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Abstract Aseismic slip may occur during a long preparatory phase preceding earthquakes, and what
controls it remains poorly understood. In this study, we explored the role of load point velocity and surface
roughness on slow slip during the preparatory stage prior to stick-slip events. To that end, we conducted
displacement-rate controlled friction experiments by imposing varying load point velocities on sawcut granite
samples with different surface roughness at a confining pressure of 35 MPa. We measured the average slip
along the fault with the recorded far-field displacements and strain changes, while acoustic emission sensors
and local strain gages were used to capture local slip variations. We found that the average amount of aseismic
slip during the preparatory stage increases with roughness, whereas precursory slip duration decreases with
increased load point velocity. These results reveal a complex slip pattern on rough faults which leads to
dynamic ruptures at high load point velocities.

Plain Language Summary Earthquakes occur mostly along preexisting faults in the earth

crust. These faults exhibit various geometrical complexities and are subjected to different strain rates. In

the laboratory, we produce earthquake analogs by sliding sawcut granite blocks. We vary the geometrical
complexity of the faults by roughening their surfaces and modify the strain rate by displacing the blocks at
varying velocities. Under these different conditions, we measure how the forces accumulated by friction are
released, by measuring stresses and displacements applied on the block's edges, using local strain deformation
sensors, and by recording very small earthquakes occurring during sliding along the sawcut faults. We find that
smooth sawcut faults tend to release all the energy accumulated very abruptly, after a very small amount of slip,
regardless of the load point velocity applied. The processes leading to failure in the case of a rough fault are
much more complex, involving a large amount of slip, and numerous small earthquakes which are distributed
heterogeneously in space and time.

1. Introduction

A preparation phase preceding dynamic ruptures has been observed for a large number of natural earthquakes
(Bouchon et al., 2013; Durand et al., 2020; A. Kato et al., 2012; Ruiz et al., 2014). Precursory slip was found
to last from several days to several months, and involves the occurrence of foreshocks and/or slip acceleration
around the future coseismic slip area (Ruiz et al., 2014). A similar preparatory phase is observed prior to
dynamic ruptures in the laboratory (Dresen et al., 2020; Yamashita et al., 2021). It starts at the onset of yield-
ing, when some distributed slip along samples surfaces is detected. Slip is often accompanied by an increase in
Acoustic Emission (AE) activity (Goebel et al., 2012; McLaskey & Lockner, 2014). The preparatory phase in
laboratory stick-slip experiments lasts a few seconds to tens of seconds (Scholz et al., 1972). The nucleation
phase may be included in the preparatory phase and occurs at a shorter time scale prior to instabilities. The
nucleation process has been observed in the field, sometimes lasting a few seconds (Tape et al., 2018) and
in the laboratory, lasting a few milliseconds (Latour et al., 2013). Nucleation involves the growth of a patch
slipping faster than the surrounding fault (Latour et al., 2013; Rice, 1983). The patch is bounded by a rupture
front accelerating when it reaches a critical nucleation size L_, up to velocities controlled by the medium
wave speed. The final extent of this patch defines the coseismic slip area. As discussed in McLaskey and
Yamashita (2017), in the continuum case where L_ is smaller than the sample size, the instability results from
the compliance of the medium, slip eventually accelerates and localizes within a nucleation zone (Ohnaka
et al., 1986; Rice, 1993). In cases, a long preparatory phase may occur before a slip event, where the whole
surface starts slipping slowly (Yamashita et al., 2022). If L, is larger than the sample's dimension and slip
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affects the entire fault, the sample behaves as a spring-slider block, and if the stiffness of the loading apparatus
and the whole sample combined is less than the fault weakening rate, slip becomes unstable (Byerlee, 1970;
Ruina, 1983).

Previous studies have revealed that the preparatory and nucleation phase prior to dynamic instability can be
explained by some combination of the “cascade” and the “preslip” models (Ellsworth & Beroza, 1995;
McLaskey, 2019). Once a fault is close to failure, observations suggest that loading of asperities due to aseis-
mic preslip and by stress transfer between foreshocks may occur concurrently (Kato & Ben-Zion, 2021;
McLaskey, 2019; Yamashita et al., 2021). However, how preparatory and nucleation phases are linked and what
controls the spatio-temporal distribution of slip during run-up to failure is still poorly understood. In addition, it
remains unclear in which cases rapid stick-slip instabilities develop, and which of the continuum or spring-slider
model better represents the samples behavior.

Several factors have been proposed to influence the preparatory phase and the failure mode of a fault, including
roughness (Harbord et al., 2017; Morad et al., 2022; Ohnaka & Shen, 1999; Okubo & Dieterich, 1984), load point
velocity (Guérin-Marthe et al., 2019; Kato et al., 1992; Marone, 1998; McLaskey & Yamashita, 2017), injection
rate for permeable faults (Wang et al., 2020), (effective) normal stress state (Latour et al., 2013; Passelegue
etal., 2020) and healing time (Marone, 1998). Looking at these different parameters individually reveals a complex
picture. Morad et al. (2022) argued that an optimal roughness for triggering stick-slip instabilities on sawcut faults
may exist, and Harbord et al. (2017) suggested that fault stability in granite is governed by a combination of
roughness and normal stress almost irrespective of velocity strengthening and weakening behavior. Earlier work
from Ohnaka (1973) already showed that for a given roughness, slip stability depends on the hardness of the two
fault blocks in contact. Zhuo et al. (2022) highlighted controversial findings concerning the effect of load point
velocity on slip. In cases, enhanced load point velocities were observed to promote instabilities (Guérin-Marthe
et al., 2019; Kato et al., 1992; McLaskey & Yamashita, 2017), while other studies suggested the opposite (Karner
& Marone, 2000; Ohnaka, 1973). However, cuamulative slip (Zhuo et al., 2022), healing times and hold periods in
slide-hold-slide tests (Guerin-Marthe, 2019) varied between these studies possibly affecting slip.

In this study, we explore the effect of load point velocity and surface roughness on precursory slip during the
preparatory stage prior to stick-slip events under upper crustal pressure conditions (corresponding to about 1 km
depth). Although the load point velocity and roughness effects on fault stability have both been investigated sepa-
rately, this work aims at complementing previous studies in several ways. First, the load point velocity is studied
under triaxial stress conditions at elevated confining pressure representative of the upper crust (35 MPa) on gran-
ite samples. In addition, the effect of load point velocity is compared for samples with different fault roughness.
Comparable experimental conditions and increased load point velocity were already observed to be required for
triggering stick-slips (McLaskey & Lockner, 2014). Here, we extend these results by quantitatively comparing
experiments performed at different load point velocities and at different roughness conditions. In particular, we
focus on the spatio-temporal distribution of slip prior and during instabilities using far-field mechanical data,
local strain gage sensors and a dense network of piezoelectric transducers which enable us to track AEs occurring
during slip episodes along the fault. This set of experiments aims at reconciling the spring-slider and continuum
views of slip instability. We discuss the combined effects of roughness and load point velocity, and show how
failure mode and the different slip stages may be controlled by a combination of loading system stiffness and
nucleation length to sample and asperity size ratio (McLaskey & Yamashita, 2017).

2. Materials and Methods
2.1. Granite Samples and Surface Preparation

Three cylindrical samples were prepared from La Peyratte granite with dimensions of 100 mm in length and
50 mm in diameter (Young's modulus E ~ 75 GPa and Poisson's ratio v = 0.25, see Figure S3 in Supporting Infor-
mation S1). The grain size of the granite samples ranges from 0.5 to 1.5 mm (David et al., 1999). The samples
were precut at an angle @ = 30° to the sample axis. All sawcut surfaces were precision-ground and polished using
a powder composed of silicon carbide particles with a diameter of 9 pm. We prepared one rough fault surface
(sample R1) by sandblasting it with silicon carbide particles producing a root mean square asperity height of
Z_ . = 12-16 pm and some long wavelength relief. In contrast, the smooth surfaces (samples S1 and S2) are

Tms

characterized by Z_ =~ 3 pm (Figure S3 in Supporting Information S1).
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Figure 1. (a) Sawcut granite blocks with strain gages glued directly on the sample. (b) Schematic view of the strain gages
configuration and of the loading forces. (c) Specimen assembly with the AE sensors placed in brass housings mounted
directly on the sample through holes in the rubber jacket.

2.2. Strain Gage Sensors

The samples were all oven-dried for at least 48 hr before mounting strain gages. Specifically, two pairs of orthog-
onal strain gages attached to the center of two blocks (Figures la and 1b) were used to measure the elastic
deformation of the rock matrix. Three additional strain gages (sgfl, sgf2, and sgf3) were positioned parallel to
the sawcut fault, and centered 4 mm (+1 mm) away from it. The distance between the center of two fault parallel
strain gages is about 25 mm (Figure S1 in Supporting Information S1). The strain gages were used to monitor
local slip variations along the fault plane. After gluing strain gages, the samples were placed in a rubber jacket,
used to isolate them from the oil confining medium.

2.3. Acoustic Emissions Recordings

An array of 16 piezoelectric transducers (1 MHz resonant frequency) surrounding the samples was used to moni-
tor AEs. The sensors were placed in brass housings, which were glued directly on the rock surface using epoxy,
through holes pierced in the rubber jacket (Figure 1c). Full AE waveforms, as well as active ultrasonic transmis-
sion (UT) measurements were recorded at a sampling rate of 10 MHz with 16-bit amplitude resolution using the
16-channels DAXBox (Prokel) recording system. UT measurements were performed every 10 s throughout the
whole experiment and used to calculate and update a time-dependent quasi-anisotropic P-wave velocity model
composed of five layers perpendicular to and one vertical layer parallel to the loading axis (see e.g., Kwiatek,
Charalampidou et al., 2014; Stanchits et al., 2011). P-wave arrival times of AEs were automatically picked using
the convolutional neural network-type picker based on Ross et al. (2018) trained on past AE experiments. To
locate AEs, the Equivalent Differential Time method (e.g., Font et al., 2004) was used and solved using a combi-
nation of grid search followed by simplex (e.g., Nelder & Mead, 1965) optimization algorithms while using the
time-dependent velocity model derived earlier from UT data. The average AE hypocenter location accuracy is
+2 mm (Stanchits et al., 2011) allowing to monitor local heterogenous deformation.
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After hypocenter determination, the relative AE magnitude was estimated as:

Mg = loglo (1)

where A; and R, are the first P-wave amplitude and source-receiver distance for each individual AE sensor i,
respectively (e.g., Dresen et al., 2020; Zang et al., 1998). Magnitude Mg is a relative measure and not directly
calibrated to the physical size of the events (see e.g., Dresen et al., 2020 for additional discussion). Finally, a
polarity coefficient was calculated for each AE event following Zang et al. (1998):

1 n
pap = Z’ sgn(Ay), @)

using average polarity of first P-wave amplitudes (cf. Figure 3c). This parameter signifies whether the source
types of AE events reflect compaction (0.25 < p, < 1), tensile opening (-1 < p,; < —0.25) or shearing
(=0.25 < p,i £ 0.25) source types (see Zang et al., 1998 for details).

Using the catalog of located AE events above the AE magnitude of completeness of My, = 1.8 (assessed by
visual inspection of the magnitude-frequency distribution) we calculated the magnitude-frequency Gutenberg
Richter b-value in a moving time window of 200 s (Figure 3b). For each window, the b-value was estimated using
the maximum likelihood approach:

1
b= ———1log,,(e),
M- MC. " 3

AE
where Mg is the average magnitude of AEs that occurred within each 200-s window and that are above the
magnitude of completeness. The estimates were corrected for the bin size (e.g., Guo & Ogata, 1997). The uncer-
tainties of the b-value were estimated following Shi and Bolt (1982), suitable for weakly non-stationary catalogs.
Note that the b-value calculated using the relative AE magnitude is not directly comparable to the b-value calcu-
lated for natural earthquakes using moment magnitude.

2.4. Triaxial Loading Configuration, Shear Stress and Slip Calculation

The prepared samples were placed in a pressure vessel (Figure 1c) and first loaded hydrostatically up to 35 MPa.
The confining pressure was then maintained constant at 35 MPa in all experiments. Samples were deformed at dry
conditions using a servo-controlled hydraulic Machine Testing System (MTS 4600). Axial loading was achieved
by applying vertical piston displacement rates ranging from 0.05 to 1 pm/s. A linear variable displacement trans-
ducer (LVDT) measured Al ., the total displacement of the machine (with a stiffness of Ky = 0.65 X 10° N/m
or 330 MPa/mm for 5 cm diameter samples) and the specimen (stiffness of 750 MPa/mm). The differential stress
(6, — ©5) was measured using an internal load cell with a precision of +0.05 MPa.

Mechanical data including differential stress, axial shortening and local strains were recorded continuously at a
sampling rate of 10 Hz during the experiments. To better resolve short slip episodes, a high-speed data logging
system triggered by the user also recorded with sampling rates between 2 kHz (sample S1) and 5 kHz (samples
S2 and R1), during short periods of interest.

In triaxial loading configuration, the average shear stress 7 resolved along the inclined sawcut fault plane (angle
0 to the cylinder axis) was calculated from the differential stress as:

7= (01— 03) Xsinf X cosf 4)

and the average slip s along the fault using:

s = (Alivpr — Alvts — Alrm)
cos

&)

where Al is the total axial displacement, Al is the axial shortening of the loading machine, estimated
by Alyrg = change of the axial force /Ky;;q, and Al is the axial deformation of rock matrix, as given by
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Figure 2. Evolution of shear stress, fault slip and AE rate on smooth faults (a) loaded at a constant displacement rate of 0.5 pm/s using sample S1, (b) at displacement
rates of 0.05 and 1 pm/s using sample S2. AE locations and source types for (c) sample S1 fault surface view, (d) sample S2 fault surface view, (e) sample S1 side view,
(f) sample S2 side view. The AE source types are classified into tensile, compaction and shear sources based on P-wave first motion polarities (see Equation 2).

Alpyy = (8ggy3 + €440)/2 X L, Where sgv3 and sgv4 are vertical strain gages attached to rock matrix, and L = 100 mm
is the sample length. Note that the stresses are also corrected for the reduction in nominal contact area between
the two parts of the fault during slip. More details about data processing are given in Wang et al. (2020).

3. Results
3.1. Mechanical Response and AE Activity

3.1.1. Smooth Faults

The two samples with smooth sawcut faults were deformed at a constant displacement rate of 0.5 pm/s and at
displacement rates alternating between 0.05 pm/s and 1.0 pm/s, respectively (Figures 2a and 2b). Both tests
resulted in episodic stick-slip events with recurrence intervals decreasing from about 1,200 s to 60 s with load
point velocities v, increasing by a factor of 20. With progressive slip, sample S1 showed a small increase in peak
stress for the stick-slip events, possibly due to progressive gouge formation. The stress drop magnitude associated
with the stick-slip events increased with cumulative fault slip, and ranged from 5 MPa for the smallest event of
sample S2 at 1 pm/s (see Figure 2b), to 9 MPa for the largest stick-slip event on sample S1, loaded at 0.5 pm/s
(see Figure 2a). In contrast, for sample S2 increasing v;, from 0.05 to 1.0 pm/s showed a reduction in peak stress
from 15 MPa to about 10 MPa. This was accompanied by a decrease of stress drop magnitude from 7 to 5 MPa
(Figure 2b).

In general, preparatory slip on smooth faults is small, between 3 and 10 pm and failure occurs abruptly (i.e., the
main slip episode lasts about 2 ms, see Figure 8a). Additionally, we did not resolve any time delay between the
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Figure 3. (a) Evolution of shear stress, fault slip and acoustic emission rate on a rough fault under load point velocities of 0.5 and 1 pm/s using sample R1. (b) Time
evolution of b-value from AEs recorded on sample R1. The time windows for b-value calculations are indicated by horizontal gray lines, and the number of events
during a time window is indicated on the color scale. Uncertainties are reported as vertical gray lines. (c) Time evolution of AE magnitude and AE source types, and
fault surface views of corresponding AE hypocenter locations and types at the start of the experiment, and just before stick-slip st3. (d) Side view of all located AEs
during the experiment. The black dots indicate the location of the AEs associated with the main stick-slip events. Note that the size of each dot is positively correlated
with the amplitude of an AE event. The source types of AE hypocenter are classified into tensile, compaction and shear focal mechanism based on P-wave first motion
polarities (see Equation 2). (e) Evolution of shear stress, slip and slip velocity during stick-slip event st3 on the rough fault R1.
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different strain gage signals sampled at frequencies up to 5 kHz. Considering the spacing of 2.5 cm between
the strain gages (Figure S1 in Supporting Information S1), and assuming a rupture front propagating in the fault
plane along the fault dip direction (see Figure 1b), this would result in rupture velocities V, larger than 125 m/s.
During the elastic loading of the locked smooth faults, we observed very little AE activity. However, every single
stick-slip event was accompanied by a very large AE, and by an audible sound. Large AE events occurred close to
or at the time of the main stress drop +100 ms, within the accuracy of the synchronized data acquisition systems.
These AEs have large and typically clipped waveforms that last several milliseconds. The AE hypocenters of
these large events were located on the sawcut faults partly forming localized clusters (Figures 2c—2f). Based on
P-wave first motion polarities (Zang et al., 1998), the AEs display predominantly double-couple mechanisms.

3.1.2. Rough Fault

Loading of the samples containing a rough fault resulted in significantly different deformation compared to
smooth faults. Beyond a yield stress, the sample assembly shortened by continuous sliding along the fault. At
a piston displacement rate of 0.5 pm/s the samples showed stable sliding for about 1.5 mm and hardening with
shear stress increasing by about 10 MPa. Sliding was accompanied by prominent AE activity reaching a total of
1,595 events before a sudden stick-slip event (st1) occurred (Figure 3a). AE hypocenters were aligned with the
fault and distributed across the entire fault surface (Figure 3d). Initially, during stable slip AEs were dominated
by small-magnitude compaction events (Figure 3c), progressively replaced by larger shear events and few tensile
source types. A similar shift in AE source types was also observed in stick slip events occurring at confining
pressure >100 MPa (Kwiatek, Goebel, et al., 2014). For the rough fault in sample R1, the first stick-slip event
(stl) occurred after about 2 mm of stable sliding, with a stress drop of about 16 MPa, terminating the first phase
of the test. We note that the AE activity did not increase significantly prior to failure.

After event stl the fault was locked again and elastic loading resumed to a yield point at a shear stress of about
32 MPa (sl1), which is roughly similar to the peak stress reached before stick-slip event stl occurred. Stable fault
slip initiated at a peak shear stress of 34 MPa and the fault strengthened again but at a smaller rate. This stable
sliding episode lasted until the displacement rate v, was increased to 1 pm/s. Shortly after the displacement rate
was increased, two stick-slips occurred (st2 and st3) with stress drops of about 15-20 MPa. Both stick-slip events
were preceded by bursts in AE activity.

After the stick-slip event st3, the displacement rate v, was reset to 0.5 pm/s. The sawcut was locked and loading
reached a peak stress of 38 MPa at which a small slow slip event (s12) initiated a third stable sliding phase. Note
that slow slip sl2 is preceded by a burst of AEs similar to the one preceding stick-slip event st2, showing that
bursts in AEs are not necessarily followed by rapid stick-slip events.

Sample R2 similarly showed dominantly stable sliding at a piston displacement rate of 0.5 pm/s interrupted by a
single very slow slip event. Increasing the load point velocity to 1 pm/s produced oscillatory slips with very small
stress drops. For this sample we observed significant wear and gouge production (see Figure S8 in Supporting
Information S1).

Overall, AE hypocenters align well with the fault plane in sample R1 (Figure 3d). AE hypocenters from a time
window of 100 s just before stick-slip events are widely distributed, but concentrate on local high elevation areas
(Figures 3c and 4). In general, the AE events occurring shortly before stick-slip events and slow slip events
display larger amplitudes with dominantly shear focal mechanisms (a few compaction events remain smaller in
comparison).

The magnitude-frequency distribution of AEs shows a continuous trend of decreasing b-value toward the final
stick slip event st3 (Figure 3b). This trend is punctuated by short episodes of b-value decrease likely associated
with local slip events (cf. Dresen et al., 2020).

3.2. Preparatory Slip
3.2.1. Smooth Faults

Here we focus on the preparatory aseismic slip prior to stick-slips on smooth sawcut faults at different load point
velocities showing a few representative stick-slip events in greater detail (Figures Sa—5c). Macroscopic slip (see
Equation 5) corresponds to the average displacement between the two fault blocks. After stick-slip events, the
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sample R1: AEs before st3 and added post-mortem topographies (top + bottom elevations)

40

20

10

time to stick-slip [s]
o
summed elevation [um]

20

y [mm]

Figure 4. Added topography of the post-mortem rough fault surfaces from sample R1 (top block topography + bottom block
topography) with superimposed acoustic emissions before stick-slip event st3.

smooth faults were locked, and no slip between the blocks was observed. Continued loading resulted in elastic
deformation of the bulk with linear stress increase with time (e.g., Figures 5a, 4500-5000s). At a yield point, rela-
tive slip between the blocks initiated, eventually leading to failure. The total amount of fault slip for the smooth
faults (Z_,,
tory phase decreased with increasing load point velocity, from about 200 s at 0.05 pm/s, to 40 s at 0.5 pm/s, and
20 s at 1 pm/s (Figures 5a—5c).

~ 3 pm) during this preparatory phase is estimated to be about 3—10 pm. The duration of the prepara-

Within 10 s before failure (Figures S6a—S6c¢ in Supporting Information S1), we observed diverging signals from
the fault parallel strain gage starting a few seconds before the stick-slips. At v;, = 0.5 pm/s, the shear stress started
dropping roughly one second before the slip event. At v, = 1 pm/s shear stress decreased approximately 0.5 s
before failure. At a low load point velocity of 0.05 pm/s, this weakening phase is hardly observable due to the
noise superimposed on stress, slip and deformation signals (Figure S6a in Supporting Information S1).

3.2.2. Rough Faults

Compared to the smooth faults, preparatory slip before slow and fast slip events on the rough fault (Z_  ~ 14 pm)
showed a more complex behavior (Figures 5d—-5f). For example, stick-slip events stl and st2 occurred without
visible slip acceleration (Figure 3a), irrespective of doubling the load point velocity between events (Figures S6d—
S6f in Supporting Information S1). This is in contrast to stick-slip st3 and slow slip sl1 and sI2 (Figures 5d—-5f).
The preparatory phase lasting approximately 200 s corresponds to an amount of slip up to roughly 50 pm (5 times
the slip observed on the smooth fault at the same load point velocity) for the two slow slip events sl1, sl2. Prior
to stick-slip st3 at v;, = 1 um/s, preparatory slip duration was reduced to 100 s, while the slip amount remained
about 50 pm (st3, Figure 5f). Note that preparatory slip started with local slip detected on fault parallel gage sgf1

(Figures 5d—5f and Figure 6), while strain gage sgf2 remained in compression.

Prior to stick-slip st2 (Figure S6e in Supporting Information S1), we did not observe accelerating preparatory
slip, instead the fault was creeping continuously. However, after increasing v, from 0.5 to 1 pm/s (Figure S6e
in Supporting Information S1 and Figure 6, around 9,640 s), shear stress fluctuated and AE activity increased
during about 100s before the main stick-slip st2. Prior to events st1 (Figure S6d in Supporting Information S1)
and st2 (Figure S6f in Supporting Information S1) the fault was creeping at v;, without any observable changes
before failure occurred.

3.2.3. Scaling of the Preparatory Slip With Load Point Velocity and Roughness

At constant confining pressure, preparatory slip depends on roughness and the duration of the preparatory slip
phase depends on both roughness and load point velocity. To compare the data from the different tests we plot
the non-dimensional parameters pl = slip/Z

rms

and p2 = (time-to-event X load-point-velocity)/Z

rms

(Figure 7c).
The normalized slip curves converge but still show distinct differences approaching failure. With onset of fault
slip smooth faults remain partially locked with slip rates <v;, In contrast, in some cases rough faults show
accelerating slip toward failure. The slip on the smooth faults increases at a low rate accounting for only a
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Figure 5. Evolution of shear stress (blue curve), slip (red curve) and fault parallel strain gage signals (purple, pink and yellow curves), during selected phases of the
rock deformation experiments. (a—c) Stick-slip events for smooth faults S1 and S2 at load point velocities of (a) vy, = 0.05 pm/s, (b) v, = 0.5 pm/s and (c) v, =1 pm/s.
(d, e) Slow-slip events sl1 (d) and sI2 (e) at a load point velocity of v;, = 0.5 pm/s on the rough fault. (f) Stick-slip st3 on the rough fault R1, loaded at v;, = 1 pm/s. The
strain signals are offset to zero at the start of the plots, upwards corresponds to dilatation while downwards corresponds to compression. The strain amplitude in pe is
indicated on each plot. Stick-slip onsets are indicated by green stars, and slow slip onsets, corresponding to the start of shear stress decrease, are indicated by green

triangles.

fraction (10%-30%) of the load point velocity (0.1-0.3 v),» see Figure 7a). On the same rough fault, prior to
stick-slip event st3 at v, = 1 pm/s, slip also accelerated and slightly exceeded the load point velocity v;, before
failure (see Figure 7b). These observations indicate that smooth faults may develop a larger slip deficit prior
to failure.

3.3. Slip Velocity and Associated Stress Drop During Stick-Slip Events

For all stick-slip events we measured the average slip and stress drop magnitudes using the recordings of
axial force, displacement and of three strain gages located at the edges of the sample's sawcut surfaces (see
Section 2). Slip velocities were determined for the dynamic slip phase lasting about 2 ms for all tests, using
available high-speed data (Figure 8a). At v;, = 1 pum/s, the smooth fault S2 slipped with velocities between 45
and 55 mm/s, the stress drop was around 4.5-6 MPa and the total slip about 60 pm (Figure 8b). For comparison,
the preparatory slip velocity on smooth faults ranged from 0.005 pm/s to 0.45 pm/s, at load point velocities of
0.05 pm/s and 1 pm/s, respectively. The total preparatory slip was about 10 pm, which was about 15%-20% of
the displacement measured during stick-slip events. On the rough fault the slip velocity reached 160 pm/s at
v, = 1 pm/s, with a stress drop of 18-19 MPa, and total slip of about 200 pm (4 times the amount of preparatory
slip). In these experiments, the measured maximum slip velocity increased with decreasing load point veloc-
ity, with values larger than 70 mm/s at 0.05 pm/s. Slip velocity was also strongly correlated with stress drop
(Figure 8c). However, due to the lower sampling rate of 2 kHz for sample S1, slip velocities for the slip events
at 0.5 pm/s were possibly underestimated. When plotting shear stress versus slip (Figure 8b), we obtained an
average fault stiffness of K, ~ 90 MPa/mm (K, , ~ 85 MPa/mm for the smooth faults, and K, ; ~ 95 MPa/mm

for the rough fault). To estimate fault stiffness K, ., machine and rock matrix stiffnesses have been taken into

fault
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Figure 6. Rough fault evolution of shear stress, slip, AEs and strain signals prior to stick-slip events st2 and st3 for sample R1. Dashed black line gives load point
displacement. Load point velocity was manually increased from 0.5 to 1 pm/s at z = 9,650 s. We indicate the locations of AEs occurring in the time window between
t=9,860 s and ¢ = 9,935 s during which local slip occurred close to strain gage sgfl (compare sgfl (yellow) and sgf2 (pink) that remains in fault parallel shortening).
(c) AE locations between t = 9,935 s to r = 9,980 s, corresponding to onset and acceleration of fault slip and beginning of fault parallel extension at sgf2 until the

emergence of stick-slip event st3.

account in order to calculate the slip using Equation 5. The axial stiffness of loading system K, ., is estimated
as K em = (/K + 1/K 229 MPa/mm, where K = E/L =750 MPa/mm is the elastic stiffness

of the sample with E and L being Young's modulus and sample length, respectively. K = 330 MPa/mm is

sample machine) = sample

‘machine
the axial stiffness of loading machine.

To compare fault and loading system stiffness, we project fault slip and shear stress along the cylinder axis
(z-axis) and loading direction. The resulting correction factor ¢ (i.e., ¢ = 1/(sinf X cos?0) = 2.66, see Equa-
tions 4 and 5) is used to estimate the equivalent axial stiffness of the fault. This results in the equivalent axial
stiffness of the faults between 226 and 252 MPa/mm, which is comparable to axial stiffness of loading system
K

system*

A summary of the mechanical data measured during the preparatory and coseismic phases during stick-slips is
presented in Table 1.

4. Discussion

The results of this study provide new insights into the preparatory phase of seismic ruptures and the factors
controlling frictional instabilities at the laboratory scale. In this section, we discuss how instabilities develop and
how shear stress, slip and AE activity evolve during a stick-slip cycle. We compare our results to other studies
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plane v, /cos6, as well as 0.3 v, /cosB and 0.1 v, /cos. (b) Preparatory slip on the rough fault R1. (¢) Dimensionless plot of slip normalized by roughness versus the time
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‘ms

indicated by the solid black line and is equal to 1/cos6 in the dimensionless graph.

and discuss the observed stick-slip behavior based on estimates of fault stiffness and nucleation length. Then we
discuss the role of fault roughness, load point velocity and fault surface evolution with progressive slip. Finally,
we suggest a schematic model explaining the different effects of load point velocity on slip behavior of smooth
versus rough faults.
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Figure 8. (a) Average slip velocity between the fault blocks recorded during stick-slip events on smooth faults at
v, = 0.05 pm/s, 0.5 pm/s and 1 pm/s, and the rough fault at vi, = 1 pm/s. (b) Shear stress versus fault slip during stick-slip
events for the smooth faults and the rough fault. The slopes corresponding to fault stiffness are indicated with solid black
lines. (c) Stress drop versus maximum slip velocities during stick-slip events on smooth and rough faults.
4.1. Stages of the Stick-Slip Cycle
From the combined mechanical data and AE characteristics of the experiments, a complex slip pattern emerges.
Irrespective of roughness and load point velocity, we separate different general stages of the stick-slip cycle
(Figure 9).
All faults are locked initially and samples deform elastically until fault slip starts (Stage 1 in Figure 9). Prepara-
tory slip is 30-50 pm for rough faults but only 3—10 pm for smooth faults, before a stick-slip event occurs (Stages
2 and 3 in Figure 9). In rough faults, the distributed AEs at stage 2 indicate the presence of contacting asperities
across the entire slipping fault which change in time and space. We note that for about 120s before event st3, a few
AEs populate the periphery of the slip surface. This may indicate that slip starts preferentially from the outside of
Table 1

Summary of Measured Parameters During Preparatory and Coseismic Phases of Stick-Slips at Different Load Point Velocities for the Rough and Smooth Faults

Smooth faults (Zrms = 3 pm) Rough faults (Zrms = 14 pm)

Preparatory phase
Load point velocity v, (pm/s) 0.05 0.5 1 0.5 1
Amount of preparatory slip (pm) 3 10 10 50 50
Duration of preparatory phase (s) 200 40 20 200 100
Preparatory slip velocity (percentage of v;) 10 to 30 0to > 100
Coseismic phase
Approximate fault stiffness (MPa/mm) 90
Approximate coseismic slip duration (ms) 2
Coseismic slip velocity (mm/s) 70 50 to 60 45t0 55 no high-speed data 160
Coseismic slip amount (pm) 80 to 85 70 to 100 50 to 70 175 200
Stress drop (MPa) 8 6t09 45t06 15.5 18to 19
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Figure 9. Interpretation of the rough fault behavior from mechanical and AE data. Stages 1-5 represent the different phases occurring during stick-slip experiments.
Case 3 corresponds to a situation where no stick-slip would occur, but only a partial rupture/slow-slip event, while cases 1, 2, and 4 would lead to a dynamic rupture,
and the stick-slip cycle would continue. We illustrate our idea with the analogy of a marble with different input velocities rolling down a bumpy slope.
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the fault before localizing near the high stress asperities toward the center of the fault. As observed by Yamashita
et al. (2022) this may be due to end effects and loading conditions. It is also conceivable that local slip close to the
surface edges may have caused dilation, as observed on strain signal sgf1 at stage 2, but not on sgf2.

Precursory slip accelerates approaching failure but only for the rough faults slip rate reaches load point velocity
at failure (Figure 3, st2, st3, Figures 5, Figure 6). On rough faults, AEs cluster along initial topographic highs
that persist over several stick slip cycle (Figure 4). Asperities of contacting block surfaces produce normal stress
heterogeneity across the fault surface (e.g., Cattania & Segall, 2021), which affect local shear stress and slip
nucleation. AE clusters are collocated with high stress areas indicating accelerated local slip (stage 3, Figure 9).
This agrees with nucleation of slip events observed in high stress areas in Guerin-Marthe et al. (2019). Local
stress release at high stress areas was also reported by Dresen et al. (2020) and McLaskey and Lockner (2014)
(Figure 6).

At failure (stages 4 and 5 in Figure 9), dynamic slip initiates from single or multiple asperities as indicated by
single large AEs for smooth faults (associated with a loud audible noise, see Supporting Information S1) and clus-
tered AEs for rough faults (Figure 6). Stage 4 may be compared to the nucleation phase as observed in previous
experiments on large fault blocks (Guerin-Marthe et al., 2019; McLaskey, 2019), and may start or be ignited by a
small AE as in McLaskey and Lockner (2014). Propagation of a rupture front was not observed directly, but could
be resolved on strain gage signals from similar sawcut experiments on smooth faults intersected by a 7 mm diame-
ter pin serving as asperity that reduced slip velocities to between 0.15 and 1 mm/s (Figure S7 in Supporting Infor-
mation S1). For the slip events on rough and smooth faults observed, slip velocities were >45 mm/s and rupture
propagation was likely faster than the maximum rupture velocity of 125 m/s resolvable at 5 kHz sampling rate.

Dynamic slip events affected the entire fault surface (stage 5, Figure 9), as indicated by slip and stress data
(Figure 8) with sawcut samples behaving as a spring-slider system. This is supported by almost constant duration
time of all stick-slip events of about 2 ms, irrespective of load point velocity or fault roughness (Figure 8). For a
spring-slider system, duration (rise) time is defined as the natural oscillation period (Rice & Tse, 1986) controlled
by system mass and stiffness (Shimamoto et al., 1980). This implies a linear relation between slip rate (particle
velocity) and stress drop (Johnson & Scholz, 1976) of the spring-slider system in agreement with our observa-
tions (Figure 8c). We posit that for fast stick-slip events in all tests, passage of a dynamic rupture front results in
a force imbalance as asperity contacts progressively detach (stage 4, Figure 9). Large amplitude acoustic events
associated with fast stick slips produce long duration waveforms causing saturation of the recording system and
enhanced noise level immediately following a slip event, masking small AEs for a time period right after slip
onset. Following slip events, we always observed re-locking of the fault and elastic reloading without any AEs
entering the next cycle with stage 1 (Figure 9; cf. Kwiatek, Charalampidou et al., 2014).

‘We commonly estimate nucleation length L_ of dynamic slip events and compare it with the sample's dimensions.
Uenishi and Rice (2003), assume a slip-weakening friction law and estimate L, as:

G
L.=1.158—
8K ©)

f

where G is shear modulus and K, is slip weakening rate (here equivalent to fault unloading stiffness).

Given an average value of K, = 90 MPa/mm measured during stage 5, and G = 30 GPa for La Peyratte granite,
Equation 6 gives L_ = 39 cm, which exceeds the sample size, suggesting that dynamic slip should not occur. We
posit that the discrepancy between L, estimated from Equation 6 and our experimental observations is related to
heterogeneous nucleation (Schir et al., 2021), and potentially complex weakening (Ben-Zion & Dresen, 2022;
Paglialunga et al., 2022).

We suggest that most of the slip lasting about 2 ms corresponds to macroscopic frictional sliding outlasting
rupture propagation. As discussed in Paglialunga et al. (2022), the stress versus slip evolution resolved may
represent a long-tail frictional process over a slip distance that is much larger than the critical slip-weakening
distance D, (by a factor 50 in Paglialunga et al., 2022) associated with rapid local stress drop at a rupture front
controlling fault stability.

For comparison, a critical patch size for slip instability #* can also be obtained in the rate-and-state framework
using the formulation of Rice (1993):

h*=G-d./(b—a)- o, )

GUERIN-MARTHE ET AL.

14 of 19

85U8017 SUOWILWIOD 3A D) 8ol jdde ayy Aq peuenob aJe ssjolie VO ‘8sn JO S9N 1o} Afeid18UIIUO AB]IM UO (SUORIPUO-pU-SLUBILID A8 | 1M Afe.d 1 Bu [UO//SdY) SUORIPUOD pue swie 1 843 88S *[£202/90/50] Uo Akeiqiauliuo AB|IM ‘Uil BerseAlun ekl Aq T1SS208r2202/620T 0T/10p/uioo 48| im Ar.qjeul|uo'sgndnBe//sdny Wwolj pepeojumod ‘v ‘€202 ‘9GE669TZ



A7t |

NI Journal of Geophysical Research: Solid Earth 10.1029/2022JB025511

ADVANCING EARTH
AND SPACE SCIENCE

Here, we assume ¢, = 54 MPa (approximate normal stress value measured for the rough fault), and a typical value
of b—a = 0.004, as in McLaskey and Yamashita (2017). In the latter study, the characteristic rate-and-state slip
distance d, (which can be an order of magnitude smaller than D, see Cocco & Bizzarri, 2002) was taken at 1 pm
and the gouge layer was estimated to a few tens of micrometers thick. As it has been shown that d_ decreases
with fault gouge thickness (Marone & Kilgore, 1993) and our smooth faults show a very fine layer of gouge of
maximum a few micrometers thick, taking d. = 0.1 pm would give a value of #* ~ 1.38 cm, consistent with the
unstable behavior observed.

4.2. Effect of Fault Roughness

A plethora of studies showed that roughness plays an important role in controlling fault stability (Harbord
et al., 2017; Morad et al., 2022; Ohnaka, 2003; Ohnaka & Shen, 1999; Okubo & Dieterich, 1984; Scholz, 1988),
and that it introduces a nonuniform spatial distribution of local stresses, governing the preparatory and nucle-
ation processes (Tal et al., 2018). On self-affine fault profiles, theoretical models of nucleation and rupture
processes suggest that roughness generates an additional resistance to slip (roughness drag), which grows line-
arly with slip and progressively promotes slip heterogeneity and rupture arrests (Dieterich & Smith, 2009; Fang
and Dunham. 2013; Tal et al., 2018). In early laboratory studies, Okubo and Dieterich (1984) showed that the
critical slip-weakening distance D, over which the stress reaches its residual level increases with roughness, and
Ohnaka (2003) proposed an empirical scaling of D_ with a characteristic wavelength A_ of the prepared rock
surfaces. This means that the critical patch size or nucleation length required for a rupture to reach instability and
accelerate to a dynamic rupture is larger for rough faults, assuming a constant stress drop. It has been confirmed
by the laboratory experiments of Ohnaka and Shen (1999) and Xu et al. (2023). In agreement with this, we
found that the amount of preparatory slip before slip events is larger on rough surfaces compared to smooth ones
(Figure 5, Figures 7a and 7b), and that it scales with Z___ (Figure 7c). Also, rough fault R1 was stable at a load
point velocity of 0.5 pm/s and confining pressure of 35 MPa, while the smooth fault S1 is unstable at similar
conditions. Note however that decreasing roughness does not always promote instability, as very smooth faults
(Z,,,s <1 pm) were found to also exhibit stable behavior (Morad et al., 2022). Harbord et al. (2017) suggested that
for smooth surfaces under high normal stress, the bridging length between contacts might become so small that
instabilities cannot nucleate. In our tests, maximum slip rates and stress drops are larger for rough faults compared
to smooth faults (Figure 8). This is in contrast to observation by Dresen et al. (2020) from tests performed on
rough and smooth faults at significantly higher confining pressures of 130-150 MPa. However, in both studies
larger stress drops occurred at higher stresses reached at the onset of slip, in agreement with findings of Passe-
legue et al. (2020).

Roughness clearly affects AE activity during preparatory slip (Dresen et al., 2020; Goebel et al., 2017). At simi-
lar monitoring conditions only few events were observed on smooth faults and preparatory slip was dominantly
aseismic. In contrast, rough faults show strong AE activity, once fault slip commenced. AE source types reveal
dominantly double-couple shear and compaction events. We posit that local concentration of shear and normal
stresses related to the rough topography produce ubiquitous high frequency AEs leading to sample-wide slip

events. In contrast, minor gouge production along smooth faults changes initial roughness Z___only slightly from

rms

about 3 to 5-6 pm compared to rough surfaces, where Z  of 12—-16 pm remains unchanged. This suggests that
smooth surfaces have larger contact areas with less pronounced stress concentration generating fewer AEs.

4.3. Effect of Load Point Velocity

Total preparatory slip was larger for rough compared to smooth faults but was not significantly affected by load
point velocity. But as expected, increasing load point velocity reduced time to failure (Li & Rice, 1983). Increas-
ing v;, on rough faults (from 0.5 to 1 pm/s) also promoted instability (indicated by a large stress drop and slip
amount during a short coseismic time window of approximately 2 ms), as previously observed at low fault normal
stresses (Guérin-Marthe et al., 2019; Kato et al., 1992; McLaskey & Yamashita, 2017). These studies showed
that increasing the load point velocity reduced the critical nucleation length L, required for a dynamic rupture.
Non-linear stability analysis of a spring-slider model including inertia effects suggested that the critical stiffness
k. increases with load point velocity (Gu et al., 1984). Using a continuum model and rate-and-state framework,
Rubin and Ampuero (2005) showed that L, decreased with increasing slip velocity V but was also affected by the
state variable 6. A decrease of nucleation length with increasing load point velocity promotes dynamic failure of
asperities with dimensions comparable to L .
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In contrast, stick slip failure of smooth faults was less affected by changing v, . Increasing the load point velocity
by a factor 20, from 0.05 to 1 um/s reduced stress drop Az of stick-slip events from 7 to 5 MPa, and average slip
rates decreased from 70-75 mm/s to 45-55 mm/s. Although the reason for the observed lower stress drops with
increasing loading rate on sample S2 is not clear, it has also been observed in some other studies (Ohnaka, 1973).
In the latter study, the sensitivity of the stress drop with load point velocity was influenced by the machine stiff-
ness and the normal load. We posit that gouge production may also have affected stress drop in our experiments,
as discussed below.

4.4. Effects of Cumulative Slip and Initial State of the Surface

Cumulative slip increases throughout experiments up to 4 mm on rough and 2.5 mm on smooth fault. Irrespec-
tive of wear and gouge production during slip, fault surface topography Z_ _is not affected very significantly by
total slip as revealed by surface scans of samples S1, S2 and R1 before and after the tests (Figures S3 and S4 in
Supporting Information S1). As shown on the scans of the postmortem surfaces for smooth fault S2, we found
only a small amount of gouge covering mostly the center of the sawcut surfaces. Surface roughness Z_ increased
from 3 to 5-6 pm. The small amount of gouge production and changes in Z  had no significant effect on the
mechanical behavior of the smooth faults (Figure 1a) except for a small hardening. If fault roughness increases
with cumulative slip, L, is expected to increase as well (Ohnaka, 2003). This would suggest that cumulative
slip stabilizes fault slip, and that the change in load point velocity has a negligible effect in comparison. For
rough faults, Z and large asperities remained unchanged irrespective of gouge production. The power density
spectra of the surfaces do not change significantly (Figure S5 in Supporting Information S1). This suggests that
large-scale asperities (long-wavelength topography) do not evolve much with cumulative slip, in agreement with
Goebel et al. (2017). Our observation clearly indicates that the mechanical response of the rough fault R1 is
affected by changes in load point velocity rather than changes in surface topography with slip. For example, prior
to slip event st2 the fault is stable at 0.05 pm/s, then becomes unstable at 1 pm/s, and stable again at 0.05 pm/s,
despite the increase of cumulative slip in between. Note that although the observation of unstable behavior
promoted at higher load point velocity on the rough fault is reproducible (see sample R2, Figure S8 and Text
S2 in Supporting Information S1), small modification of the initial state of a surface (if we reuse a sample that
underwent previous stick-slips with gouge remaining) may lead to a more pronounced surface evolution and to a
different mechanical behavior at similar loading conditions.

4.5. Slip Behavior of Rough and Smooth Faults Loaded at Different Rates

AE hypocenters cluster on large asperities present on the rough sandblasted surfaces. If L _ is close to the asperity
dimension, a rupture may start but will arrest if energy release at the rupture tip is insufficient to break or bypass
neighboring barriers (Case 3, Figure 9) and potentially coalesce with other high stressed areas close to failure
(Latour et al., 2013) (Case 4, Figure 9). For a rupture to break the entire sample surface, the local L_needs to be
small enough so that the rupture front breaks the large-scale asperity with enough energy remaining to keep prop-
agating through stress or fracture energy barriers. This is similar to the condition needed to overcome stepovers
as described in Lozos et al. (2014), and could be compared to the case of a marble rolling down a bumpy slope
(Figure 9), with various initial energies. A decrease of L. may occur when the load point velocity is increased.
This would explain the two stick-slips st2 and st3 occurring in sample R1 at v, = 1 pm/s. Potentially, a small
change of available energy at the rupture tip or a small change in load point velocity may decide whether or not a
barrier is overcome, and if a dynamic rupture will occur.

On smooth faults, the mechanical behavior is different. First, almost no AEs were detected during the preparatory
phase, from the onset of yielding until stick-slip. This may be due to small elevation of contacts which either
creep or upon breaking do not necessarily trigger AEs above the noise level (cf. Kwiatek, Goebel, et al. (2014)).
It is also consistent with the fact that smooth faults often produce less but larger AEs (Dresen et al., 2020; Goebel
et al., 2017). Smooth faults are always unstable with regular stick-slip events for the whole range of load point
velocities (0.05-1 pum/s). This is expected as L, is smaller on smooth faults. Stress conditions of the smooth fault
also favor dynamic rupture as the stresses are more homogeneous across the fault and low-stress barriers are
absent. Surface roughness does not have a large characteristic wavelength locally controlling nucleation, rather a
homogenized nucleation length L, may be determined for the whole surface, and the effect of heterogeneities at
a scale much lower than L, may be averaged (Lebihain et al., 2021). For the smooth homogeneous fault, if L, is
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larger due to a lower load point velocity (Case 1 in Figure 9), the rupture may not accelerate as much, and reach
slightly lower velocities. However, at homogeneous stress conditions, once the rupture is larger than the nuclea-
tion length, it will always accelerate and slip will become unstable in the absence of barrier. This would render
small changes in load point velocity less important compared to heterogeneous rough faults.

4.6. Implications for Natural Earthquakes

We observed that a small increase in load point velocity by a factor of two promoted large stick-slip events on
a heterogeneous rough fault. This suggests that in a natural setting locally enhanced loading rates may result in
a transition from aseismic to seismic deformation, as discussed previously (e.g., Guerin-Marthe et al., 2019;
McLaskey & Yamashita, 2017). This also suggests that small, local and transient perturbations during loading
may result in large ruptures in a critically stressed fault zone (e.g., Kato & Ben-Zion, 2021). It has been suggested
for ruptures on relatively smooth and mature faults that they were ignited by small local events (see McLaskey &
Lockner, 2014), irrespective of the nucleation length for the entire fault. This sensitivity of earthquake nucleation
to initial local conditions in nature renders interpretation of precursory signals even more difficult. As shown
here for the controlled conditions of laboratory experiments, small changes in boundary conditions may result
in a switch from regular series of stick-slip events to complex fault slip behavior with sudden stick-slip events
occurring without noticeable precursory signals such as increase in AE activity (which could be regarded as fore-
shocks in nature). While the approximate recurrence time and stress drop of earthquakes on some large faults may
be estimated (e.g., Shimazaki & Nakata, 1980), the nucleation of large earthquakes may result from small-scale
stress fluctuations, making short-term prediction a big challenge.

5. Conclusions

In this study we compared the frictional behavior of a rough sandblasted fault (Zrms = 14 pm) and smooth faults
(Zrms = 3 pm). We showed that:

- Increasing the load point velocity on the rough fault under triaxial conditions and at a confining pressure of
35 MPa promotes instability, as observed in previous studies at lower normal stress conditions.

- The amount of preparatory slip prior to stick-slip instabilities increases with fault roughness.

- The nucleation length derived using a slip-weakening law and an energy criterion, using the macroscopic
averaged stress and slip along our fault surfaces does not explain the strong stick-slip instabilities observed,
suggesting that local rupture processes are controlling the fault stability before any macroscopic frictional
process can occur.

- AEs localize prior to rupture consistent with previous studies showing that the nucleation zone is preferentially
located in high stressed areas.

- Inhomogeneities on rough surfaces render the failure mode of the fault sensitive to changes in load point veloc-
ity, as opposed to smoother surfaces where rupture initiates and propagates under homogeneous roughness and
stress conditions.
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