is more
complex and decreases to a steady state during the

AE evolution rate, AE/s

constant shear stress section of the stick-slip and
decreases at failure.
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Figure 4. Evolution of the Gutenberg-Richter ‘b’ wvalue
statistic over multiple periodic stick-slip cycles.

We also report results from spectral analyses performed
on the AE waveforms to distinguish between the
micromechanical behavior of periodic and aperiodic
stick-slips. The AE p-wave arrival is detected using a
standard long term average/short term average
(LTA/STA) detection method (Earle and Shearer, 1994).
The complete waveform, starting from the p-arrival until
a baseline LTA/STA at the end of the wave train (i.e.,
noise), is used to calculate the spectral content. The
spectral content itself, in the frequency domain, is
calculated using a conventional Fourier transform
approach. Fig. 5a shows a comparison between the
spectral content of a randomly picked AE waveform and
the spectral content of the noise preceding the waveform,
calculated over the same length as the size of the AE
waveform. While the background noise appears to have
the same contribution from all frequencies in the range
0-2 MHz, the AE event has a preferential ‘dominant’
frequency in the range of 100-300 kHz. Overall, there is
a lack of contribution from the higher frequencies since
they attenuate significantly faster through the layers of
simulated gouge. Such observations were also made by
McLaskey and Lockner (2014) for their AE studies on
sticks-slips generated in saw-cut faults under triaxial
loading conditions. It is useful to note here that while the
frequency response of our sensors has not been removed,
it is unlikely to contribute significantly to distort the
spectrum in the 200 kHz range.

We perform similar spectral analyses on AE events that
are part of the periodic and aperiodic stick-slip cycles.
To do this, we divide a representative stick-slip cycle
into four time bins and pick the largest AE with
amplitude lower than 2'* bits in each bin, and compare
the spectral contents of these AE waveforms (Fig. 5).
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Figure 5. Amplitude spectrum in the frequency domain for (a)
a representative AE event and baseline noise in the channel for
experiment p4677 (b) large AE events over a single stick-slip
in the periodic sequence of experiment p4677 and (c) large AE
events over a single stick-slip cycle in the aperiodic sequence
of experiment p4680. The larger events in (b) and (c) have
higher amplitude spectra and the general trend is a shift from
lower to higher curves representative of AEs nucleating at the
start of the stick-slip leading up to failure

Fig. 5b and 5c compare the spectra of representative AEs
throughout the stick-slip evolution for the periodic and
aperiodic cases, respectively. The trend common to both
cases is that the AEs closer in time to a stick-slip failure
have higher energy content, consistent with the
observation that AEs close to failure have larger
amplitudes. An interesting feature of the AE spectra for
the periodic stick-slip is that the AE at failure, while
containing more energy, also appear to have a broader
frequency range. In other words, it has a less discernible
‘dominant’  frequency than its earlier-in-time

counterparts. This may be because there is a larger
number of AEs nucleating close to failure which implies
that the larger AE events could have multiple smaller
events in their coda, thus distorting the frequency
signature from that of an AE to that of background
noise. Interestingly, this phenomenon is not as apparent
in the case of the aperiodic sequence. The largest event
in the aperiodic sequence also exhibits complex behavior
in the sub-100kHz section of its frequency spectrum. We
note that the results reported here are representative of
the behavior of multiple stick-slip events in the periodic
and aperiodic regime.

The energy content in the waveform, interpreted as the
square of the amplitude in the frequency domain, is
shown as a function of shear stress drops during stick-
slips in Fig. 6. The shear stress drops correspond to the
large drops during the main stick-slip events and
multiple smaller drops (Fig. 2d) between two main slips
in the case of aperiodic stick-slips.
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Figure 6: AE energy expressed as a logarithmic function of
stick-slip shear stress drop. The open symbols represent
periodic stick-slip sequences from p4677 and closed symbols
represent the aperiodic stick-slips from p4680.

There appears to exist a weak correlation, despite data
scatter, between the acoustic energy and shear stress
drop across the stick-slip events analysed, specifically
for the aperiodic stick-slips. In other words, the AE
events corresponding to larger stress drops contain
higher energy. The AE energy corresponding to the
periodic stick slip sequences is approximately 100 times
larger than the corresponding AE energy for the
aperiodic sequence even though it represents a slightly
smaller stress drop (0.38 MPa vs 0.45 MPa).

Combining the observations inferred from Figures 3
through 6 indicates that the periodic sequence hosts
fewer AE events per stick-slip with higher AE energy
especially close to failure, whereas the aperiodic
sequence has a greater number of smaller acoustic
events. Our observations support the earlier work of
Mair et al. (2007). An-argument-could-be-made-infaver

g vaxag Hreere ’g . g’
. I] | P ? f f )
undergone—greater—shp- This is also supported by



observations of friction (Fig. 2) because the friction
values of both sequences are consistent with that of glass
beads sheared between grooved side block surfaces
(Anthony and Marone, 2005). The periodic sequence,
which has been observed early on in its shear history,
could have relatively smoother grain surfaces (u=0.7
from Fig. 2b) compared to the aperiodic sequence where
the grains have undergone greater shear slip, which
would presumably roughen the surfaces due to spalling
and pitting (p=0.60-0.65 from Fig. 2c). The slightly
lower friction values for the aperiodic stick-slips could
be explained by creep or strain softening and differences
in loading history between experiments p4677 and
p4680. This roughening would naturally lead to a shift
from periodic stick-slips to a stable sliding regime with
the observed aperiodic sequence being a transitional
state.

4. CONCLUSIONS

We report a series of analyses carried out on AE events
recorded during laboratory stick-slips in simulated fault
gouge material (spherical glass beads). Primarily, we
focus on defining features in the AE behavior in periodic
and aperiodic stick-slips. We make systematic
observations on the AE evolution with shear over
multiple stick-slip cycles, both in terms of the AE
nucleation rate and frequency-magnitude, b-value
statistics. We also report on the spectral analyses and
compare the energy content of periodic and aperiodic
stick-slip sequences. We document both similarities and
a lack thereof between the periodic and aperiodic
sequences, and provide a possible framework for the
grain scale processes, namely variations in contact
roughness, that could govern the presence or absence of
periodicity in stick-slips through observations of friction
and AE nucleation. Future work would focus on
relocating the AE events and observing clustering and
force chain formations in granular fault gouge.
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