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Abstract
Spatial variations in frictional properties on natural faults are believed to be a factor influencing 
the presence of slow slip events (SSEs). This effect was tested on a laboratory frictional interface
between two polymethyl methacrylate (PMMA) bodies. We studied the evolution of slip and slip 
rates that varied systematically based on the application of both high and low normal stress 
(σ0=0.8 or 0.4 MPa) and the far‐field loading rate (VLP). A spontaneous, frictional rupture 
expanded from the central, weaker, and more compliant section of the fault that had fewer 
asperities. Slow rupture propagated at speeds Vslow∼0.8 to 26 mm s−1 with slip rates from 0.01 to 
0.2 μm s−1, resulting in stress drops around 100 kPa. During certain nucleation sequences, the 
fault experienced a partial stress drop, referred to as precursor detachment fronts in tribology. 
Only at the higher level of normal stress did these fronts exist, and the slip and slip rates 
mimicked the moment and moment release rates during the 2013–2014 Boso SSE in Japan. The 
laboratory detachment fronts showed rupture propagation speeds Vslow/VR∈ (5 to 172) × 10−7 and 
stress drops ∼ 100 kPa, which both scaled to the aforementioned SSE. Distributions of 
asperities, measured using a pressure sensitive film, increased in complexity with additional 
normal stress—an increase in normal stress caused added complexity by increasing both the 
mean size and standard deviation of asperity distributions, and this appeared to control the 
presence of the detachment front.

1 Introduction
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For more than 50 years seismologists have reported the occurrence of slow earthquakes [Beroza 

and Ide, 2011]. Denser earthquake‐monitoring networks, which include borehole seismometer 

arrays and continuously recording global positioning system (GPS) networks, have allowed for 

more accurate and frequent observations of slow fault slip at a range of depths [Kawasaki et 

al., 1995; Kostoglodov et al., 2003; Igarashi et al., 2003; Rogers and Dragert, 2003].

A variety of slow earthquake phenomena have been observed, such as deep episodic nonvolcanic

tremor [Obara, 2002], low‐frequency earthquakes (LFEs) [Shelly et al., 2007], very low 

frequency earthquakes [Ito et al., 2007], episodic tremor and slip [Rogers and Dragert, 2003], 

and long‐term/short‐term slow slip events (SSEs) [Hirose and Obara, 2010; Fukuda et 

al., 2014]. Some of these phenomena may be linked and represent an overarching process, but 

this is not well understood. For example, tremor and LFEs may be the noisy expression from a 

small fraction of the fault surface undergoing large‐scale slow slip episodes [Bostock et 

al., 2015], but our mechanical understanding of the interaction is limited. In the field, the 

physical mechanisms causing slow earthquakes, and their associated phenomena, are not well 

understood but seem to be characterized by shear slip along interplate boundaries.

Slow slip events (SSEs) have been observed in the brittle‐ductile transition regime of subduction 

faults [Obara, 2011; Beroza and Ide, 2011; Zigone et al., 2015]. Numerical simulations have 

shown that variations in spatial distribution of frictional properties can produce viable 

explanations for the presence of slow earthquake phenomena [Ando et al., 2010; Nakata et 

al., 2011; Skarbek et al., 2012; Ide, 2014] but are limited to our understanding of natural 

frictional variations at depth and along strike. In this study, we use novel laboratory 

measurements to characterize local fault properties (e.g., stiffness) in an attempt to explain 

experimental slip and slip rate observations resembling the moment and moment release rates, 

respectively, of the 2013–2014 Boso slow slip event in Japan [Fukuda et al., 2014]. While 

factors that likely contribute to frictional heterogeneity on faults have been investigated 

[e.g., Chester et al., 1993; Rice and Cocco, 2007], there has been no unifying mechanism to 

describe aseismic transients (slow slip). One thought is that slow earthquakes are prematurely 

arrested large earthquakes that fail to nucleate due to frictional barriers [Ikari et al., 2013].

This investigation focuses on the relationship between fault complexity—specifically that caused

by the nonuniform distribution of asperities—to the evolution of slow slip leading up to 

macroscopic fault slip (also known as global sliding or stick‐slip events). We show 

experimentally that changes in fault complexity may explain the presence of precursor 

detachment fronts [Rubinstein et al., 2004, 2007; Maegawa et al., 2010; Katano et al., 2014]. 

The field of tribology has been aware of the importance of these detachment fronts during 
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frictional slip evolution, and recently, there has been considerable modeling efforts to understand

this phenomenon [e.g., Braun et al., 2009; Trømborg et al., 2015; Kammer et al., 2015; Otsuki 

and Matsukawa, 2013]. These precursors may explain recent observations of slow or “silent” 

earthquakes in which significant slip is observed with a minimal acoustic signature 

[Ciavarella, 2008].

2 Experimental Procedure

Experiments were carried out in a direct shear friction apparatus. Additional details of the 

experimental facilities and material properties are given by Selvadurai and Glaser [2015, 2017] 

and surface preparation techniques are in Text S1 in the supporting information. The apparatus 

(Figure 1a) allowed us to monitor the transition of sliding (from slow to rapid) along a 

preexisting frictional fault. The top slider block had dimensions 400 mm × 80 mm × 12 mm 

thick, and the base plate was 610 mm × 300 mm × 50 mm thick. The nominal interfacial contact 

area A0=12 mm × 400 mm = 4800 mm2. The sliding material was polymethyl methacrylate 

(PMMA) with (static) shear modulus G = 2810 MPa and Poisson's ratio ν = 0.32. This material is

often used to determine intrinsic frictional aspects, which contributes to our understanding of 

faults at scale [e.g., Dieterich and Kilgore, 1994; Rubinstein et al., 2004; McLaskey and 

Glaser, 2011; Svetlizky and Fineberg, 2014]. A pressure‐sensitive film (20 micron spatial 

resolution) was used to map the size, location, and normal stress supported by asperities along 

the interface before each test was performed [Selvadurai and Glaser, 2017]. Seven noncontact 

eddy current displacement sensors (NC1–NC7) were used to measure differential slip along 

strike of the fault (x direction) [Selvadurai and Glaser, 2015].
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Figure 1
Open in figure viewer  PowerPoint
(a) The direct shear friction apparatus used to study the onset of dynamic sliding along a 
preexisting frictional interface. (b) Pressure‐sensitive film measurements showing the asperity 
distribution when the interface was loaded to lower normal stress σ0=0.4 MPa. (c) Pressure‐
sensitive film measurements showing the asperity distribution when the interface was loaded to 
higher normal stress σ0=0.8 MPa. In Figures 1b and 1c, the real contact area Aris shown using 
spatial histograms along the x and y axes. Locations of the noncontact slip sensors (NC1–NC7) 
are shown in relation to the interface. (d) Comparison of the real contact area Ar along the fault 
for the low (gray) and high levels (cyan) of normal stress. Estimates of asperity stiffness using 
the Mindlin model km are shown on the secondary vertical axis. (e) Lognormal distributions of 
stiffness estimated using the Mindlin model km for low and high levels of normal stress.

In an experiment, asperities along the interface are measured using the pressure sensitive film. 

The laboratory fault was carefully indexed to a datum location then the pressure film was 

developed by pressing it between the slider block and the base plate. Normal loading was 

accomplished by compression applied by two hydraulic jacks on the rigid loading platen, 

inducing a far‐field normal stress σ0. Normal stress was maintained on the fault for thold=900 s 

allowing film time to develop. The fault was then unloaded, and the film was removed, digitized,
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and then processed to measure asperity distributions such as those seen in Figures 1b and 1c. The

slider block was then reindexed back to the datum position and reloaded, without the pressure 

film, to the same σ0 (in these experiments we study solid, gouge‐free, dry, unlubricated friction). 

The fault was held for thold=900 s, and the rigid loading platen was moved at a constant far‐field 

velocity VLP that simulated tectonic loading. A load cell measured the total shear force Fs built up,

and slip sensors measured the nonuniform accumulation of slip δ leading up to a fault‐wide 

stick‐slip event. A total of 22 runups to system‐wide stick‐slip events were studied at two levels 

of far‐field normal stress: low (σ0=0.4 MPa for Fn=2.0 kN) and high (σ0=0.8 MPa for Fn=4.0 kN). 

The loading rates VLPwere 1, 3, and 7 μm s−1. After each fault‐wide stick‐slip event, the slider was 

unloaded and reindexed back to the datum location before the subsequent test. The apparatus 

stiffness was calculated to be 0.76 N/μm from the averaged total fault slip in relation to the shear 

force dropped during a fault‐wide stick‐slip event [McLaskey and Kilgore, 2013].

3 Results

3.1 Asperity Distribution at Low and High Normal Stresses

A key focus of this study was to monitor the manner in which slow slip accumulated along the 

fault prior to a stick‐slip event. We believe changes in evolution are likely linked to asperity 

formation along the fault and therefore investigated the asperity distributions at different normal 

load levels. Asperities form due to topographic variations of interacting surfaces of two bodies 

[e.g., Archard, 1961; Johnson, 1985; Persson, 1999]; in our case, this rough‐rough surface 

interaction occurs between the slider and base plate. Figures 1b and 1c show the asperity 

distributions at the low (σ0=0.4 MPa) and high (σ0=0.8 MPa) levels of applied normal stress, 

respectively. The spatial distributions are shown for asperities whose individual areas Ai were 

greater than 4 × 10−3 mm2. Spatial histograms were segmented into 4 mm increments along‐strike 

(x axis) and 0.5 mm increments across the y axis and showed the nonuniform distribution of the 

real contact area (Ar). Text S2 discusses the topographic length scale variations along the slider 

block sample that can account for variations in asperity distribution (Figures 1b and 1c). 

Visually, we see that more asperities appear when loading is increased on the fault.

For low normal stress (σ0=0.4 MPa), the total real contact area Ar=16.44 mm2 (∼0.53% of the 

nominal contact area) was composed of N = 836 large asperities. Higher normal stress 

(σ0=0.8 MPa) increased the total real contact area to Ar=99.26 mm2 (∼ 2.07% of the nominal 

contact area) and was composed of N = 5040 large asperities. We can see that asperities cluster at

longer length scales λ = 50 mm, explained by the coming together of a surface with topographic 
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“waviness” described in Text S2. For both high and low normal stresses there are a significant 

number of contacts at the leading edge (LE) of the fault.

In Figure 1d the fault was discretized into 100 along‐strike cells of dimension 4 mm × 12 mm. 

The real contact area in each cell was calculated by summing all the individual asperities located 

within a cell. This was performed at the low (gray) and high (cyan) normal stress states. We 

again note that asperity clustering was conserved as the normal stress was increased, explained 

by the waviness of the slider and its interaction with the base plate.

Using the along‐strike measurements of real contact in Figure 1d, we locally estimate the shear 

stiffness using the well‐accepted Mindlin [1949] no‐slip, contact mechanic model. Estimates of 

shear stiffness km were determined using a contact mechanic approach for a circular asperity 

contact of radius a, formed between two elastic spheres experiencing no‐slip conditions 

[Mindlin, 1949]. This model has been used to characterize similar frictional problems in the past 

[Greenwood and Williamson, 1966; Berthoude and Baumberger, 1998]. The model is depicted 

schematically in Figure 1e and was applied to each 4 mm × 12 mm discretized grid cell. The 

shear stiffness km reads

(1)
where G is the shear modulus, ν is the Poisson's ratio of the surrounding medium, and a is the 
radius of the circular asperity. Shear stiffness estimates from Mindlin's model has 
units kN mm−1 and is shown on the secondary vertical axis of Figure 1d. Figure 1e shows the 
overall probability distribution functions of km, which was well characterized using lognormal 
distributions. The mean and variance of the lognormal distributions 
were μ∗=6.98 kN mm−1and σ2=13.64 kN mm−1 at high normal stress 
and μ∗=2.78 kN mm−1 and σ2=3.28 kN mm−1 at low normal stress. We see that asperity 
distributions become more complex at higher normal loads; i.e., both the mean asperity size and 
variance of the lognormal distributions increased with normal stress. The results shown here 
were representative of asperity distributions throughout the 22 tests at the two normal stress 
levels.

3.2 Spatiotemporal Evolution of Slip and Slip Rates

In Figure 2 we see the evolution of the coefficient of friction Fs/Fn (top row), slip (middle row), 

and slip rate (bottom row) during two experiments performed at (a) low‐level normal stress 

(σ0=0.4 MPa and VLP=3μm s−1) and (b) high‐level normal stress (σ0=0.8 MPa and VLP=3μm s−1). 

The coefficient of friction showed two distinct behaviors that correlated to the level of applied 

normal stress. In Figure 2a, the coefficient of friction increased smoothly until a fault‐wide stick‐

slip event at time to failure = 0 s, which was a typical response for a fault loaded at the lower 
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normal stress level. This type of slip evolution only occurred at lower levels of normal stress and 

is referred to as breakaway events (BE).

Figure 2
Open in figure viewer  PowerPoint
Experimental results monitoring the evolution of (top row) the friction coefficient Fs/Fn, (middle 
row) slip, and (bottom row) slip rate as the fault was sheared until a fault‐wide stick‐slip event 
(time to failure = 0 s). For all tests shown here the interfaces were subjected to a loading 
rate VLP=3μm s−1, (a) but the left‐hand side shows slip evolution at the low‐level normal stress 
(σ0 = 0.4 MPa), and (b) the right‐hand side shows slip evolution at the high‐level normal stress 
(σ0=0.8 MPa). A quasi‐static precursor only occurred when the fault was loaded to high normal 
stress and resulted in a partial stress drop upon destabilization (inset image in Figure 2b, top). 
The thick dash‐dotted line shows the average slip and slip rate along the interface. The stars on 
the slip rate plots (Figure 2, bottom row) showed when the fault reached slip rates of 
0.02 μm s−1 (yellow stars), 0.06 μm s−1 (green stars), and 0.2 μm s−1(purple stars) which were used 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-fig-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-fig-0002
https://agupubs.onlinelibrary.wiley.com/action/downloadFigures?id=grl55574-fig-0002&doi=10.1002%2F2017GL072538
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538


to examine spatial nucleation characteristic in Figure 3. The gray star shows the maximum slip 
rate of the quasi‐static detachment front before it decelerated.

Figure 2b shows the typical response for a fault loaded at the higher normal stress levels; the 

coefficient of friction increased smoothly until it experienced a partial stress drop (inset image of

Figure 2b). This partial stress drop may be explained by precursory detachment fronts in similar 

experimental tribological studies [Rubinstein et al., 2004, 2007; Maegawa et al., 2010; Katano et

al., 2014] and will be discussed later. The partial stress drop associated with the precursory 

detachment fronts only occurred when the fault was loaded at high‐level normal stress and are 

referred to here as slow events(SE).

For both low and high levels of normal stress, nonuniform distributions of slip (Figure 2, middle 

row) were recorded using the noncontact sensor locations mentioned in Figure 1a. Slip 

measurements are shown in Figure 2 (middle row) for (a) low and (b) high levels of normal 

stress. We used the noncontact sensors on the y = 0 mm face of the slider block (NC1, NC3, and 

NC5–NC7) [see also Selvadurai and Glaser, 2015]. We see that local slip δvaried nonuniformly 

in the along‐strike x direction during the nucleation phase at both levels of normal stress. The 

average slip along the fault is shown as the thick dashed line. At the higher level of normal stress 

we always observed the slow event (SE), or “kink” in the slip, regardless of the loading rate VLP.

Local slip data were filtered (1 kHz low‐pass Butterworth filter) and differentiated over 1 s 

intervals in order to calculate the local variations in slip rate  for (a) low and (b) high levels of 

normal stress shown in Figure 2 (bottom row). Logarithmic scales were used on the vertical axis 

to show the wide rage of slip velocities observed over (relatively) long timescales leading up to a

stick‐slip event. We see a significant change in the evolution of slip rate dependent on normal 

stress. The average slip rate over the entire fault is given by the thick dashed line in 

Figure 2 (bottom row). The SE (or kink) seen in the slip evolution plot is further explained as the

sudden deceleration of slip rate along the fault. Three stars are used to depict slip rates of 

0.02μm s−1 (yellow star), 0.06μm s−1 (green star), and 0.2μm s−1 (purple star). These stars are used 

in the spatiotemporal slip and slip rate plots (Figure 3) to examine the fault locations where slow 

slip rates increased.
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Figure 3
Open in figure viewer  PowerPoint
Spatiotemporal evolution of (top row) slip, (middle row) low slip rate, and (bottom row) high 
slip rate as the fault was sheared until a fault‐wide stick‐slip event. The same results shown in 
Figure 2 (a) shows slip evolution at the low‐level normal stress and (b) shows results at the high‐
level normal stress that showed precursor activity. Slip rate color bounds differ between 
Figures 3 (middle row) and 3 (bottom row) and were chosen to illustrate slow (0.01 to 0.1 μm s−1)
and faster slip rates (0.1 to 0.5 μm s−1), respectively. Contours of slip rates between 0.01 and 
0.2 μm s−1 at 0.01 μm s−1 intervals are shown in Figure 3 (bottom row). Stars were used in 
conjunction with slip rate contours to determine where the interface suddenly began to slide 
more rapidly. (c) Using estimates of slow slip front expansion rates Vslow (red dashed lines) over 

constant slip rate contours  (green lines), we estimated stress drop Δσ (given in kPa) using 
linear elastic fracture mechanics.
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In Figure 3 we examine the variations in the two rupture styles using a spatiotemporal plot that 

relates the along‐strike slip leading up to the eventual fault‐wide stick‐slip event. Locations of 

the noncontact sensors shown in Figures 1b and 1c were used to interpolate the same slip and 

slip rate measurements from Figure 2. The spatiotemporal plots in Figure 3 are for (a) low and 

(b) high levels of normal stress. Spatiotemporal plots of slip (top row), slip rate (middle row), 

and again, slip rate (bottom row) are shown in Figure 3. Slip rate color bounds differ between 

Figures 3 (middle row) and 3a (bottom row) and were chosen to illustrate slow (0.01 to 

0.1 μm s−1) and faster slip rates (0.1 to 0.5 μm s−1), respectively. In Figure 3 (bottom row) we also 

show contours of slip rates between 0.01 and 0.2 μm s−1 at 0.01 μm s−1 intervals. Using the 

contours that correlated to the stars, shown on the slip rate plots of Figure 2, we can determine 

which part of the interface suddenly began to slide more rapidly. These stars were then 

superimposed back in Figures 3a (middle row) and 3 (top row). Silhouettes of the along‐strike 

asperity distributions taken from Figure 1 are shown for each plot at (a) low and (b) high levels 

of normal stress. We note that the leading edge (LE) of the fault had more asperities and also 

showed less slip at both levels of normal stress. This may occur due to the geometry and 

boundary conditions that are unique to our direct shear apparatus [Ben‐David and 

Fineberg, 2011; Trømborg et al., 2015].

3.3 Changing Slip Evolution Patterns With Applied Normal 
Stress

Figure 3a (bottom) shows the spatiotemporal plots of slow slip accumulation at low normal 

stress. It appears that rupture initiated from the central section of the fault. While one can argue 

that the trailing edge (TE) had some influence and slip rates seem to increase from two locations 

(NC1 and NC6), this appears only to be the case for times t > 50 s before failure and was typical 

of the breakaway (BE) rupture evolution. At times closer to failure we noticed that slip rates 

increased from a portion of the fault near sensor NC5 at x = 200 mm in the center. This BE 

rupture culminated in a stick‐slip event at time t = 0 s. The slow BE rupture propagated to both 

LE and TE edges (i.e., along strike) at 

speeds VBE∼5.1 mm s−1 at VLP=1μm s−1 to VBE∼60.94 mm s−1 at VLP=10μm s−1. The shear force drop 

during the stick‐slip event was ΔFS∼109.5 N.

At higher normal stress, it is clearer that both the leading (LE) and trailing (TE) edges remained 

relatively locked. Figure 3b (bottom) slip rates are seen to first increase at sensor NC5 shown by 

the yellow and green stars at times t∼ 200 and 110 s before failure, respectively. The slow event 

(SE) rupture style then proceeded to grow outward toward the LE and TE and reached a 
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maximum slip rate m s−1 (gray star) before rapidly slowing, and a partial stress 

drop was observed (see Figure 2b, top). Partial shear force drop ΔFslow=12.4 N, which was found 

to be ∼ 11% of the force dropped during the stick‐slip event following the SE. After the partial 

stress drop, a rupture style more similar to a BE was initiated at sensor NC3, resulting in a stick‐

slip event.

Leading up to the partial stress drop the SE rupture propagated outward at rates 

between Vslow∼0.8 mm s−1 at VLP=1μm s−1 and Vslow∼26.10 mm s−1 at VLP=10μm s−1. After the partial 

stress drop, the fault began reloading itself and was followed by the traditional BE rupture front, 

initiated from the center (purple star). Nucleation of the consequent BE originated from the 

central section of the fault and expanded at rates 

of VBE∼3.2 mm s−1 at VLP=1μm s−1to VBE∼31.7 mm s−1 at VLP=10μm s−1. At higher normal stress, the 

increased number of asperities along the interface and the resulting slower expansion of the slip 

front may be related to an increase in fracture toughness [Kammer et al., 2015] or shear stiffness 

[Berthoude et al., 1999] of the frictional interface.

The expansion rate of the rupture also depended on the far‐field loading velocity (VLP)—higher 

loading velocities resulted in faster rupture expansion for all types of slip patterns and at both 

levels of normal stress. While similar slow rupture fronts may have been present in similar 

frictional studies, they originate much earlier (approximately hundreds of seconds) prior to the 

traditionally recorded breakaway rupture events (approximately milliseconds to microseconds). 

Observations shown here may be associated with the quasi‐static (creep) phase 

[e.g., Ohnaka, 1993], which is often overlooked when studying the rupture dynamics along 

frictional interfaces at shorter timescales (milliseconds to microseconds) prior to the stick‐slip 

event. Most studies are focused on understanding the acceleration or dynamic (inertial) phases of

slip evolution [Rubinstein et al., 2004; Latour et al., 2013; Kaneko et al., 2016].

4 Discussion

4.1 Scaling SE Rupture Speeds

Spatiotemporal slip rate plots for the slow event (SE), in Figure 3b, are used to examine slip 

front growth rates Vslow. The slip front propagation rate Vslow, which only appeared at the high 

levels of normal stress, was measured for various loading rates VLP. Along‐strike expansion 

velocities Vslow were measured as the slope from the initiation location (yellow star) to the trailing 

edge of the slider at the time when the SE experienced its maximum slip rate (gray star in 

Figure 3b). In general, the manner in which the SE evolved was similar to that depicted in 
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Figure 3b but with an increase in VLP we observed a shorter evolution time and, therefore, a faster

expansion of the SE. When normalized by the Rayleigh wave speed of the material (PMMA 

is VR=1434 m s−1), the SE ruptures propagated at scaled speeds between Vslow/VR∈ (5 to 

172) × 10−7 over the full range of tested loading rates VLP.

Slow slip events (SSEs) are believed to cause seismicity (e.g., nonvolcanic tremor) that migrates 

at velocities varying between ∼1 km/d and ∼ 12 km/d along strike [Obara, 2002; Bartlow et 

al., 2011; Wech and Bartlow, 2014]. Global positioning system (GPS) networks have also been 

used to map the spatiotemporal progression of slowly propagating SSE [Kostoglodov et 

al., 2003; Fukuda et al., 2014; Kato et al., 2016]. Assuming a Rayleigh wave 

speed VR,rock=3840 m s−1 (granite), we calculate expansion of SSE in nature to range 

from VSSE/VR,rock∈ (30 to 306) × 10−7, results that are comparable to those observed experimentally 

in this study.

4.2 Stress Drop Across SE Rupture Front

It is possible to estimate the magnitude of stress drop across the propagating SE slip front using 

linear elastic fracture mechanics (LEFM) [e.g., Andrews, 1976; Svetlizky and Fineberg, 2014]. 

Stress drop across an expanding shear rupture Δσ can be determined from the ratio of the slip 

rate to the slip front propagation velocity multiplied by the shear modulus of the surrounding 

material (i.e., ).

Figure 3c shows three estimates of the slip front expansion Vslow=1,3.4, and 10 mm s−1 (red dashed 

lines) along contour lines of constant slip rate of 0.03, 0.12, and 0.03 μm s−1, respectively. Using 

the calculation for stress drop mentioned above, we calculated three stress drop estimates across 

the single slip front shown in Figure 3c: (i) for Vslow=1 mm s−1and m s−1, the stress 

drop Δσ = 87 kPa; (ii) for Vslow=10 mm s−1 and m s−1, the stress drop Δσ = 8.7 kPa; 

and (iii) for Vslow=3.4 mm s−1 and m s−1, the stress drop Δσ = 100 kPa.

Similar estimates can be made from field data: Hirose and Obara [2010] studied the seven 

repeating short‐term slow slip events (SSEs) in the western Shikoku region, southwest Japan, 

over the period from 2002 to 2007. Using tiltmeter records, they used a time‐dependent slip 

inversion model to calculate the slip rates for each SSE; these ranged from 2.2 to 4.1 m yr−1with 

slip propagation velocities between 8 and 18 km d−1 (0.093 to 0.21 m s−1). Using an estimate of 

shear modulus of granite Ggranite=27 GPa, we obtain stress drop estimates around Δσ = 9 to 39 kPa.

These estimates are within the range of those made experimentally in this study (8.7 to 100 kPa).
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Scaling of both Vslow and Δσ appears to advocate for the use of PMMA as a viable material to 

study SSE in nature if tests are performed at similar stress states and using comparable 

experimental configurations and surface preparation techniques.

4.3 Comparison to the Recent 2013–2014 Boso SSE

Fukuda et al. [2014] calculate slip and slip rates by inverting GPS data for the recent 2013–2014 

Boso SSE in Japan. The Boso SSE shows visual similarities of the estimated moment and 

moment rates (Figure 4b) to the experimental slip and slip rates of the precursory SE in our 

experiments (Figure 4a). Fukuda et al. [2014] showed that the Boso SSE exhibited two distinct 

phases: Phases I and II. We show the average slip and slip rates along the fault for two 

precursory SE, loaded at VLP=3μm s−1, in Figure 4a, which was decomposed into P1 and P2 for 

visual purposes. The phases P1 and P2 appear visually similar to Phases I and II described 

by Fukuda et al. [2014] as shown in Figure 4b. They explain that the transition between phases 

Phases 1 and 2 (Boso SSE) occurs due to the sudden acceleration of an expanding rupture from 

∼ 1 km d−1 (with maximum slip rates of  m yr−1) to ∼ 10 km d−1 (with maximum slip 

rates of  m yr−1). Assuming the shear modulus of granite as before, we find a maximum

stress drop of 124 kPa (Phase 1) and 34 kPa (Phase 2); these estimates are still comparable to the

measurements along our fault analog.

Figure 4
Open in figure viewer  PowerPoint
(a) Laboratory slow events (SE) from two independent tests at σ0 = 0.8 MPa and VLP=3μm s−1. P1 
and P2 are phases determined (approximately) by the change in average slip rate. (b) Results of 
the moment release (left) and moment rate (right) for the SSE near the Boso Peninsula, central 
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Japan, from December 2013 to January 2014 [from Fukuda et al., 2014]. Seismicity per day, 
shown in blue, increased during Phase II sliding.

Fukuda et al. [2014] state that the transition from the slow to fast phase for the 2013–2014 Boso 

SSE is consistent with rate‐and‐state numerical simulations [e.g., Kato, 2003; Shibazaki and 

Shimamoto, 2007; Noda and Hori, 2014] in which slip fronts resembling the SSE originate 

within a velocity‐weakening section of the fault. The similarities between the observations and 

numerical results are quite promising, especially considering their simplistic definition of the 

frictional heterogeneity within the model that predicts these natural slow transients on ∼ 30 km 

length scales. Moreover, the prediction made by these numerical models, i.e., that SSE may 

occur on velocity‐weakening sections of the fault, is consistent with how similar numerical 

models have been employed to understand frictional laboratory experiments with similar 

configurations to ours [Kaneko and Ampuero, 2011; Kaneko et al., 2016]. It may be beneficial to 

use similar rate‐and‐state modeling approaches, with additional friction heterogeneity described 

by equation 1 and the spatial variations in asperity distributions seen in Figure 1d. While more 

study is required, frictional complexity may help explain why a specific section of the fault was 

prone to preslip nucleation and, once this had initiated, how do asperity interactions occur to 

recreate slip and slip rate evolution patterns seen in these experiments.

4.4 Precursory Detachment Fronts in Relation to the 
Experimentally Observed SE

Recent experimental studies of direct shear friction experiments [Rubinstein et 

al., 2004, 2006; Ben‐David et al., 2010] have motivated numerical and theoretical investigations 

into the frictional behavior between an elastic slider and rigid base block and have been able to 

reconcile the precursor slipping before the onset of bulk sliding [Maegawa et al., 2010; Kammer 

et al., 2012, 2015; Otsuki and Matsukawa, 2013; Trømborg et al., 2015]. These researchers 

noticed that during application of shear, the onset of motion is preceded by discrete crack‐like 

precursors that are initiated at shear levels below the threshold for static friction [Rubinstein et 

al., 2004, 2006; Ben‐David et al., 2010]. In our study, we observed similar crack‐like features, 

but they were unique, differing from the aforementioned experimental studies, in that: (i) slip 

fronts initiated spontaneously, i.e., from the central section of the fault rather than the end of the 

sample [Kammer et al., 2012]; (ii) the crack‐like precursor only appears at high levels of normal 

stress; and (iii) the precursory slip front propagated at velocities and observed shear stress drops 

that appear to scale with the material properties to SSE in nature.

In this section, we use the numerical and theoretical findings from Otsuki and Matsukawa[2013] 

to better explain the absence of precursory slippage at low levels of normal stress and, 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0046
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0027
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0007
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0052
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0050
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0059
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0046
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0026
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0027
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0036
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0007
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0052
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0050
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-fig-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-disp-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0029
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0028
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0042
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0056
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0032
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0018
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL072538#grl55574-bib-0018


conversely, their presence at high normal stress. Otsuki and Matsukawa [2013] have suggested 

that Amontons' law breaks down systematically under certain conditions for an elastic object 

experiencing a friction force that only locally obeys Amontons' law [Archard, 1957]. They define

“locally” as a nominal area ∼ 1 mm2, which is 0.02% of the nominal area of our faulting 

interface (A0=4800 mm2). They propose that the local static coefficient of friction μs, which is a 

constant in Amontons' law and defines the onset of gross sliding, will break down and decreases 

with an increase in normal stress σ0 or system length L. A macroscopic coefficient of friction μM, 

which is lower than the static coefficient of friction and higher than the local kinetic (dissipative)

coefficient of friction (i.e., μs>μM>μk), is proposed to reconcile the precursory events seen 

experimentally. The macroscopic friction coefficient is given as

(2)
where L is the along‐strike length of the slider, lc is the critical length scale that determines the 
stability of a growing quasi‐static precursor, and lc/L is smaller than unity [Otsuki and 
Matsukawa, 2013]. The precursor dynamics arising from the modified friction law produces a 
critical length lc that determines whether the quasi‐statically growing precursor will transition to 
rapid motion, resulting in partial stress drops such as shown in Figure 2b. The magnitude of lc is 
determined by the competition between stabilization and destabilization of the growth of the 
quasi‐static precursor. Stable growth of the quasi‐static precursor is determined by the material's 
viscosity and destabilization is due to local frictional stress. Destabilization will reduce the slip 
rates similar to the time during the loading phase depicted by the gray star in Figure 2b. The 
equation for the critical length lc of the quasi‐static precursor is given as [Katano et al., 2014]:

(3)
where Fn is the far‐field normal force (=σ0A0), C is a constant that does not depend on Fn, L is the 
along‐strike length (= 400 mm), and μs and μk are the static and kinetic coefficients of friction, 

respectively. We can see that  decreasing as an inverse power law relationship; i.e.
the critical length of the quasi‐static precursor decreases with increased normal force if all other 
parameters remain constant. In our experiments, it is possible that with the increased normal 
stress the critical length scale of the precursor decreased sufficiently, i.e. lc<L, which allowed for 
frictional destabilization of the quasi‐static precursor. At the lower normal stress levels the ratio 
of lc/L is close to unity and the Amontons' law holds approximately, causing failure to occur at 
the static coefficient of friction μs.

For tests at low normal stress, the maximum static coefficient of friction (i.e., that at time to 

failure = 0 s) varied from μs=0.106 after tload=112.4 s to μs=0.129 after tload=780.7 s. We found 

that μs increased linearly with the logarithm of hold time for the 11 tests at low‐normal force 

(coefficient of determination R2=0.96). This phenomenon is known as “healing” and is generally 

observed in laboratory studies for stationary frictional contact [Dieterich, 1972; Berthoude et 
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al., 1999; McLaskey et al., 2012]. The same logarithmic time‐dependent healing was not 

observed for the tests performed at high levels of normal stress (see Text S2). At failure, the 

average coefficient of friction was 0.114 and did not show a high correlation to a logarithmic fit 

with holding time (coefficient of determination R2=0.34). A plausible explanation for the 

decrease in the overall frictional strength at higher normal stress is that as the quasi‐stable 

precursor reaches its critical size, it destabilizes, thus causing it to decelerate. This may have 

weakened (or simply changed) the interface by changing the bulk level of real contact—

changing contact conditions following the destabilization of a quasi‐static precursor was 

observed in the experiments performed by Rubinstein et al. [2006].

Deviations of μs in this study from standard measurements along PMMA interfaces (e.g., μs=1.2; 

[Baumberger and Caroli, 2006]) can be explained by loading configurations and is discussed 

by Ben‐David and Fineberg [2011]. They cite effects such as the torque induced by the shear 

loading setup and the nonuniformity of the pressure at the bottom of the slider. Spatial variations 

in pressure along the interface is a measurable feature that was characterized by the nonuniform 

density of asperities as measured by the pressure sensitive film [Selvadurai and Glaser, 2017].

More investigation will be needed to validate the numerical and theoretical modeling described 

by Otsuki and Matsukawa [2013] that provides some context to the results of our experiments. 

We are specifically interested in the ability of this novel friction law to predict the slightly 

differing observations made in our experiments; specifically, the implications arising from the 

growth of a quasi‐static precursor that initiates from the center, as opposed to the edge, of the 

elastic slider. However, the theory explaining the presence of a quasi‐statically propagating 

precursory slip front does provide a plausible explanation as to why we see its destabilization 

when normal stress is increased and this can be modeled using the novel frictional law in 

equations 2 and 3.

Along our frictional interface, stress drop and rupture scaled to those physically observed during 

SSE in nature. While only single precursory stress drops were observed during the lead up to 

bulk sliding, other frictional studies observed multiple precursors [e.g., Rubinstein et 

al., 2006; Katano et al., 2014]. Multiple precursors are also predicted by the numerical models 

[Braun et al., 2009; Otsuki and Matsukawa, 2013; Trømborg et al., 2015]. If these quasi‐static 

precursors are in some way related to SSEs in nature, it could imply that SSE (and their temporal

frequency or overall magnitudes) are an indicator of a larger impending earthquake since 

repeating SSE sequences have been observed in nature [Hirose and Obara, 2010]. In the 

laboratory, the precursory slip fronts appear to destabilize closer in time to the stick‐slip event 

(larger earthquake in nature). With more in‐depth study of experiments that scale to both the slip 
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front expansion rates and stress drop but which also exhibit multiple precursory instabilities 

during the nucleation phase, we may be positioned to better understand the nature of SSE and 

how/if they relate to the larger earthquakes that appear in close spatiotemporal proximity 

[Uchida et al., 2016].

5 Conclusion

Using a direct shear friction apparatus, we pressed together then sheared a frictional interface 

formed between two blocks of polymethyl methacrylate (PMMA). Prior to loading of the 

interface, we measured the clustering of asperities along the interface that characterized the 

spatial complexity using a pressure sensitive film. Asperity formation is controlled by the 

topographic interaction between the two samples. An increase in the number and density of 

asperities was observed with increased far‐field normal stress (σ0). We estimated the nonuniform 

fault shear stiffness using Mindlin's no‐slip asperity model, which took into account the real 

contact area and distribution of the measured asperities. The fault was tested at a high and low 

level of normal stress (σ0) at a range of loading rates (VLP) that initiated two distinct nucleation 

styles (SE and BE) leading up to the stick‐slip event.

At both low and high levels of applied normal stress σ0, we observed the growth of a spontaneous

slip front, i.e., one that grew “spontaneously” from the center of the fault and was not a product 

of the stress states favoring rupture initiation from the ends. However, we observed that 

precursory detachment fronts existed only at the high levels of normal stress and did not appear 

at lower normal stress. At low stress, the fault simply accelerated toward macroscopic failure. At 

higher normal stress the precursory detachment fronts suddenly decelerated (destabilized), which

correlated to a partial stress drop and reduction in slip rates. The slip and slip rates along the fault

showed visual similarities to the moment and moment rate surrounding the 2013–2014 Boso SSE

in Japan. We also noted that, based on material properties of PMMA, the slip front expansion 

rate and stress drop scaled directly to the 2013–2014 Boso SSE (among others). From these 

findings, we propose that SSE in nature may be linked to the destabilization of precursory 

detachment fronts along sections of the fault were spatial complexity increases. Here the 

precursor detachment fronts only appear at higher normal stress that leads to more variable 

distributions of larger asperities. With more laboratory studies of these precursors, we may 

develop an understanding of their relationship to the subsequent stick‐slip event and how they 

behave in regards to fault complexity, normal stress, and loading rates. This may provide 

scientists with clues to the interaction (if any) between the SSE and larger megathrust asperities 

that resides in close proximity.
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