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!School of Civil and Environmental Engineering, Cornell University, Ithaca, NY, USA

Abstract Many natural faults are believed to consist of velocity weakening (VW) patches surrounded by
velocity strengthening (VS) sections. Numerical studies routinely employ this framework to study earthquake
sequences including repeating earthquakes. In this laboratory study, we made a VW asperity, of length L,
from a bare Poly(methyl methacrylate) PMMA frictional interface and coated the surrounding interface with
Teflon to make VS fault sections. Behavior of this isolated asperity was studied as a function of L (ranging
from 100 to 400 mm) and the critical nucleation length, 4*, which is inversely proportional to the applied
normal stress (2-16 MPa). Consistent with recent numerical simulations, we observed aseismic slip for
L/h* < 2, periodic slip for 2 < L/h* < 6, and non-periodic slip for 10 < L/h*. Furthermore, we compared the
experiments where L was contained by VS material to standard stick-slip events where L was bounded by free
surfaces (i.e., L = the total sample length). The free surface case produced ~10 times larger slip during stick-
slip events compared to the contained fault ruptures, even with identical L/h*. This disparity highlights how
standard, complete-rupture stick-slip events differ from contained events expected in nature, due to both the
free surface conditions and the heterogeneous normal stress along the fault near the free ends, as confirmed by
Digital Image Correlation analysis. This study not only introduces the Teflon coating experimental technique
for containing laboratory earthquake ruptures, but also highlights the utility of L/h* as a predictive parameter
for earthquake behavior.

Plain Language Summary Earthquakes are often modeled as a central fault section that slips
seismically surrounded by a region that creeps slowly and generally stops earthquake ruptures. The central fault
section weakens with increasing slip velocity, and is thus velocity weakening (VW). Surrounding regions
strengthen and are velocity strengthening (VS). In this laboratory study, we used the glassy polymer PMMA for
the VW section and coated the PMMA with Teflon to create the VS sections. We changed the size (L) of the VW
area and the applied normal stress to the fault, which is proportional to L/h*, where h* is an earthquake
nucleation length scale. With either an increase of applied normal stress or an increase in the size of the VW
region (larger L/ h*), the slip behavior changed from stable slip to periodic slow events to faster and more
irregular stick-slip events. Fault ruptures not contained by the VS material, where the VW section extended all
the way to the sample ends, made larger slip events that did not radiate seismic waves as efficiently with fault
slip as expected for natural earthquakes. This shows that contained events are more similar to natural
earthquakes than standard uncontained stick-slip events.

1. Introduction

Fault zones are composed of various minerals which can be divided into two main classes: velocity strengthening
(VS) fault sections that slide stably and velocity weakening (VW) fault sections that slip unstably and nucleate
earthquakes (Dieterich, 1992; Rice & Ruina, 1983). Depending on the arrangement of VS and VW sections, a
variety of earthquake behavior has been observed on the same fault. In subduction zones, for example, there is a
locked zone (VW) that causes megathrust earthquakes and also other zones, usually in shallower or deeper areas
(VS) that produce slow slip events (Ito et al., 2007; Obara & Kato, 2016; Obara et al., 2004; Wallace et al., 2016).
Slow slip is also found on transform boundaries in the San Andreas fault system within the serpentine zones,
creeping at ~30 mm/yr (Moore & Rymer, 2007; Titus et al., 2006). Therefore, VS and VW materials are
prevalently distributed in natural faults.

Advances in numerical simulation have provided valuable insights into the diverse slip behavior that can occur on
heterogeneous faults (e.g., Luo & Ampuero, 2018). In particular, if the length (L) of a single VW fault section
(i.e., seismic asperity) surrounded by VS sections is less than the critical nucleation length scale (A*), then only
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quasi-stable sliding occurs. Both slow and fast ruptures occur when L ~ h* (Veedu & Barbot, 2016). As the ratio
L/h* increases, a wide range of slip behaviors is observed, ranging from periodic slow slips to chaotic fast
ruptures (Barbot, 2019). Simulations involving multiple asperities have been employed to study complex natural
faults (Luo & Ampuero, 2018; Nakata et al., 2011).

Laboratory experiments also explored this behavior. Fault gouges of different composition were employed to
make a VW fault section surrounded by VS gouges (Bedford et al., 2022; Buijze et al., 2021). However, these
experiments showed that nonuniform compaction of the gouges can cause heterogeneous normal stress distri-
butions that complicate the interpretation of the results (Buijze et al., 2020, 2021). Despite this added complexity,
those authors do see rupture confinement in the VS patches, as well as transitional slip modes from aseismic to
seismic as a function of L/h* that are generally consistent with theory and numerical models.

More commonly, lab experiments use a VW fault surface using rocks or plastic materials, surrounded by the free
surfaces of the sample (i.e., L = total sample length). These experiments also reported fast and slow stick-slip
events (Leeman et al., 2016; Mclaskey & Yamashita, 2017; Mei et al., 2021, 2022; Yamashita et al., 2022).
However, in this case, the free ends of the sample are more unstable than the interior of the sample, so the fault
ends can act as asperities (Cebry et al., 2022), which does not correctly simulate natural seismic zones.

In this study, we contained the dynamic rupture using a Teflon VS surface treatment on a 760 mm long PMMA
sample and used a bare PMMA/PMMA section as a VW asperity. We investigated the slip behavior in relation to
L/h* by adjusting both the size L of the VW patch and the applied normal stress (o,,) (since i* ~ 1/5,, see
Section 2). We observed aseismic slip at L/h* < 2, periodic slip at 2 < L/h* < 6, and non-periodic at L/h* > 10.
Furthermore, we compared the contained and partially contained slip behavior to that of a free fault (FF) without
VS material on the ends.

2. Theory of Nucleation Length
The behavior of fault systems is frequently modeled using rate-and-state friction (RSF), an empirical relationship,
expressed as (Dieterich, 1979):

V'o
D,

(1)

Vv
u=pu +aln7+bln
where y is the friction coefficient, a and b are constitutive RSF parameters, V is the slip velocity, u’is the reference
friction coefficient, V"’ is the reference slip velocity, 0 is a state variable related to the contact age, and D, is the

characteristic slip weakening distance. The aging law, which captures the process of contact healing (Mar-
one, 1998), is:

do Ve

—_—= 1 -, 2

dt D, @
though other forms of Equation 2, such as the slip law, are also common. For the steady-state sliding (d6/dt = 0)
and VO/D, = 1, Equation 1 reduces to

1%
y=u’+(a—b)ln7. (3)

When considering fault stability, the factor (@ — b) plays a crucial role (Dieterich & Kilgore, 1994; Marone, 1998;
Scholz, 1998). When (a — b) is greater than 0, the fault exhibits velocity-strengthening (VS) behavior, which acts
to inhibit seismic stick-slip events. Conversely, when (a — b) is less than 0, it displays velocity-weakening (VW)
behavior. In VW faults, the stability of the slip behavior is governed by the system stiffness, &, and the critical
stiffness, k. (Rice & Ruina, 1983; Ruina, 1983), where

On (b — a)

k. =
¢ D

“4)

¢
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The slip behavior is considered unstable when k/k,. < 1 and stable when k/k. > 1. Considering the stiffness of a
fault embedded in a material with shear modulus G, the critical nucleation length, 4" is inversely proportional to
the critical stiffness:

. G GD.
T a-a ®

An alternative expression of 4" contains the parameter R, = (b — a)/b (Ampuero & Rubin, 2008; Rubin &
Ampuero, 2005)

Lo bGD,
R,  mo,(b—a)

(6)

3. Materials and Methods
3.1. Sample and Experimental Setup

Two PMMA blocks were loaded with the biaxial machine shown in Figure 1a and previously described in detail
(Cebry & McLaskey, 2021; Mclaskey & Yamashita, 2017). In this study, the moving block has the dimensions of
760 by 203 by 38 mm in x, y, and z directions, respectively, and the stationary block has the dimensions of 790 by
152 by 38 in x, y, and z directions, respectively. The PMMA (Gpyma_dynamic & 2 GPa) is more compliant than
granite rock (Gyock_dynamic & 30 GPa) and is used for the experiments, so that, elastically, we can simulate ~11 m
of rock (760 mm X Giocx_dynamic/GpMMA_dynamic)- Normal stress was applied to the fault using four hydraulic
cylinders and shear stress was applied with a fifth cylinder located at the forcing end (i.e., North, N). The opposite
side of the sample is called the leading end (i.e., South, S).

3.2. Sensors and Instrumentation

As depicted in Figure 1a, local fault slip was measured using eight eddy current sensors attached with hot glue,
located at 100 mm intervals in the x-direction (E1-E8). Each eddy sensor measures the gap between a probe and a
steel target at a resolution of ~0.15 pm and 20 kHz sampling rate. To measure the local slip of the fault, the probes
were attached to the stationary block and the steel targets were glued to the moving block. Four Piezoelectric
sensors (Panametrics, V103) were mounted on the surface of the stationary block, situated 30 mm away from the
fault in the y-direction, with a spacing of 200 mm in the x-direction (P1-P4). These piezoelectric sensors were
capable of capturing ground motion in the z-direction of the PMMA blocks. The signal was continuously recorded
at 20 kHz and also recorded in triggered mode at 2 MHz for 50-ms-long data blocks. The sample-average shear
and normal stresses applied to the interface were calculated from hydraulic pressure measurements in the hy-
draulic cylinders.

3.3. Initial Sample Preparation

The fault surfaces of the moving and stationary blocks were prepared by fly cutting in a mill to first make flat
surfaces and then roughening them with 80 grit abrasive. Those blocks were then positioned in the biaxial ma-
chine, subjected to a normal stress 6,, = 16 MPa, and sheared at ~3 pm/s for 2.5 mm of slip. This shearing was
repeated twice with realigned moving blocks. Finally, the fault surfaces of both blocks were washed with water.

3.4. Teflon Surface Treatment

To prepare the heterogeneous fault sample, the entire fault area of both blocks was first covered with Teflon
(Taegatech, PTFE tape, 0.813 mm (0.032 in) thickness and 50.8 mm (2 in) wide), affixed using cellophane tape on
the top and bottom of the PMMA blocks. To prevent the two Teflon-covered PMMA surfaces from sticking
together, plastic wrap (GLAD, Clingwrap) was placed between them. The assembly was then subjected to
0, = 16 MPa normal stress and sheared for 1 mm to adhere the Teflon to the PMMA, after which the Teflon layer
was carefully removed on part of the fault to create the desired size of the bare PMMA patch to make a single
asperity (Figures 1b and 1c). The prepared specimen was then placed in the testing machine, with plastic wrap
inserted only at the Teflon patches.
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Figure 1. The biaxial experimental setup and various samples. (a) Schematic diagram of the biaxial apparatus showing the
sensor locations and the moving and stationary PMMA blocks subjected to shear and normal stresses. (b) Side views showing
the fault plane with the dimensions of the bare PMMA (velocity weakening) and Teflon (velocity strengthening) patches for
different experimental configurations. (c) Photograph showing the Teflon on the moving block after experiment 100PT.

The friction properties of the Teflon/plastic wrap interface were determined from a sample where the entire fault
area was Teflon/plastic wrap (760T in Figure 1b). Some evolution of friction (i.e., a run-in phase) was observed
with cumulative slip, but properties stabilized after ~4 mm of slip to a VS behavior, as shown in Figure A1. We
found (a — b) = 0.0025 at 6,, = 2 MPa, and the interface became more velocity neutral with increasing o,, such that
(a — b) = 0.001 at 6,, = 16 MPa. The friction coefficient derived from the sample-averaged shear and normal
stresses of Teflon ranges from 0.05 to 0.08 (Figure Alc). In contrast, the friction coefficient for bare PMMA, ~0.7
is ~10 times higher compared to that of the Teflon patch.

3.5. Experimental Procedure

To promote consistent results, we conducted a run-in phase before all experiments involving Teflon (see details in
Figure Al). After the desired o, was applied (ranging from 2 to 16 MPa), the sample was sheared for ~4 mm
before recording data. All experiments were loaded with an electric pump (ReaXus LS-Class, TELEDYNE
ISCO) at a constant long-term slip rate of ~3 pm/s. To help distinguish between the effects of ,, and any effects of
cumulative wear of the interface, experiments with a given Teflon-PMMA geometry were conducted in the
sequence: 4, 8, 2, and 16 MPa.

3.6. Free Fault (400FF)

To directly compare our experiments with rupture contained by VS Teflon to a case with free end conditions, we
also conducted experiments using a bare PMMA moving block of length 400 mm (400 FF) without Teflon
covering the ends (Figure 1b). Thus, configuration 400 PT and 400 FF have the same asperity size L and the same
h*. For 400 FF, we attached four Eddy sensors and four Piezoelectric sensors to the block, utilizing the same
sensor geometry as the 400PT setup.
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Figure 2. Representative behavior including (a) local fault slip, (b) acoustic signals, and (c) sample-average shear stress (,,,.,) of 100PT at 6,, = 8 MPa. The sudden drop

of shear stress associated with a slip event is denoted A,

as the recurrence time, T,.

h- The stick-slip events are indicated by dotted vertical lines and the time interval between events is referred to

mec

3.7. Digital Image Correlation (DIC)

The Digital Image Correlation (DIC) technique was adopted to measure strain along the fault (Figure S1 in
Supporting Information S1). Red speckles were painted on a white background painted on the surface of the
moving block. Images were taken using a camera (Nikon, D850) with a resolution of ~93 pm/pixel. A reference
image (i.e., undeformed image) was taken while the sample was at 6, = ~0.1 MPa and deformed images were
captured close to the peak shear stress, measured from the hydraulic pressure in the shear loading cylinder. 2D
cross-correlation was used to match speckles between the reference and deformed images. This was used to create
a deformation field and strain fields were derived from the deformation (see details in Figures S1b and Slc in
Supporting Information S1). The shear and normal stresses were calculated using Hook's law for plane strain,
assuming Young's modulus, Epypvia searic = 2.3 GPa and Poisson's ratio, v = 0.3. We achieved sub-pixel reso-
lution by upsampling by a factor of 20. Assuming a minimum resolvable displacement of +4.7 pm/pixel, we
estimate a minimum resolvable normal stress and shear stress of £0.6 and £0.1 MPa, respectively (Figure S1 in
Supporting Information S1). These values are consistent with Cebry et al. (2023) who conducted DIC analysis
with similar parameters.

4. Results
4.1. Example of Slip Behavior

We first present an example of a typical stick-slip sequence in order to define parameters and illustrate the general
results. Figures 2a—2c show the slip, ground motion, and the sample-average shear stress (7,,..,) derived from
hydraulic pressure in the shear cylinder from the 100 PT experiment at 5,, = 8 MPa. Note that 7., is computed by
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Figure 3. The 7., with time of 100PT under different normal stresses. Note the different time and amplitude scalebars
and reference shear stress (dotted line) for each test. As the normal stress increases, L/h* increases, and the sample
behavior transitions from steady sliding (2 MPa) to periodic slow (4 MPa) and fast (8§ MPa) slip events, to aperiodic sequences
(16 MPa).

dividing the force supplied by the shear cylinder by the fault area (760 X 38 mm). Stick-slip events are defined as
the sudden drop of shear stress (A7) accompanied by rapid fault movement (Figures 2a and 2c). Notably, the
sensor E3 moves more than other sensors, as it is located in the bare PMMA region (inset in Figure 2a). The drop
in Az, does not correspond to the abrupt slip of sensor E3 (inset in Figure 2c). It decreases more gradually with
time due to accelerated slow slip near the forcing end (E1). The period between stick-slip events is referred to as
the interseismic period and the recurrence time (7,) denotes the time between successive stick-slip events. Ground
motion during each stick-slip event is captured by four piezoelectric sensors (e.g., P1, P2, P3, and P4) as shown in
Figure 2b. The sensor P2 first detects the ground motions (inset in Figure 2b) since it is closest to the bare PMMA
region (Figure 1a).

Figure 3 presents the evolution of the 7., over time for 100 PT at 2, 4, 8, and 16 MPa normal stresses. Note that
the scale of time and shear stress is different for each normal stress level. At 2 MPa normal stress, the shear stress
remains constant at ~0.2 MPa, without showing any stick-slip events. In contrast, at 4 MPa normal stress, it starts
to show slow slip events. The 7, and Az, increase with increasing normal stress. Notably, the sample un-

dergoes regular and periodic slip cycles at 6,, = 4 and 8 MPa, whereas the sample behavior is non-periodic and

mec!

more variable at ¢, = 16 MPa.

Figures 4a—4c present examples of the spatial distribution of slip over five consecutive stick-slip cycles. Closely
spaced pink and purple bands indicate slower slip while widely spaced pink and purple bands indicate faster slip.
The black lines show the slip distribution plotted every 100 ps to show the rapid slip during stick-slip events. A
low normal stress and a small bare PMMA patch (e.g., 200 PT with 4 MPa normal stress) show periodic slip
(Figure 4a). However, at higher normal stress (16 MPa), Figures 4b and 4c show non-periodic sequences.

Figures 4d—4f show the slip rate derived from the same Eddy current sensor data shown in Figures 4a—4c.
The loading rate at the forcing end (E1) matches our applied loading rate and remains constant at ~3 pm/s
(yellow dotted line) during the interseismic period regardless of the normal stress and PMMA patch sizes.
The shear loading rate is known to influence the slip nucleation process (Guérin-Marthe et al., 2019;
Kaneko et al., 2016; Xu et al., 2018), so this constant slip rate at E1 helps ensure a constant loading rate on
the bare PMMA patch and more consistent conditions for the nucleation process. During the interseismic
period, the slip rate in the bare PMMA region (e.g., E3 and E4) is lower compared to the Teflon region
(Figure 4d) but gradually increases before each stick-slip event. During the slip event, it reaches ~100 mm/
s. For experiments at higher normal stress, the slip rate in the bare PMMA region is even lower during the
interseismic period (Figure 4e). In the 400 PT experiment, it is clear that interseismic slip rates are variable
across the VW asperity, with the lowest slip rate occurring closer to the center of the bare PMMA region,
at E4 (Figure 4f).
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Figure 4. Accumulated slip along the fault for five stick-slip cycles. (a—c) The distribution of slip along the fault from E1 to E8. For the pink and purple lines, a line is
plotted every 100 ms with a 10 s color cycle. The black lines show slip distribution plotted every 100 ps during a slip event. The yellow shaded area indicates the location
of the PMMA patch. Experiment names and o,, levels are indicated above each plot. (d—f) The slip rate over the five stick-slip cycles, derived from the same data as in
panels (a—c). Stick-slip events show up as spikes of high slip rate. During the interseismic period, the slip rate near the forcing end (E1) remains constant at the driving
rate of ~3 pm/s (yellow dotted line), while the slip rate on the asperity is lower, indicating relative locking and accumulation of slip deficit.

4.2. Maximum Slip Rate

Figure 5 shows the maximum slip rate of each Eddy sensor along the fault throughout the entire stick-slip cycle.
Each data point shows the average maximum slip rate based on 6 to 12 stick-slip events. Following previous work,
we set a boundary of 10 mm/s to differentiate between seismic (or dynamic) slip and aseismic slip (McLas-
key, 2019; Wu & McLaskey, 2019). The distribution of the maximum slip rate exhibits a symmetric configu-
ration, with its peak at the center of the bare PMMA patch. For the 100 PT_4 MPa, seismic slip is observed within
the bare PMMA region, while the Teflon patch shows aseismic slip. As the normal stress increases or the size of
the bare PMMA patch increases, seismic slip extends further and further into the Teflon region. However, even
when the entire fault slips at seismic rates, the Teflon regions near the sample ends are still limiting the slip rate.
This contrasts with the experiment with free ends and no Teflon, 400 FF_8 MPa, which shows consistent slip rates
across the entire fault, or even increased slip rates at the sample ends.

Figure 6a illustrates the maximum slip rate measured anywhere on the fault, D, during each stick-slip event
and how this changes as a function of normal stress. At 2 MPa normal stress, both 100 and 200 PT exhibit aseismic

slow slip events, with D, of ~20 pm/s (still far larger than the applied loading rate of 3 pm/s). The results

max

demonstrate an increase of the D, . as the normal stress increases.

max
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Figure 5. The maximum slip rate of each sensor during the stick-slip event with respect to the fault distance. Note that black,
blue, and red shaded areas present the bare PMMA region in 100, 200, and 400 PT, respectively.

Figure 6b shows the same data plotted against L/ h*. The Dmax roughly collapses to a single curve. In this study, we
only controlled the dimensions of the asperity while keeping the frictional properties of the material constant.
Therefore, we assumed that Gyypamic» D.» and (b — a) remain the same and, therefore, #* is only influenced by the
normal stress (Equation 5). From previous studies of the friction parameters of glassy polymers, we assume
(b—a)~0.005 and D~ 0.35 pm (Lu, 2009), such that G4y namic - D-/(b — a) 140 mm MPa. From this, we find that
the transition from seismic to aseismic slip occurs at L/h* ~ 2.8. With increasing L/ h*, D,,,, gradually increases
from ~20 mm/s to ~1 m/s at L/h* ~ 45. Figure 6b also compares our experimental results to the numerical
simulations of Barbot (2019) (green arrow). Variations in the geometry and boundary conditions of Barbot (2019)'s
model (such as anti-plane strain vs. 2D fault) resulted in variations in the values of L/h™ at the boundary between

seismic and aseismic slip; however, the general trend in D,,,, remains similar to our experimental findings.

max

4.3. Variation in Recurrence Time and Seismic Moment With L/h*

Figure 7a depicts the recurrence time, 7,, against L/h* for the same experiments as shown in Figure 6, except
experiments that exhibit aseismic slip are not plotted. As L/h* increases, the recurrence time increases and the
variation in recurrence time also increases. The inset in Figure 7a shows the normalized standard deviation (SD)
of T, (Norm_SD) defined, for each sequence of slip events, as the SD of the T, divided by the average T,. For
L/h* < 6, the Norm_SD is less than ~0.06, indicating highly periodic slip behavior. However, for L/h* > 10, the
Norm_SD increases up to 0.75 indicating non-periodic slip. Based on these results, we denote the transition from

(a) (b) Anti-plane strain (Barbot, 2019)

Periodic slir; Aperiodic slip
b b B

10°

O 100PT 2
O 200PT A @& g
A 400PT © B

PRI IR MW
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-—

Figure 6. Maximum slip rate at the PMMA patch with various PMMA patch sizes, showing its relationship with (a) the
normal stress and (b) L/A*. Each symbol is a slip event. We assumed that 4* is 140 mm at 1 MPa. We compared our results
(symbols and black dashed lines) to those from the anti-plane strain numerical simulation results from Barbot (2019) in green.
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Figure 7. (a) Recurrence time against L/h* for each stick-slip event in all tests. Inset shows the standard deviation of
recurrence time for events in each test. (b) Seismic moment (from spectra of recorded ground motions) against the L/h* for
each stick-slip event. The area is divided into three regions: aseismic slip (gray shaded area with L/h* < 2), periodic slip (blue
shaded area with 2 < L/h* < 6), and non-periodic slip (red shaded area with L/h* > 10).

periodic to non-periodic slip behavior at L/h* ~ 8, although the Norm_SD results suggest that this specific
transition might be arbitrary.

Figure 7b shows how the seismic moment, M, ., obtained from the piezoelectric sensors, varies with L/h".
M, s is calibrated using a ball drop empirical Green's function (see details in Figure S2 in Supporting Infor-
mation S1). Note the large reduction in seismic moment observed at low L/ h*, close to the boundary. In the “non-
periodic slip” region, we observe a greater variability in event sizes during the same test.

4.4. Slip Behavior of the Free Fault Compared to the Contained Fault

To further investigate the effects of rupture containment with a VS region, we directly compared slip behaviors
between a contained fault (CF, 400 PT_8 MPa) and a free fault (FF, 400 FF_8 MPa) with the same L and same 1*,
described in Table 1. Values presented in the table are the average of many stick-slip events, along with minimum

and 7, are the maximum sample-average

and maximum values in parentheses. A is the fault area. ¢ ‘mech._max

n_max
normal and shear stresses, respectively, just prior to a slip event, derived from hydraulic pressure measurements.
F,

previously. D,

- A is the maximum sample-average shear force. The parameters T, and Az, were described
is the average dynamic slip expressed as

max — 7'-mcchfmax

vg_dynamic
153
J 1 ¢
Davg_dynamic = ; Z Di_dynamic = ; z 51’(0 dl, (7)
i=1 i=1
gl

where §; is the slip measured with the ith eddy current sensor when the slip rate exceeds 10 mm/s for 0.1 ms
duration and n = 8§ is the number of eddy current sensors, #; is when dé/dt > 10 mm/s, and ¢, is when dé/
dt < 10 mm/s. The My e, is modified from the standard M, = GAD expression (Aki, 1966), to be

0.76 m
MO_mech = Gdynamic Wf Ddynamic (-x) dx, (8)
0

Comparison Between Free Fault (400 FF_8 MPa) Conditions and Contained Fault (400 PT_8 MPa)

A (sz) Opn_max (Mpa) Tmech_max (Mpa) Fmax (kN) Tr (S) ATmech (Mpa) Davg_dynamic (pm) MO_mech (kN m) MO_seis (kN m)
FF 152.4 8.2 (8.0-8.3) 5.7(5.4-5.9) 87 (83-90) 259 (236-280) 3.1 2.6-34) 1,119 (910-1,274) 39 (3245) 3.4 (2.0-3.8)
CF 289.6 7.8 (7.7-1.8) 2.6 (2.6-2.7) 77 (76-78) 41 (35-47) 0.36 (0.3-0.4) 103 (71-123) 6.2 (4.3-7.3) 1.5 (1.2-1.7)
FF/CF 0.53 1.1 22 1.1 6.4 8.6 10.8 6.3 2:3
SONG AND MCLASKEY 9 of 16
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Figure 8. Stress distributions obtained by Digital Image Correlation under 8 MPa normal stress. (a) Normal stress distribution
at T ocn max- INOte that the dotted lines are the normal stress when only the normal stress was applied without shear stress.
(b) Shear stress distribution at the 7, (c) Friction coefficient of shear and normal stresses. The yellow shaded area is
the bare PMMA region.

mech_max*

where W = 38 mm is the sample thickness and Dgynamic(x) is the distribution of dynamic slip derived from the
interpolation of D;_gynamic- Mo _seis> 18 determined from piezoelectric sensor measurements, as described in Figure
S2 in Supporting Information S1. Note that we analyzed 5 and 9 consecutive stick-slip events in FF and CF,
respectively.

From Table 1, significant differences are observed despite them having the same VW patch size and A*. Spe-
and M, ..., in the FF are found to be 6-11
times higher compared to the CF. However, the observed difference in M|, . is only 2.3 times.

cifically, the mechanical properties such as 7, Atyechs Dave_dynamics

Figure 8 shows the DIC results of both the CF and the FF (see method in Section 3.7). In addition to the reference
image, deformed images were captured when only normal stress was applied to the block (dashed line in

Figure 8a) and at 7, prior to the occurrence of a stick-slip event. When 7,,..;, ma.x Was applied, as depicted

mech_max»
by the solid lines, the normal stress decreased near the forcing end and increased at the leading end due to the
shear-force-induced torque in this single direct shear biaxial setup. Nevertheless, in the CF case, a nearly constant
normal stress is observed within a bare PMMA region since it is sufficiently from the sample ends. The shear
stress distribution in the FF resembles the normal stress distribution because the friction properties are uniform
along the fault (Figure 8b). However, the shear stress at both ends in the CF is comparably lower than in the
middle because the Teflon has a lower friction coefficient than the bare PMMA interface. Although the center of

the sample involves the same bare PMMA region, the stress levels are lower in the CF case than in FF (Figure 8c).

5. Discussion

In these experiments, instead of employing a sample with uniform VW properties, we introduced Teflon tape as
VS patches at the fault ends to establish a more CF rupture condition (Figure 1). This experimental condition
corresponds more closely to the condition of previous numerical simulations (Barbot, 2019; Cattania, 2019; Chen
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& Lapusta, 2009; Kaneko & Lapusta, 2008; Lapusta & Liu, 2009; Lapusta & Rice, 2003; Lui & Lapusta, 2016,
2018). Our setup is somewhat similar to experimental studies that utilized fault gouge, which is effective for the
confinement of the rupture (Bedford et al., 2022; Buijze et al., 2021); however, differential compaction of
different gouge materials can produce heterogeneous normal stress, and we have shown that the normal stress is
relatively uniform within the VW patch in our experiments (Figure 8a). We altered the size of the bare PMMA
region and normal stress to systematically control L/h* on the fault system. Our observations closely match
numerical studies and highlight a range of slip behaviors depending on L/h*, ranging from aseismic slip at low
L/h* to non-periodic slip at high L/h*. Also, we found significant differences in slip behavior, depending on
different fault constraint conditions (e.g., FF and CF conditions) even within the same L/h* values.

5.1. Various Slip Behaviors as a Function of L/h*

Our results show a distinct transition in behavior (Transition 1) from aseismic slip at low L/h* to seismic slip at
higher L/h* and another, less-well-defined boundary (Transition 2) at higher L/h* where periodic slip events
become more aperiodic. In previous laboratory studies, Transition 1 was investigated by changing the stiffness
ratio of the system, k/k.. (see Section 2) within the range of ~0.5—~1.1 which can be converted to 0.9 < L/h* <2
since k/k = L/h* (Leeman et al., 2016; Scuderi et al., 2016; Veedu et al., 2020). All of those studies employed
homogeneous fault properties with free end conditions. Transition 1 was found to occur at L/h* ~ 1-1.3, which
is similar to our observation of L/h* ~ 2 despite differences in boundary conditions between previous ex-
periments and our contained ruptures. Note that all of these quantitative estimates of Transition 1 are limited by
our poor ability to quantitatively estimate A* since direct measurement of friction parameters (b — a) and D,. for
bare PMMA are not achievable in our experimental setup. Inaccurate 2* would simply shift the data along the x-
axis in Figures 6b and 7, but would not affect the general trends. Near Transition 1, all studies found sharp
changes in D,,,, in response to minor changes in L/h*. For example, we find D,,, ~ 4 pm/s at L/h* = 1.4 and
~10 mm/s at L/h* = 2.8 (Figure 6b). For Transition 2, a bifurcation in slip behavior (e.g., alternation of slow
and fast slips) has been reported (Mei et al., 2022; Veedu et al., 2020) under a narrow range of conditions. In
addition to L/h*, Luo and Ampuero (2018) found the relative strength parameter, @ = (b — a)yw/(a — b)ys, to
be an important factor in determining slip behavior. We assumed that (b — a)yy for bare PMMA remains
constant regardless of normal stress, while (a — b)yg for Teflon decreases as normal stress increases
(Figure A1). As a result, a ranges from 1.9 to 3.3 at L/h* = 5.6, placing it within the P-instability region. In this
area of parameter space, the limited variation of a does not significantly alter the slip behavior in comparison to
changes in L/h*.

Fault stability has also been investigated using numerical simulations, which commonly model a single VW
asperity bounded by the VS materials (Barbot, 2019; Cattania, 2019). Cattania (2019) reported results in terms of
hZ, and used a = 0.015 and b = 0.02 (R, = 0.25) for the analysis, which results in #* ~ 0.8 h}, (Equation 6). That
study reported Transition 1 at L/h* =~ 0.8 and Transition 2 near L/h* ~ 5, with increasing numbers of earthquakes
per supercycle progressively increasing for L/h* > ~5 (Cattania, 2019). Barbot (2019) found Transition 1 at
2 < L/h* < 6, depending on boundary conditions, and Transition 2 at L/h* =~ 6, but this varied depending on R,,
(Barbot, 2019). The above numerical results are in reasonable agreement with our observations (Transition 1 at
L/h* ~ 2 and Transition 2 at L/h* =~ 8). The two transitions are evident across both numerical and experimental
studies, and this suggests that L/h* is a reliable parameter to determine a sample behavior.

5.2. Contained Rupture Versus Free Fault Rupture

In this Section, we discuss the effect of slip behavior between the CF, where a VW patch is contained by VS
material and the FF, where the VW patch is bounded by free surfaces. We made the same area of the bare
PMMA for both the FF and CF tests. In terms of strength, we observed that F,, is 13% larger for FF while the
normal stress is only 5% larger (Table 1). This shows that not only did the Teflon patches added in the CF case
provide minimal shear resistance, they acted to weaken the surrounding VW fault sections. The DIC results also
demonstrate this effect when examining the ratio of local shear stress to normal stress in the bare PMMA
region: FF condition exhibits an average value of ~0.35, whereas the CF condition has a lower average value of
~0.25 (Figure 8c). We also found that the sample-average friction coefficient in these heterogeneous tests is
generally comparable to or slightly less than the area-averaged mixture of the friction coefficients of bare
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PMMA (0.7) and Teflon (~0.07). Thus, the addition of the weak VS material effectively weakened the nearby
VW material. This can be at least partially explained by the sliding during the interseismic period. In the FF
case, the entire fault remains locked during the interseismic period (Figure S3 in Supporting Information S1),
whereas in the CF case, the VW region creeps at 0.06-0.6 pm/s. Numerical simulations (Chen &
Lapusta, 2009) have also shown how creep in the VS region can penetrate into the VW region and “erode” the
asperity and mitigate the accumulation of shear stress relative to areas that are fully locked. In natural faults,
VW gouges (e.g., Quartz and Calcite) exhibit friction coefficient of ~0.7, while VS gouges (e.g., Clay and
Talc) exhibit friction coefficient of ~0.2 (Bedford et al., 2022; Giorgetti et al., 2015). The friction coefficients
of those natural materials are similar to those of PMMA and Teflon, thereby implying that similar asperity
erosion patterns could be found in natural faults.

We note that the local friction coefficient estimated by DIC (upc) is significantly lower than the sample-average
friction coefficient (1) estimated from the hydraulic pressure measurements. For example, the 400 FF_8 MPa
experiment produced pipc ~ 0.4 (Figure 8c) while u =~ 0.7 (Table 1). Our estimate of y is a slight overestimate of
the true friction coefficient on the fault, g, ., due to the contribution from the Low Friction Interface (LFI, see
Figure 1a) which likely has a friction coefficient y;p & 0.02 between Steel and Teflon (Dieterich & Kil-
gore, 1994), the sample-average friction coefficient of the fault (us,, & 0.68 = p — uy ). Additionally, ppe
might be an underestimate since the measurements are made 20 mm from the fault (Figure S1 in Supporting
Information S1) and we found that the measured shear strain decreases with increasing distance from the fault,
especially near the forcing end of the sample. However, these effects don't seem to explain the large differences
between ppic = 0.4 and pu =~ 0.7. Despite this concern, our observations consistently show that the fault is weaker
in the CF configuration than in the FF configuration.

The mechanical properties during slip events such as Az, and D,y dynamic are 8—10 times higher in the FF
experiment compared to the CF. In this case, the Teflon appears to serve a dual purpose: it weakens the fault, as
described above, and it also acts to arrest or decelerate slip during slip events by providing increased frictional
resistance as the slip rate increases. Consequently, the presence of Teflon at both ends in the CF condition helps to
reduce the amount of slip and the amount of Az, ., during slip events.

5.3. Rapid Slip in VS Regions Causes Imperfect Containment

As shown in Figures 4a—4c, the dynamic slip, (>10 mm/s) was primarily found in the bare PMMA region, but
dynamic slip also extended into the V'S patches. This is more evident in Figure 5, which delineates the D, along
the fault distance. At small L/h* (i.e., 100 PT_4 MPa) seismic slip is confined to the bare PMMA region, but with
increasing L/ h*, the slip rate in the Teflon patches increases even to seismic slip rates (>10 mm/s). Although we
used Teflon to contain the rupture within the sample, it was not fully contained. Nevertheless, the presence of
Teflon decelerated the slip in the region where it was applied. In contrast, in the FF condition, the slip rate can
remain constant or even increase when it approaches the ends of the fault (see Figure 4 in Wu and McLas-
key (2019) or Figure 5 in this study). In numerical simulations, it is also common to observe dynamic slip in VS
regions next to VW regions, and the extent of dynamic slip in VS areas increases with an increase of L/h*
(Barbot, 2019; Cattania, 2019; Chen & Lapusta, 2009; Lapusta & Liu, 2009; Lui & Lapusta, 2016, 2018).

5.4. Comparison of Mechanical Moment and Seismic Moment

We calculated M, ..., derived from mechanical measurements (Equation 8) and compared it to M, ;, based
on ground motions detected with the piezoelectric measurements. The ratio of My ech/Mo geis Was 11.5 and 4.1
for the FF and CF conditions, respectively, reported in Table 1. Thus, the mechanical moment overestimated
seismic moment in both cases, but particularly in the FF condition, indicating that the efficiency of seismic
wave radiation with respect to the amount of slip was lower in the FF condition compared to the CF condition.
This may be attributed to the CF condition inducing more abrupt variations in slip rate, which could enhance
wave radiation efficiency with respect to the slip. Our results are consistent with those of Wu and McLas-
key (2019) who found the M /M gis ~10 for complete rupture of a 3-m granite sample (i.e., FF con-
ditions) and generally smaller values (1.5-4) for contained ruptures (i.e., CF rupture). Equation 8 is derived
from a case where fault slip is zero over the entire perimeter of the rupture region. For the FF, the shear
modulus G should be replaced in some way, by the effectively lower stiffness that the rupture feels from the
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loading apparatus compared to the case of completely contained rupture. When the rupture approaches a truly
CF condition, My eci/Mo_geis Should approach unity.

The presence of the VS material on the fault ends does not guarantee a perfect CF condition, it is a closer
approximation to the expected conditions of natural earthquakes than FF conditions, and this affects both
the frictional behavior and seismic energy release. We encourage researchers to adopt the Teflon surface
treatment since it can help contain the rupture and reduce edge effects associated with the free surfaces at
the ends of the sample. It also facilitates a more homogeneous normal stress distribution within the VW
patch simply because it moves the VW patch away from the sample ends where nonuniform normal stress
is common.

6. Conclusions

We performed biaxial experiments on a 760 mm PMMA sample and created contained rupture using a Teflon
surface treatment to make a VS barrier. We varied both the size of the bare PMMA region (L) and the normal
stress on the sample to study the various slip behaviors in relation to L/h*, which ranged from 1.4 to 45 in our
experiments. Similar to previous studies, we observed behavioral changes with increasing L/h* going from
aseismic slip to periodic slip to non-periodic slip. These changes were also accompanied by an increase in
maximum slip velocity during the slip events. The fact that similar behavior is observed in a variety of numerical
simulations and previous laboratory experiments, indicates that L/h* is one of the most robust metrics for
classifying the behavior of relatively isolated VW fault sections, even under somewhat varied boundary
conditions.

Experimentally, the Teflon surface treatment proposed here offers a relatively simple method for containing
laboratory earthquake ruptures. This practice moves seismic slip away from the sample ends, where a
nonuniform distribution of normal stress often occurs during standard direct shear experiments. This promotes a
more uniform normal stress distribution on the VW patch, which more closely aligns with the conditions
observed in numerical studies. Teflon on the fault ends also reduces the amplification of slip velocity that
occurs when a dynamic rupture meets a free surface, and effect that is not expected for natural earthquakes
whose ruptures are contained within the earth. By comparing the measured fault slip to the seismic moment
calculated from measured ground motions, we found that uncontained ruptures associated with slip all the way
to the free surfaces did not radiate seismic waves as efficiently, with respect to the slip, as did contained
ruptures. The VS regions near the sample ends slowed down dynamic rupture, even if it did not always stop it
completely, and this produced earthquake ruptures whose seismically estimated moment more closely matched
their mechanically estimated moment.

Our experiments also provide insights into the interactions between VS and VW fault sections, showing that a
weak, VS region weakens an adjacent VW region because interseismic creep in the VS region can penetrate
into the VW section effectively causing “asperity erosion.” Overall, this study significantly contributes to the
understanding of basic slip behavior in relation to the L/h*. It serves as a foundation for further experimental
investigation into higher L/h* (e.g., larger than 100), which more closely matches the behavior of large
earthquakes on mature faults as explored in numerical studies (Michel et al., 2017; Sathiakumar &
Barbot, 2021).

Appendix A: Friction Properties of Teflon Surface Treatment

We refer to the first ~4 mm of slip on the interface as a run-in phase since a constant z,,..;, has not been reached, as
shown in Figure A1. When exploring if friction properties changed with longer-term displacement, we found that
arun-in phase at a higher level of normal stress (i.e., 5, = 16 MPa) was required to produce consistent results. To
illustrate this, a set of six experimental runs are shown in Figure A1, performed in the following order (2, 16, 4, 8,
2, and 16 MPa). The first two experiments are denoted “1st Exp” to distinguish them from others (“2nd Exp”)
performed at the same o, levels. By comparing the results at 6, = 2 MPa between the 1st and 2nd experiments, it is
evident that the friction coefficient and (a — b) significantly vary, whereas similar values were observed at
16 MPa (Figures Alc and Ald). The value of (a — b) gradually reduced with an increase in normal stress. This
means that the slip behavior becomes more velocity neutral with an increase in normal stress. Nonetheless, it
shows VS slip behavior even at 16 MPa.
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Figure Al. Velocity step tests for experiments with 760T configuration (Figure 1b) where the Teflon surface treatment was applied to the entire 760 mm fault. (a, b)
Friction curves show ~4 mm of slip is required before properties stabilize. The imposed loading velocity was alternated between ~3 and ~0.3 pm/s to obtain the rate-
and-state friction (RSF) parameter. The shear stress was applied up to 2 mm of slip, released, and then re-applied. (c) The friction coefficient found from sample-average
shear and normal stresses and (d) RSF parameter (¢ — b) found from velocity step tests are shown at different normal stress levels.
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