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Intermittent lab earthquakes in dynamically 
weakening fault gouge

V. Rubino1 ✉, N. Lapusta2,3 & A. J. Rosakis1

Large and destructive earthquakes on mature faults in Earth’s crust occur as slip in a 
layer of a fine granular material—fault gouge—produced by comminution during 
sliding1,2. A range of insights into the frictional resistance of faults—one of the main 
factors controlling earthquake nucleation, dynamic propagation and arrest, and 
hence the destructive ground shaking of earthquakes2,3—has been obtained in 
experiments with spatially uniform slip imposed in small samples2,4–21. However, how 
various features of gouge friction combine to determine spontaneous progression of 
earthquakes is difficult to study in the lab owing to substantial challenges with sample 
sizes and adequate imaging22. Here, using lab experiments, we show that 
spontaneously propagating dynamic ruptures navigate a fault region with fine rock 
gouge through complex, intermittent slip processes with dramatic friction evolution. 
These include repeated arrest of rupture propagation caused by friction 
strengthening at lower slip rates and dynamic earthquake re-nucleation enabled by 
pronounced rapid friction weakening at higher slip rates consistent with flash 
heating8,12,23. The spontaneous repeated weakening and strengthening of friction in 
fine rock gouge highlights the fundamental dependence of friction on slip rate and 
associated processes, such as shear heating, localization and delocalization of shear, 
and dilation and compaction of the shear layer6,7,9–21. Our findings expand 
experimental support9,11 of the concept that co-seismic weakening may enable 
earthquake rupture to break through stable fault regions24,25, with substantial 
implications for seismic hazard.

Characterizing the evolution of dynamic slip processes and rock friction 
during fault slip in Earth’s crust is a fundamental step to enhance our 
understanding of earthquake physics, as friction controls key aspects of 
earthquakes, including nucleation, shear stress drop and magnitude2,3, 
and hence how damaging they can be. How friction evolves is a topic 
of significant research and debate2,4–21. Earthquakes propagate along 
localized zones in layers of gouge—the fine-grain rock powder present 
in natural faults that results from wear along the slipping surfaces1,2. 
Laboratory experiments have shown that gouge friction depends on 
how fast slip accumulates—that is, slip velocity (also known as slip 
rate)—and its history, as described by standard rate-and-state friction 
laws at slow, aseismic slip rates of several orders of magnitude around 
1 μm s−1 (refs. 4,6). Velocity-strengthening faults increase their resistance 
with slip velocity and respond to slow tectonic loading by aseismic 
slip, whereas velocity-weakening faults allow for runaway frictional 
instabilities and dynamic earthquake ruptures2,4,26. At seismic slip rates 
of around 1 m s−1, several additional dynamic weakening mechanisms 
may play a role, including flash heating, shear melting, thermal pres-
surization of pore fluids and elastohydrodynamic nanoparticle, or 
silica gel, lubrication5,7–16,18,20,23,27.

Most laboratory experiments on static and dynamic rock-gouge 
friction impose spatially uniform slip with a predetermined slip-rate 

history in relatively small samples2,4–21. Although such experiments are 
indispensable for identifying key features of gouge friction, they cannot 
provide insight on how the various features of frictional resistance may 
combine during spontaneous dynamic rupture propagation, when slip 
evolves owing to coupling between dynamic stressing—determined 
by the history of slip everywhere on the interfaces and transmitted by 
dynamic waves—and dynamically evolving history-dependent friction. 
Experiments in analogue materials have revealed many features of spon-
taneous slip accumulation28–34; however, they do not consider sliding 
in rock materials. Some recent experiments have studied earthquake 
nucleation and slip evolution in large rock samples22 and analogue 
samples with rock gouge on the interface35, but they have not consid-
ered spontaneous dynamic rupture propagation over distances several 
times the nucleation size owing to limitations in sample dimensions 
and/or other features of the experimental setup. Hence the evolution 
of spontaneous dynamic rupture on gouge-filled faults has mostly been 
studied through numerical modelling, which uses laboratory-based 
but simplified, empirically formulated friction laws24,25,27.

Here we present laboratory experiments that mimic earthquake 
sequences in mature faults and show how spontaneous dynamic rup-
ture navigates a fault region with (nominally uniform) rock gouge 
(Fig. 1). The rupture experiences repeated arrest, dynamic re-nucleation 
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and propagation of multiple dynamic events. The complex slip 
behaviour is accompanied by rapid friction changes that combine 
repeated sustained strengthening at lower slip rates with dramatic 
weakening at higher slip rates. Although slower-velocity strength-
ening and faster-velocity weakening have been studied in previous 
experiments2,4–21, mostly separately, their repeated appearance at the 
same locations along the fault within the same dynamic event and their 
pronounced combined effect on spontaneous earthquake rupture are 
quite surprising. The occurrence, detailed visualization and quantifica-
tion of the multiple resulting dynamic rupture sub-events are possible 
owing to our highly instrumented laboratory setup that allows for the 
miniaturization of the dynamic processes by using an analogue bulk 
material, Homalite, while considering ruptures in rock gouge (next 
section and Methods).

Creating and capturing lab earthquakes
We produce spontaneously propagating dynamic ruptures and study 
how they navigate rock-gouge interfaces (Fig. 1 and Extended Data 
Fig. 1) embedded into our laboratory setup that mimics faults in Earth’s 
crust (Methods). For these experiments, we have developed a hybrid 
configuration featuring a quartz gouge fault embedded along the 
interface of a polymeric specimen made of Homalite-100. The hybrid 
configuration allows us to retain the advantage of producing dynamic 
ruptures offered by smaller instability length scales owing to bulk 
Homalite properties33 while permitting us to study more realistic fault 
materials (Methods). This important advantage allows us to observe 
well developed ruptures within a specimen size of tens of centimetres 
instead of metres, as would be required for bulk rocks22 (Methods). 
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Fig. 1 | Intermittent lab earthquake rupture sequences in rock gouge.  
a, Experimental Homalite specimen with a rock-gouge layer that mimics a 
prestressed fault in the Earth. Two wires (red) are used to initiate two 
consecutive dynamic ruptures that develop within the Homalite interface 
before navigating the gouge layer in two distinct rupture sequences.  
b, c, Evolution of slip velocity along the gouge interface for the two rupture 
sequences, featuring repeated rupture propagation arrest and dynamic 
re-nucleation, with five main dynamic sub-events A–E constituting a highly 
intermittent but still dynamic rupture of the gouge layer. d, Illustration of how 

such complex rupture behaviour is enabled by dramatic evolution of shear 
stress and hence friction, featuring repeated strengthening supported by 
dynamic stressing followed by pronounced dynamic weakening. e, Slip 
distribution of the 2011 Mw 9.0 Tohoku-Oki earthquake55, which can be 
explained by dynamically induced rupture of dynamically weakened shallow 
fault portions that initially served as a strengthening barrier, similar to the 
interpretation of our laboratory findings. Panel e adapted with permission 
from ref. 24, Springer Nature Ltd.
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We use fine-grained quartz powder, with most particles being 5 μm in 
diameter or smaller, to simulate the fine gouge found along the prin-
cipal slipping zones of mature faults1,23. Previous versions of this setup 
featuring dynamic ruptures along Homalite interfaces, without gouge, 
have been successfully used to investigate a number of fundamental 
issues in earthquake physics, including the sub-Rayleigh-to-supershear 
transition, rupture directionality owing to the bimaterial effect and the 
pulse-like-to-crack-like transition28,29.

In this study, two rupture sequences are initiated by means of small 
bursts induced by two wires placed across the fault (Fig. 1a). The initial 
pre-load level (P = 14 MPa) and the fault inclination angle (α = 29°) result 
in the initial fault-resolved shear and normal stresses of 6 MPa and 
11 MPa, respectively. After the first sequence of ruptures has propagated 
and arrested, the prestress is reset to the same level and a new rupture 
is initiated by triggering another wire (Extended Data Fig. 1 and Meth-
ods). Our dynamic imaging captures the complex full-field behaviour 
of ruptures propagating through the gouge interface (Fig. 1b, c and 
Supplementary Videos 1–3), including the slip history of dynamic 
event sequences (Fig. 2a, b) and the friction evolution along the fault 
(Fig. 2c). These measurements are enabled by our recent advances in 
quantifying the full-field distributions of displacements, velocities 
and stresses using our recently developed ultrahigh-speed imaging 
technique based on the digital image correlation (DIC) method33,36–38.

Intermittent dynamic rupture in gouge
We find that slip in the rock gouge proceeds through sequences of 
dynamic, laboratory earthquake events triggered by dynamic rupture 
nearby. The first sequence of events within our observation window 
starts with a supershear rupture entering the gouge layer and arrest-
ing shortly after (rupture A in Figs. 1b, 2a, Extended Data Figs. 2, 3 and 
Supplementary Video 1), which indicates that the gouge layer initially 
acts as a barrier to the propagating dynamic rupture. As the rupture 
arrests, it leaves residual, much smaller, ongoing slip (with slip rates 
at the resolution limit of 0.4 m s−1, see Methods; Fig. 1b). At the same 
time, it is clear that slip continues outside the observation window, 
along the Homalite interface, as the arrest of rupture upon reaching a 
barrier can be only gradual, with the healing fronts propagating at best 
with the wave speeds39,40. As a manifestation of that, the next attempt 
to rupture the gouge layer comes from the trailing-Rayleigh rupture 
feature (event B in Figs. 1b, 2a), which typically follows the supershear 
rupture tip (Extended Data Fig. 2a)37. This rupture also loses steam 
shortly after entering rock gouge, with the gouge again acting as a 
barrier to the advancing rupture. Again, heterogeneous slower slip is 
left in its wake. The ongoing slip on the Homalite interface results in 
other accelerated slip events at the edge of the gouge, such as events 
C and D in Figs. 1b, 2a.

Next, in a departure from these attempts of slip to penetrate into 
the gouge from the edge, a prominent dynamic rupture E accelerates 
from within the gouge (at 87.6 μs; Figs. 1b, 2a, Extended Data Fig. 4 and 
Supplementary Video 1). This laboratory rupture initially grows bilater-
ally, then propagates into the gouge, and finally arrests well within the 
imaged window. For dynamic rupture E to initiate within the gouge, 
despite prior rupture arrest there and in a short time (microseconds), 
it clearly requires either rapid additional loading through dynamic 
wave-mediated stress changes, or rapid dynamic weakening, or both. In 
that sense, event E and other similar events are dynamically triggered. 
Event E starts in the general location where prior ruptures B and C par-
tially arrest (Figs. 1, 3), indicating the importance of stress concentra-
tions there owing to the (dynamic) process of establishing the static 
stress field40 corresponding to the already accumulated slip in events 
B–D (Extended Data Figs. 3, 4, 9). At the same time, event E nucleates 
around x1 ≈ 12 mm (where x1 is parallel to the interface and indicates the 
distance from the left boundary of the imaging window; see Fig. 1a), 
not at the largest stress concentration left by the prior arrests (which is 

at x1 = 18–20 mm; Extended Data Fig. 9), and the nucleation process of 
event E occurs over dynamic timescales, suggesting that the dynamic 
re-nucleation is promoted, at least in part, by wave-mediated stress 
changes. The ongoing slower slip after the partial arrest of event D 
may also lead to localization processes that can activate weakening 
mechanisms, for example, owing to flash heating12,16,33, and our quan-
tification of the fault friction indeed indicates that, as discussed in the 
next section (Fig. 4).

The second rupture sequence features an initially similar succes-
sion of events, with the supershear and sub-Rayleigh portions of the 
incoming rupture (labelled as ruptures A and B in Fig. 1c) stopping 
their propagation shortly after entering the gouge layer (Fig. 1c and 
Supplementary Video 2). However, unlike in the first sequence, seismic 
slip continues next to the edge of the gouge region with slip rates of 
about 1 m s−1 (Fig. 1c and Extended Data Fig. 5), presumably sustained by 
continuous dynamic loading by stress waves from the slipping Homalite 
interface nearby. Eventually, the slip accelerates, leading to event C that 
propagates into the gouge (Figs. 1c, 2b, 3a–d and Extended Data Fig. 5). 
The slip-rate profiles along the interface capture the slip acceleration 
of rupture C and its further propagation (Fig. 3a, dashed and solid blue 
curves), which arrests within the gouge.

Next, in a new development, dynamic rupture enters the field of view 
from the other end of the observation window at about 73.8 μs (event D 
in Fig. 1c, 2b, d and Extended Data Fig. 6) and spreads against the main 
propagation direction of the other ruptures (Fig. 2d, Supplementary 
Video 2), with the propagation arresting at about 76.8 μs. Although 
slip in this event is relatively small, its appearance is notable: it clearly 
indicates rupture initiation to the right of the observation window, 
whereas some of the gouge interface within the window still has not 
experienced any significant slip. This supports the role of dynamic 
stress changes in triggering the event at a (nearby) distance. Shortly 
thereafter (at about 81.8 μs), slip dynamically accelerates within the 
portion of the interface where event C has arrested and which has been 
ruptured by event D, and spreads as dynamic rupture E (Figs. 2b, 3a, e, f  
and Extended Data Fig. 6).

In each sequence, rupture events A–E can be (and observationally 
would be) considered the same dynamic event that stops propagating 
multiple times but always maintains seismic slip rates of 0.4–1 m s−1, 
accelerating and re-initiating dynamic propagation owing to dynamic 
stress waves. In the second sequence, events A–E take about 70 μs over-
all to cross the gouge region of 47 mm, from the beginning of event B to 
when event E exits the field of view. Although the actual local rupture 
speed is clearly intermittent, the average speed of slip crossing the 
gouge layer is about 0.7 km s−1 or 0.5 of the bulk shear-wave speed, 
clearly indicating that the whole process is quite dynamic.

Considering the local rupture speeds leads to an additional insight 
that the dynamically re-nucleated events initiate inside the 10-mm-thick 
interface and then propagate to the lateral free surface where we 
observe them by DIC (Extended Data Fig. 7 and Methods). This insight 
indicates that the (dynamic) nucleation sizes are smaller, and poten-
tially much smaller, than the interface width of 10 mm. The nuclea-
tion size typically scales with the shear modulus of the bulk material, 
which is about 20 times larger for rocks than for Homalite, and inversely 
scales with the effective normal stress, which is σ0 = 11 MPa in this case 
(Methods). Hence the corresponding dynamic nucleation size for a 
case of rock gouge within rock bulk at 11 MPa effective normal stress 
would be less than (and potentially much less than) 10 mm × 20 = 0.2 m. 
This upper bound is notably smaller than quasi-static nucleation sizes 
(1 m at σ0 = 6 MPa, translating into 0.57 m at σ0 = 11 MPa) observed in 
rock experiments in large samples22 (Methods), with the caveat that 
the friction properties may also be different between the two experi-
ments. This comparison suggests that dynamic nucleation sizes may 
be much smaller than quasi-static ones, consistent with other studies34, 
numerical simulations41 and our experiments on rupture triggering 
by fluid injection42.
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Dramatic friction changes in gouge
The highly intermittent rupture propagation within the gouge corre-
sponds to markedvariations of the friction coefficient, obtained as the 
ratio of shear and normal stresses (Fig. 4 and Extended Data Figs. 8, 9).  
During the first sequence, friction shows a purely strengthening 
behaviour with the arrival of the first supershear rupture, increasing 
by Δf ≈ 0.1, over about 5 μm of slip in some locations (Extended Data 
Fig. 10). During the second sequence, the behaviour is similar. When 
the trailing-sub-Rayleigh ruptures arrive, friction drops substantially, 
by Δf ≈ 0.22 and Δf ≈ 0.35 for the first and second sequences, respec-
tively, again over only 5 μm or so of slip (Fig. 4a, e). Similarly striking 
dynamic friction strengthening and weakening are exhibited during 
rupture events C and D dynamically re-nucleating within the gouge 
interface. For example, before and at the beginning of event C of the 

second sequence (Fig. 2b), a representative location (x1 = 5 mm) shows 
sustained strengthening of Δf ≈ 0.1, this time over about 15 μm of slip 
(from about 18 μm to about 33 μm of slip), followed by dramatic weak-
ening during event C of Δf ≈ 0.58 over only about 30 μm of slip, down to 
f = 0.15. The subsequent event E shows even more marked strengthening 
followed by an even more prominent weakening, with the decrease of 
the friction coefficient by Δf ≈ 0.64 (Fig. 4f, h). All pronounced weaken-
ing episodes are followed by pronounced healing, with Δf ≈ 0.58 and 
Δf ≈ 0.27 for ruptures C and E, respectively (Fig. 4e, f). It is noted that 
healing occurs extremely rapidly, over several microseconds in time 
and several micrometres in slip.

The substantial strengthening of the interface—which precedes 
the fastest sliding episodes—generally occurs with increasing slip 
rates, and hence it is conceptually similar to velocity strengthening 
of the standard rate-and-state friction laws4,6, although it appears to 
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be quantitatively different. For example, as slip rates increase from 
about V1 = 1 m s−1 to about V2 = 2 m s−1 (over about 15 μm of slip) before 
event C (Fig. 4g), friction increases by about 0.1 (Fig. 4e), which is much 
larger than about 0.01 ln(V2/V1) = 0.007 expected from the standard 
rate-and-state friction formulations and parameters (Methods). It is 
noted that the observed friction increase cannot be explained by the 
rate-and-state direct effect of steady-state velocity-weakening fric-
tion, as strengthening owing to the direct effect occurs with negligible 
slip compared with subsequent weakening, as observed in numerical 
models43 and dynamic ruptures in Homalite interfaces33. In contrast, the 
rock gouge in our experiments experiences sustained strengthening 
over slip scales that are comparable to those of weakening (Figs. 1d, 4, 
Extended Data Fig. 10 and Methods). It is also noted that the rupture 
arrest in rock gouge cannot be easily interpreted in terms of higher 

values of fracture (also known as breakdown) energy, a concept widely 
used to describe the interface resistance to fracture which, in some 
cases, can be analogous to frictional failure2,3,31,44,45. This is because the 
small-scale yielding approximation—that makes the fracture (break-
down) energy a governing parameter in crack propagation—does not 
apply to the gouge resistance we measure, which ‘yields’ and ‘unyields’ 
repeatedly and weakens to different levels as slip accumulates.

The observed pronounced weakening and healing also cannot 
be solely due to the relatively mild logarithmic friction variations 
described by standard rate-and-state laws. Instead, our measurements 
of rapid friction weakening are consistent with the flash-heating weak-
ening mechanism8,12,23. During flash heating, the micrometre-scale tips 
of contacting asperities heat and weaken for large enough slip rates, 
resulting in a marked drop in frictional strength with a pronounced 
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1/V dependence on the slip velocity V. Owing to the highly local and 
transient nature of the process, frictional strength is quickly recovered 
when the slip rate subsides. The lowest values of the friction coeffi-
cient we find, 0.15–0.2, are consistent with previous measurements 
of flash-heating weakening in quartz gouge12. These very low friction 
values also confirm that we have slip within the quartz gouge, and not 
on the gouge–Homalite interface, as the lowest dynamic friction on 
Homalite interface is 0.26, even for much higher slip rates33. It is noted 
that dynamic weakening in our experiments occurs over short slip 
scales of the order of 5–30 μm, consistent with the theories of flash 
heating23. The pronounced weakening occurs for slip rates larger than 
0.5–2 m s−1, consistent with previous measurements on rock gouge14,16 
and notably larger than weakening slip rates of the order of 0.1 m s−1 for 
initially bare rock surfaces12,16.

Although our dynamic friction measurements are consistent with 
the theory and previous quantification of flash heating, several other 
dynamic weakening mechanisms have been proposed and could con-
tribute to the weakening we observe—as well as to weakening on natu-
ral faults with comparable consequences—including shear melting, 
silica gel lubrication, and amorphous nanopowder and nanoparticle 
lubrication5,7,13,15,20. Other weakening mechanisms commonly used to 
explain fault weakening are thermal pressurization of pore fluids23 
and elastohydrodynamic lubrication of faults3 but these mechanism 
cannot be operating here as they require the presence of fluids and our 
experiments are performed on dry gouge.

Implications for earthquake processes
To summarize, our laboratory earthquake sequences navigate a fault 
region filled with rock gouge through intermittent rupture propa-
gation that exhibits rupture arrest, dynamic stressing and dynamic 
re-nucleation in triggered events, all within timescales comparable to 
a single dynamic rupture. The gouge-filled interface initially behaves 
as a barrier, stopping rupture propagation, consistent with strength-
ening friction at slip velocities at and below 0.5–2 m s−1. However, as 
dynamic stressing of the arrest locations leads to higher slip velocities, 
dynamic weakening consistent with flash heating is activated, leading 
to dynamic re-nucleation of rupture propagation. Overall, these faster 
and slower slip events appear as a cascade, similar to the observations 
of earthquake triggering by cascade of foreshocks46,47.

We find dramatic repeated variations of friction in the rock gouge, 
with substantial sustained strengthening at lower slip rates of 
0.5–2 m s−1, followed by rapid dynamic weakening at higher slip rates 
that enable the fault to lose 50–75% of its strength in just tens of micro-
metres of slip, and then followed by equally rapid healing in several tens 
of microseconds. These pronounced repeated changes, not only in the 
values of friction but also in its nature—from substantially strengthen-
ing to rapidly weakening and back—explain the intermittent rupture 
propagation. The friction evolution we observe is conceptually con-
sistent with a combination of velocity-strengthening friction at lower 
slip rates and pronounced dynamic weakening at higher slip rates.

Our friction measurements stand in contrast to a common assump-
tion that friction generally weakens once during dynamic events, as 
captured by slip-weakening friction formulations with peak friction 
at (or close to) the onset of seismic slip evolving to lower dynamic 
friction2,3,44. The rupture behaviour observed in our experiments can 
only be reproduced if the fundamental dependence of friction on slip 
velocity, in addition to other state variables, is properly accounted for; 
it cannot be replaced by an ‘effective’ slip-weakening friction.

Our experiments reveal that complex spontaneous sequences of 
dynamic events can occur even on nominally homogeneous—and 
homogeneously prestressed—gouge interfaces, simply owing to the 
complex local dependence of friction on slip velocity and its history. 
This is in contrast to our previous studies on Homalite interfaces, which 
have documented accelerating continuous ruptures under similar 
loading conditions33,37. The main difference is the unexpectedly pro-
nounced, sustained and repeated strengthening of the rock gouge 
even at already seismic slip rates of 0.5–2 m s−1 and even after repeated 
pronounced weakening at higher slip rates. This repeated strengthen-
ing is unexpected given previous findings of more long-lived evolution 
from strengthening to weakening with slip19 and highlights the chal-
lenge of understanding friction evolution in granular layers, which 
can accommodate slip with different levels of evolving localization 
and delocalization of the shear and exhibit grain-size dependence, in 
addition to other effects2,4–21.

The repeated dynamic re-nucleation of rupture propagation in our 
experimental fault gouge is reminiscent of near-field dynamic trigger-
ing48,49, and suggests that enhanced dynamic weakening may have a 
role in dynamic triggering. An increasing body of evidence indicates 
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that earthquakes can be triggered by dynamic stress changes48–51. Our 
experiments provide evidence of dynamic re-nucleation occurring on 
the same timescales as the dynamic stress perturbations, although the 
process occurs within the fault area of stress concentration caused by 
arrest of prior events. Seismic events dynamically triggered in nature 
are also thought to occur in special places, such as locations of high 
prestress or low strength49–51. Our findings indicate that rapid dynamic 
strength evolution may also have a role. An important issue with dynamic 
triggering is how to sufficiently speed up the slow nucleation process 
so that it can occur within the time of dynamic stress perturbations, 
which are relatively short. For example, with standard rate-and-state 
friction laws, dynamic waves can only trigger nucleating sites that would 
rupture very soon anyway52. Our experiments suggest that enhanced 
dynamic weakening may provide an important additional ingredient: if 
the short-lived dynamic stressing by waves raises the slip rates enough 
to activate enhanced dynamic weakening, either owing to flash heating 
or by other numerous mechanisms proposed that may require lower slip 
rates5,7,8,10–16,18,20,23,27, then the nucleation can potentially be achieved on 
dynamic timescales and from a much smaller spatial extent, as observed 
in our experiments and supported by other studies34,41,42.

Our experiments show that pronounced dynamic weakening in 
fine fault gouge can occur with very small amounts of dynamic slip, 
5–30 μm. This finding suggests that dynamic weakening may contribute 
to slip processes in earthquakes of all sizes, including microseismicity, 
which may explain the high stress drops and other observations for 
some microseismic events53. It is noted that the amounts of dynamic 
slip needed for pronounced dynamic weakening in fine fault gouge are 
much smaller than slips of the order of 1–10 mm needed for transition 
from velocity-strengthening to moderately velocity-weakening friction 
in slow-friction sliding experiments6,19.

Finally, our experiments illustrate how dynamic rupture may navi-
gate initially velocity-strengthening fault regions, which, in general, 
present a barrier to dynamic rupture propagation. Despite the pro-
nounced dynamic weakening, our laboratory ruptures still lose steam 
and nearly arrest, with the gouge layer serving as a strengthening barrier 
until dynamic weakening is activated. These findings offer additional 
experimental support9,11 to the hypothesis that dynamic weakening 
mechanisms may occasionally allow earthquake ruptures to propa-
gate through stable, creeping fault regions that are at present largely 
considered immune to seismic slip, with important implications for 
seismic hazard. Allowing for such propagation explains many short- 
and long-term observations from the area of the great 2011 moment 
magnitude (Mw) 9.0 Tohoku earthquake24 (Fig. 1e) as well as seismic 
quiescence of several segments of the San Andreas Fault25. At the same 
time, many earthquakes fully arrest in creeping fault regions54. Our find-
ings motivate further studies of shear resistance of fault zones to rapid 
slip rates, both strengthening and weakening, to enable physics-based 
predictive modelling and seismic hazard assessment.
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Methods

Preparation of the rock gouge interface embedded in the 
polymer sample
The laboratory setup simulates earthquakes by dynamic ruptures 
propagating along a quartz gouge interface embedded between two 
plates of a polymer, Homalite-100, loaded in compression and shear 
(Fig. 1). Two quadrilateral plates of size 200 mm × 200 mm × 10 mm 
are cut out of a Homalite-100 sheet with a computer-numerical-control 
machine. The mating faces are then polished to a near-optical grade finish 
and bead-blasted with abrasive glass beads with diameter in the range  
104–211 μm (refs. 36,56). The quartz gouge interface is produced by employ-
ing a fine-ground quartz powder commercially available (MIN-U-SIL 5, 
US Silica), that has 99.5% content of silicon dioxide, and 96% of the grains 
equal to or less than 5 μm in size. A 1-mm-deep channel is milled along a 
portion of each mating half of the Homalite specimen (coloured in brown 
in Fig. 1a). The channel is 65 mm × 9 mm, with the wall thickness being 
0.5 mm on each side. The channel contains the rock-gouge material dur-
ing preloading and prevents it from spilling over during rupture propaga-
tion. A fine mist of glue is deposited at the bottom of each channel, and 
then each half of the specimen is pressed against quartz gouge, at room 
humidity, laid on a flat working surface. The deposit of glue allows the 
gouge particles to adhere to the bottom of the channel, but at the same 
time it does not interfere with the gouge particles through the thickness 
of the gouge layer. The thin layer of gouge particles glued at the bottom 
of each of the channels manufactured in Homalite ensures that shear 
failure takes place within the gouge thickness, rather than along the 
gouge–polymer interface. The excess gouge is subsequently removed by 
passing a razor blade over the interface, ensuring that the packed gouge 
is flush with the lateral walls of the channel. The two mating halves are 
then placed into contact and into the specimen holder, which in turn 
is positioned in the loading frame. The lateral surfaces are thoroughly 
cleaned to prepare them for optical imaging. Using this manufacturing 
protocol ensures that the shear stresses measured in the polymer are, 
by traction continuity, those experienced by the gouge layer and allows 
us to measure the frictional behaviour of rock gouge.

Controlled rupture initiation procedure
The applied load P and inclination angle α control the level of applied 
normal and shear prestress, σ P α= cos0

2  and τ P α α= sin cos0 , respec-
tively. Two nickel-chromium (NiCr) wires (W1 and W2 in Extended Data 
Fig. 1) are placed across the interface at a distance of 15 mm from each 
other and  22.8 mm from the beginning of the imaging window.  
The two wires are connected to a high-voltage capacitor bank. The 
specimen is loaded quasi-statically to P = 14.3 MPa, then a dynamic 
rupture is initiated in Homalite by the rapid discharge of the first NiCr 
wire (W1 in Extended Data Fig. 1), with the capacitor set at 1.5 kV. Under 
these loading conditions, a supershear rupture, followed by a 
trailing-Rayleigh signature, is produced along a purely Homalite inter-
face28,37,57, and it is the only rupture the initiation of which is controlled 
using this experimental procedure. The other ruptures observed dur-
ing the sequence are associated with the coupling between stress waves 
travelling in the medium and the frictional behaviour of quartz gouge. 
After the first sequence of dynamic events, the load is increased again 
to P = 14.4 MPa, and a new rupture is initiated from the second NiCr 
wire (W2 in Extended Data Fig. 1), with the capacitor set at 2.0 kV.

Full-field imaging technique
The full-field behaviour of laboratory earthquakes is captured using 
DIC58 coupled with ultrahigh-speed digital photography, tailored to 
capture dynamic ruptures33,36–38,59,60. To provide a characteristic texture 
for image correlation, a region of interest is covered with a random 
speckle pattern over a white coating. The sequence of images deformed 
by the propagating ruptures is captured by an ultrahigh-speed camera 
(Shimadzu HPV-X) at one million frames per second, and is processed 

with image-matching algorithms to produce the evolving sequence of 
full-field displacements, velocities and stresses. The field of view used 
in this study is 47 × 29.4 mm2 and is positioned entirely over the portion 
of the interface enriched with rock gouge, that is, it does not contain 
any portion of the Homalite interface. The field of view starts at the 
edge of the gouge closest to wires that initiate the rupture sequence 
and ends within the gouge layer, with 10 mm of the gouge layer being 
outside the field of view. Displacement fields are obtained using the 
commercial software VIC-2D (Correlated Solutions), with a subset size 
of 51 × 51 pixels2 and a step size of 1 pixel, using the ‘Fill-Boundary’ algo-
rithm to treat interface discontinuity. The first image in each sequence 
is taken as the reference configuration for the digital correlation.  
To denoise the displacement obtained from DIC, the fields are filtered 
using the nonlocal means filter36,61,62 and are subsequently processed 
using the ‘symmetry-adjustment’ procedure36, where the fault-parallel 
and fault-normal displacements are enforced to be antisymmetric and 
symmetric, respectively. The particle velocities and strain changes are 
computed from the displacements by time and space differentiation. 
Slip is computed by the difference of displacements at pixels immedi-
ately above and below the interface, and slip rate is its time derivative. 
Owing to the measurement uncertainties associated with the size of 
field of view used, we can resolve displacements on the order of about 
0.2 μm over 1 μs (ref. 36), and hence particle velocities of 0.2 m s−1. For 
this reason, the smallest contour lines in the particle velocity maps are 
0.25 m s−1. The smallest slip rates we can resolve are on the order of 
0.4 m s−1. It is noted that the full-field maps of particle velocity in the 
Supplementary videos contain some small negative values of slip rate, 
which are not physical as shear stresses are oriented to cause positive 
slip rates. These negative slip rates are below the measurement sensi-
tivity and hence they are due to the measurement error. Stress changes 
are computed from strain changes using the effective linear elastic 
properties of Homalite-100, with Poisson’s ratio and dynamic Young’s 
modulus ν = 0.35 and E = 5.3MPa, respectively36,63. The total stresses 
are obtained by adding the prestress levels τ0 and σ0to the dynamic 
stress change36. The prestresses τ0 and σ0are those computed using the 
measured P before each sequence. The stress fields obtained by numer-
ous previous photoelastic measurements and the repeatability of the 
tests indicate that the assumption of uniform prestress levels is reason-
able. It is noted that there may be some mild stress heterogeneities 
along the interface with deviations from τ0 and σ0, which would result 
in slightly different total stresses. The total shear stress given in Fig. 3c–f  
and obtained under the assumption of constant prestress, helps visu-
alize the level of stress experienced by the fault, but our observations 
focus on the measured stress changes (Extended Data Figs. 3–6), not 
on the total stress levels. Friction is computed by the ratio of shear and 
normal stress, averaged one pixel above and below the interface33. Note 
that friction may be affected by shear stress inhomogeneities. However, 
here we focus on friction changes and our observations of pronounced 
friction variations do not depend on the assumption of constant pre-
stress.

Theoretical estimates of the quasi-static nucleation size
The nucleation length scale on a fault governed by rate-and-state fric-
tion can be estimated using the following relation64:

h
μ

ν
b

b a

D
σ

* =
1
π (1 − ) ( − ) 2

RS

where μ is the shear modulus, DRS is the characteristic length scale of 
rate and state, σ  is the normal stress, and a and b are rate-and-state 
parameters; the relation is valid for a b0.5 < / < 1 . This theoretical pre-
diction provides an order of magnitude estimate, useful to design our 
experiments. Assuming b a( − ) = 0.005 , b = 0.02  and D μ= 1 mRS  for  
the rate-and-state properties of Homalite-100 (Lu 2009), computing 
the (quasi-static) shear modulus of Homalite from the low-strain-rate 
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Young’s modulus 2.17 GPa (ref. 63) and Poisson’s ratio ν = 0.35, and taking 
σ = 11MPa, yields a nucleation size h* = 28.6 mmHomalite . Nucleation sizes 
on the order of tens of millimetres enables us to produce dynamic rup-
tures within small laboratory specimens, even for relatively low confine-
ments, which is an important advantage of this configuration. 
Assuming a shear modulus representative of rocks (for example, 
μ = 16 GPa) and keeping the same rate-and-state parameters yields 
h* = 0.57 mrock . Although the actual values of the rate-and-state param-
eters a and b may be different for the gouge and Homalite interface, the 
term b b a/( − ) 2 is likely to be of the same order of magnitude. D μ= 1 mRS  
is consistent with previous laboratory measurements19,65. Hence, 
employing a rock sample would result in nucleation length scales on 
the order of 1 m at 6 MPa of applied normal stress, consistent with the 
large sample size used in experimental setups using natural rocks22,66–69. 
This consideration highlights the advantage of a hybrid configuration 
featuring a specimen made of a polymer that results in a smaller nucle-
ation length scale, and a layer of rock gouge embedded along the inter-
face to explore the frictional properties more relevant to natural faults.

Rupture re-nucleation within the gouge layer and predictions 
for rupture speeds
The dynamically nucleated ruptures E in both rupture sequences 
(Fig. 2b, c) appear to propagate with supershear and even supersonic 
speeds (Extended Data Fig. 7f, g). These apparent rupture speeds of 
events E at the surface of the sample start with values much larger than 
the wave speeds and then monotonically decrease with propagation 
along the interface (Extended Data Fig. 7). The apparent rupture speeds 
are measured along the lateral free surface on which the displacements 
are calculated, using the contour lines of the slip rate in the x1–t plane, 
where t is time. To identify the rupture fronts, we consider contour lines 
of 0.75 m s−1 and 1.5 m s−1 of slip rate as thresholds (for sequences 1 and 2,  
respectively, Extended Data Fig. 7b, c).

These unphysically large rupture speeds can be explained by rupture 
initiating within the thickness of the gouge layer and dynamically 
propagating towards the surface of observation with the actual rupture 
speed Vact (Extended Data Fig. 7a). Indeed, the acceleration on the lat-
eral surface (during events E from both sequences) takes place over 
less than 5–10 mm, the length smaller than the 10-mm thickness of the 
interface, indicating that the thickness cannot be ignored. In the sim-
plest case of the rupture starting from a mid-point of the interface and 
spreading with a constant (actual) rupture speed Vact, the apparent 
rupture speed Vapp observed on the lateral free surface is given by the 
following relation:

V
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t
V

t
t

=
∆

= 1 +
2
∆app act

0

where t0 is the time at which the rupture front reaches the free surface 
at the location where measurements are performed, denoted by point 
A in Extended Data Fig. 7a and corresponding to the position x0along 
the x1axis, on the free surface. The time interval t t t∆ = − 0 is the time it 
takes the rupture front to advance from A to B along the free surface. 
The location of point B along x1 is given by:
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We fit this analytical model to the experimentally measured propa-
gation of the rupture front along the free surface of the dynamically 
nucleated ruptures. We assume a constant Vact and assume initiation 
from a point such that t h V= ( /2)/0 act.

The fit of the analytical model to the experimental measur 
ements estimates actual rupture speeds of V = 0.26act

I  km s−1 and 
V = 0.46act

II  km s−1, for ruptures E of sequences 1 and 2, respectively, and 

t μ= 23.6 s0  and t μ= 10.8 s0  (Extended Data Fig. 7d, e). It is noted that 
both of these rupture speeds are subshear. In fact, considering the 
high-strain-rate shear-wave speed of Homalite-100 (c = 1.29s  km s−1), 
V c= 0.26 km s = 0 . 16act

I −1
s, and V c= 0.46 km s = 0 . 36act

II −1
s.

Hence the observed apparent, variable speed Vappof the intersection 
of the rupture front and the observational surface can be well matched 
for Vact of c0 . 16 s and c0 . 36 s, for ruptures E in each of the two sequences, 
respectively, quite reasonable initial rupture speed of just-initiated 
events (Extended Data Fig. 7, Methods). Of course, the actual rupture 
probably starts from a finite-size nucleation region and continuously 
accelerates during the initial propagation, making Vact an estimate of the 
average rupture speed over the initial roughly 6–8 mm of propagation.

Interpreting friction strengthening through standard 
rate-and-state friction formulations
In rate-and-state friction formulations, friction is a function of slip 
velocity δ V=̇  and of a state variable θ, describing the evolution of the 
contacting asperities4,6,70–74:
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 is the reference friction coefficient at the reference slip rate 
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, a and b are rate-and-state parameters, and L is the characteristic slip 

for the evolution of the state variable. One form for the evolution law 
of the state variable is the so-called aging law70–72 and is widely used in 
the literature:
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Several other evolution laws have been proposed, including the slip 
law72 and the composite law75,76. According to rate-and-state laws, dur-
ing changes of slip velocity, friction has history-dependent effects, 
which are described by the state variable. At constant slip rate and 
once enough slip has occurred, it becomes solely rate dependent.  
At steady state, the friction coefficient takes the form:
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Depending on whether a b( − )  is positive or negative, friction can 
increase or decrease with increasing slip velocity and be velocity 
strengthening or velocity weakening. One important feature of rate-
and-state friction is that when slip velocity increases rapidly from V1  
to V2, with negligible slip so that the state variable cannot evolve, the 
friction change is given by f a V VΔ = log /2 1 , the so-called direct effect 
(which also occurs with negligible slip). It is noted that regardless of 
whether friction is velocity strengthening or velocity weakening, the 
direct effect always results in an immediate friction increase upon an 
increase in slip velocity, as a is a positive quantity. If slip velocity incre 
ases gradually from V1 to V2, with ample slip so that the state variable  
can evolve to its steady state, the friction change is given by 

f a b V VΔ = ( − )log /2 1 . According to laboratory measurements, both  
a and a b( − ) are of the order of, and typically less than, 0.01 for rock 
surfaces and gouges4,6. It is noted that if the strengthening in our 
experiments were due to the direct effect of otherwise rate-weakening 
rate-and-state friction, then the strengthening would occur over neg-
ligible slips compared with the weakening.

Data availability
The data generated in this study are available through the CaltechDATA 
repository at https://data.caltech.edu/records/2155. Source data are 
provided with this paper. 
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Extended Data Fig. 1 | Specimen loading time history. The specimen is 
compressed in the axial direction by a load P, which results in a resolved normal 
and shear stresses on the interface inclined at an angle α, given by σ P α= cos0

2  
and τ P α α= sin cos0 , respectively. The load is quasi-statically increased up to 
P = 14.3 MPa, then the first sequence of ruptures is triggered by the discharge of 
wire W1. After the first sequence of recorded events, and additional slip 

occurring after the end of recording, the load drops to P = 13.3 MPa. The 
far-field loading is subsequently increased to P = 14.4 MPa and the second 
sequence of events is triggered by the discharge of W2. The inset to the right 
shows the bottom half of the sample with the gouge insert and the location of 
the lower half of the field of view with the speckle pattern used to analyse the 
sequence of images with the digital image correlation method.



Extended Data Fig. 2 | Slip-velocity time history. a, b, Slip-velocity maps as in 
Fig. 1 b,c plotted over the same time and space range but using a different 
slip-velocity scale of 4 m s−1 and 9 m s−1, respectively. c, Slip-velocity time history 
for a reference rupture propagating in a Homalite interface, displaying a 

supershear rupture followed by a trailing-Rayleigh signature (data from ref. 37). 
d, Slip-velocity time history for the second rupture sequence at the location 
x = 6.91  mm, shown by a dashed white line in b.
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Extended Data Fig. 3 | Snapshots of the full-field distributions of 
fault-parallel particle velocity and shear stress change during the initial 
phase of the first rupture sequence. The full-field maps show, top to bottom, 
the supershear rupture arrest (event A) at t = 38.6 μs, the arrival of the 

sub-Rayleigh rupture (event B) at t = 44.6 μs, its propagation (t = 50.6 μs), and 
subsequent arrest (t = 56.6 μs). Note that the stress concentration at the arrest 
time of event B is relatively minor and at a different location from where event E 
is dynamically re-nucleated later (Extended Data Fig. 4).



Extended Data Fig. 4 | Snapshots of the full-field distributions of 
fault-parallel particle velocity and shear stress change during the later 
phase of the first rupture sequence. The full-field maps of the propagation of 
a triggering attempt (event D) at t = 72.6 μs (top row) indicate that, even at this 
intermediate time between the arrest of event B at 56.6 μs (Extended Data 

Fig. 3) and dynamic initiation of event E at t = 87.6 μs (second row), the largest 
stress concentration is not where event E initiates, highlighting the dynamic 
and transient nature of shear stress changes that balance the evolving frictional 
resistance. The third and bottom rows illustrate the subsequent propagation of 
event E (t = 88.6 μs and 92.6 μs).
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Extended Data Fig. 5 | Snapshots of the full-field distributions of 
fault-parallel particle velocity and shear stress change during the early 
phase of the second rupture sequence. The full-field maps show the arrest of 
the sub-Rayleigh rupture (event B) at t = 30.8 μs; slower slip occurring at the 

edge at t = 35.8 μs, with the corresponding increasing shear stress illustrating 
how strengthening occurs; nucleation of event C at t = 41.8 μs; and its 
progression (t = 54.8 μs and t = 65.8 μs).



Extended Data Fig. 6 | Snapshots of the full-field distributions of 
fault-parallel particle velocity and shear stress change during the later 
phase of the second rupture sequence. The full-field maps show the fields 
right after the arrest of event C (t = 72.6 μs), featuring a relatively mild stress 
concentration where event E is eventually triggered; a triggering attempt (event 
D) at t = 73.6 μs; dynamic nucleation of event E at t = 81.8 μs, with substantial 

dynamic increase in shear stress since event D; and subsequent propagation of 
event E at t = 85.8 μs and 89.8 μs. The rupture initially propagates bilaterally 
(t = 83.8 – 87.8 μs), with the left front eventually losing steam, and the right front 
exiting the field of view as a strong rupture. This rupture results in a pronounced 
shear stress drop of τ∆  = 7.5 MPa (t = 83.8 – 89.8 μs).
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Extended Data Fig. 7 | Model showing the actual and apparent rupture 
speeds. a, Schematics showing a dynamic rupture originating within the  
gouge layer at O and reaching the surface of observation at the location A at 
time t0, while propagating at a rupture speed Vact. As the rupture front swipes 
through the free surface, where measurements are performed, it results in an 
apparent rupture speed Vapp. b, c, Maps of slip-velocity histories for ruptures E, 
with black lines outlining the position of the rupture front. d, e, Contour lines of 

the rupture fronts (black lines), the same as in b, c, and the fit using the 
analytical model (blue lines) described in the text. f, g, The apparent rupture 
speed on the free surface, for events E in sequences 1 and 2, respectively, 
showing unphysical initially supersonic rupture speeds. Using the model in  
a, these unphysical apparent rupture speeds can be explained by the actual 
rupture speeds of 0.16 cs and 0.36 cs, respectively.



Extended Data Fig. 8 | Friction and slip-velocity time histories within the 
rock gouge with pronounced and repeated strengthening, enhanced 
weakening, and healing. Friction versus time (a, b, e, f) and slip rate versus 
time (c, d, g, h) or the two rupture sequences, for selected locations along the 
interface. As in Fig. 4, but with friction and slip rate plotted versus time rather 
than versus slip. Colours are the same as in Fig. 2. Similarly to the friction 
evolution with slip (Fig. 4), the friction time histories shown here are 
characterized by marked strengthening, for slip rates as high as 0.5–2 m s−1, 

followed by dramatic weakening at higher slip rates consistent with flash 
heating. In both sequences, the first supershear ruptures are arrested, with 
velocity-strengthening behaviour, whereas the trailing-Rayleigh ruptures and 
subsequent dynamic events result in substantial velocity weakening. The plots 
of friction versus time emphasize the strengthening, which is more 
compressed in the plots versus slip. The slip-rate time histories show how 
rapidly the slip rate changes.



Article

Extended Data Fig. 9 | Friction and shear stress time histories along the 
interface for the two sequences of laboratory earthquakes. a, b, First (a) and 
second (b) sequence of ruptures (same as in Fig. 1e). This figure presents the 
two cases next to each other for comparison. The friction coefficient before 
ruptures arrival, f τ σ= / = 0.550 0 0 , is represented in black, while the red regions 
indicate the friction coefficient increase associated with strengthening and 
the blue regions corresponding to the pronounced weakening, consistent with 
flash heating. Planes intersecting the friction surface are shown at the two 
locations analysed in Fig. 4 and Extended Data Fig. 8. The planes are at x1 = 8 mm 
and x1 = 18 mm, and at x1 = 5 mm and x1 = 40 mm, for the first and second 
sequences, respectively. c, d, Maps of the shear stress for the first and second 
sequence, respectively, showing the highly variable and transient nature of the 

stress field. The shear stress increase (yellow-to-red) and then decrease (blue) 
traversing the entire field of view (from approximately 35 to approximately 80 
and approximately 20 to approximately 60 microseconds for the first and 
second sequence, respectively) are associated with slip in events B and then 
correspond to the continued propagation of the pressure and shear waves that 
increase stress as well as Rayleigh waves that decrease stress associated with 
the prior slip of (now arrested) rupture B; note that the (dynamic) shear stress 
decrease is not associated with any slip occurring on the interface. Arrest of 
slip events leads to stress concentrations which, together with dynamic stress 
waves from ongoing slip on the Homalite interface as well as intermitted slip in 
the gouge, and dynamic weakening, promote dynamic nucleation of 
subsequent slip events.



Extended Data Fig. 10 | Additional evidence for velocity strengthening in 
quartz gouge. Friction versus slip (a, b) and slip rate versus slip (c, d) for 
rupture sequence 1 at the edge of the gouge layer, x = 1mm1  and x = 2mm2 . These 
plots show that friction increases during event A over slips of roughly 5 μm, 
while the slip velocity increases from roughly 0.5 m s−1 to a peak value of over 
1 m s−1. In event B (red), substantial weakening of ~0.15 in friction coefficient 
occurs over slip scales of just 2 μm or so as slip rate increases. At x = 8mm1  

(Fig. 4a), weakening of 0.22 occurs over slip scales of approximately 5 μm, again 
indicating that weakening of 0.1 in friction occurs over slips of 2–3 μm. Hence 
the strengthening and weakening occur over similar slip scales indicating that 
both are sustained friction response. Note that if the strengthening were due to 
the direct effect of otherwise rate-weakening rate-and-state friction, then the 
strengthening would occur over negligible slips compared to the weakening.
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