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Frictionalinterfaces are found in systems ranging from biological joints to earthquake
faults. When and how these interfaces slide is afundamental problemin geosciences
and engineering . Itis believed that there exists a threshold shear force, called static
friction, below which the interface is stationary*'°, despite many studies suggesting
that this concept is outdated'? 2%, By contrast, rate-and-state friction formulations*%
predict that interfaces are always sliding®®, but this feature is often considered an
artefact that calls for modifications®. Here we show that nominally stationary
interfaces subjected to constant shear and normalloads, with a driving force that
isnotably below the classically defined static friction for which creep is known to
occur®”? aresliding, but with diminishingly small rates downto10™ ms™.
Our precise measurements directly at the interface are enabled by digitalimage
correlation’®**2, This behaviour contradicts classical models of friction but confirms
the prediction of rate-and-state friction***?. The diminishing slip rates of nominally
stationary interfaces reflect interface healing, which would manifest itselfin higher

peak friction in subsequent slip events'>*33, such as earthquakes and landslides,
substantially modifying their nucleation and propagation and hence their

hazard*>**

Sliding of frictional interfaces'is afundamental problem with numer-
ous engineering and geosciences applications such as earthquakes®*,
landslides’, glacier flow®” and vibrations of automobile breaks®. The
key parameter governing sliding is the ratio of shear to normal force
(or stress, defined as force per unit area) on the interface. Acommon
assumption, dating back to Coulomb, Amontons and before**™°, is
that a frictional interface in stationary contact remains in stationary
contactuntil the ratio of the shear to normal force reaches a threshold
value called the static friction coefficient (f;). A conventional way to
measure the static friction coefficient is by placing an object on an
inclined plane and slowly tilting the plane until the object starts to
(visibly) slide at some critical inclination angle a.,; (Fig. 1a). Conse-
quently, f; = tan a;.. After sliding is initiated, the ratio of the shear to
normal force is governed by the kinetic friction coefficient f,, which
is often lower. In the simplest Coulomb law, the transition from £, to
fiisinstantaneous, which is non-physical*. However, it is still widely
used today to model landslides, earthquakes and other phenomena®?
owing to its simplicity. Slip-weakening laws*® allow the transition
fromf; to f, to occur with slip (Fig. 1b), providing a link to cohesive
zone models in fracture mechanics®. These friction laws are widely
used in modelling earthquake rupture™*°*, Although slip-weakening
laws are more realistic than the instantaneous Coulomb law, they lack
strengthening mechanisms and therefore cannot be used to model
how the interface regains strength before future events, as occurs in
earthquake sequences.

More detailed friction measurements show that the friction coef-
ficient f(¢) depends on the rate of slip V(¢) and has memory effects
encodedinanevolvingstate variable 8(¢), which hasled to the develop-
mentofthe empirical rate-and-state friction (RSF) formulations'>2267,
Forexample,
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where tis time, f* is a reference friction coefficient at reference slip
rate V*, Dgsis the critical slip distance and a and b are nondimensional
parameters quantifying the direct and evolutionary effects, respec-
tively. Several state evolution laws have been proposed, including the
ageing andslip ones giveninequations (2) and (3), respectively. Equa-
tion (1) is undefined when slip rate V= 0 because log(0) is undefined.
Therefore, based on an Arrhenius-activated rate process describing
creep at asperity contacts, equation (1) is often regularized by replac-
ing the logarithmic function of slip rate IV with a function that makes
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Fig.1| Testing the concept of static friction.a, Ablockonaninclined plane.
The notion of static friction posits that the block should remain motionless for
inclination angles a below the critical value given by tan a.,;. = f.. b, Slip-weakening
friction law. According to this widely used classical model, the ratio of shear to
normalstresses (7,/0,) needs toreach a critical value (f,) for sliding to start. As
sliding proceeds, the friction coefficient transitions from the static value f;
toalowerkinetic valuef, over someslip. ¢, Schematicslip rate evolution fora
nominally stationary interface governed by experimentally derived RSF laws

the zero slip rate only possible for zero shear stress'>**? (Methods).
The rate-and-state formulation has proven successful in explaining
several time-dependent behaviours of the earthquake source, such as
the evolution of postseismic slip and aftershock rates after the main-
shock>™*# presence of both locked and slowly creeping segments on
natural faults***, correlation of earthquakes with periodic loading
such as solid Earth tides and hydromechanical variations?, slow-slip
driven earthquake swarms? and induced seismicity®.

One of the predictions of the rate-and-state framework is that all
interfacesundernonzero shear stress are sliding with nonzeroslip rates,
in contrast to the concept of static friction®® (Fig. 1c). Another predic-
tionisthat theinterface heals atlow enoughsslip rates, with the healing
manifestingitselfthrough higher peak friction during subsequent rapid
sliding episodes, as observed in slide-hold-slide experiments'>*"*,
The exact nature of sliding during the hold times has profound impli-
cations for healingand how it should be incorporatedinto the friction
laws™#"%33_However, sliding has rarely been directly measured at the
interface during hold portionsin previous experiments®?, but rather
inferred through measurements of the load-point displacement and
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thatpredictthatfrictionalinterfacesunder shear stressalwaysslide.

d, Experimental setup designed to study frictional PMMA interfaces with
inclination angles below ., and hence 7,/0, < f.. Adigital camera continuously
monitors the displacements of a portion of the interface. The load is maintained
for18 hin most experiments and 2 weeks in one experiment. Opticalimages are
takenevery S min.e, The full-field distribution of displacements and hence slip
acrosstheinterfaceis measured by DIC.

appliedload, which additionally requires an estimate of the stiffness of
the experimental apparatus'®*. Furthermore, the physics during holds
is not well understood and could differ from what is described by the
rate-and-state framework (equations (1)-(3)), for example, that the slip
rate vanishes at a threshold, as assumed by some modelers®°. Here we
perform local optical measurements of sliding during nominal holds
with constant shear and normal stresses to gain a direct understanding
of interface motion and healing.

Continuous sliding of shear interfaces

We test the concepts of static friction, continuous diminishing sliding
during holds and healing by considering seemingly stationary frictional
interfacesinthelaboratory. Two equal-sized poly(methyl methacrylate)
(PMMA) platesareincontactoveraninterfacewithaninclinationanglea,
with the setup analogous to a block on the inclined plane (Fig. 1a,d).
This experimental setup has been used to study key issues of frictional
sliding and rupture dynamics, including the sub-Rayleigh to supers-
hear rupture transition*, pulse-like and crack-like rupture modes*®,
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Fig.2|Experimental measurements showing continuous sliding of
nominally stationary frictional interfaces.a,b, Accumulatingslip §(x,, t)
along the PMMA interfaces colour-coded by time, from two distinct
experiments, one over 18 h (6.48 x10*s) (left) and another over 2 weeks
(1.21x10°s) (right). ¢,d, The corresponding evolution of the spatially averaged
slip 6(¢) (triangles). The average slip is fitted using predicted functions from

evolution of dynamic friction”, slip induced by fluid injection*” and
effects of rock gouge*®. The specimen is compressed by a vertical load
P=10 MPa, resulting in resolved shear and normal stresses g, = P cos’a
and 1, =Psina cos awiththeratio r,/0, =tan a. We study interfaces with
values of a such that the ratio of the resolved shear to normal stresses
is less than the classically defined static friction coefficient f;, that is,
tan a <f, =tan a.;. Todetermine a,;,, we conduct a series of experiments
incrementally increasing the inclination angle a until the surface starts
tovisibly slip during loading. We find this critical angle («,,;,) to be 30°
and therefore f, = tan a,,;, = 0.58. Hence, we select an angle a = 26° for
our study, with tan 26° = 0.49 being notably smaller than the static fric-
tion coefficientf,. To put the differencein friction coefficient of about
0.1in perspective, its product with an average compressive stress of
100-200 MPa over the seismogenic depths would resultin shear stress
changes of about10-20 MPa, whereas the average shear stress change
in earthquakes is 1-10 MPa (ref. 49).

Once the targetload Pis reached, the specimen is left untouched
for 18 hiin one type of experiment and 2 weeks in another, with the
load kept constant using the automatic load control. Six repeated 18-h
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e,f, Thesameresults with the time onthelogscale, emphasizing that power
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tests and one 2-week test are conducted. We measure the amount of
interfacial sliding from the digital image correlation (DIC) analysis®
of optical images taken at the centre of the specimen every 5 min
over a field of view of 30 x 22 mm? (Fig. 1d and Extended Data Fig. 1).
As aresult, we can track the full-field distributions of displacements
over the entire field of view (Fig. 1e, Extended Data Tables 1and 2 and
Methods). We have successfully used this approach to quantify the
full-field behaviour of dynamic ruptures'®* and characterize the evolu-
tion of dynamic friction'*%. The relative sliding (slip) at the interface is
obtained locally from the difference of the displacement component
inthe interface-parallel direction, measured immediately above and
below theinterface. The ability to perform these local measurements
is a key advantage compared with most frictional experiments that
infer slip from far-field measurements of the load-point displacement.

Our measurements show that the PMMA interfaces exhibit continu-
oussliding over the entire duration of the experiments (Fig. 2), in con-
tradiction to the notion of static friction and laws that incorporate it,
such as commonly used slip-weakening friction®”*®, Tracing slip distri-
butions over the interface at equally spaced time instants shows curves
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clustering with increasing time. This indicates that slip rates are
decreasing with time, consistent with RSF formulations that predict
these interfaces should be healing with time. Mathematically, this is
expressed through the increasing state variable, which results in the
decay of sliprates to add up to the same resolved shear stress in equa-
tion (1). Falling slip rates with time are also shown by the time histories
of'the average cumulated slip 6(¢), with 6(¢) = %I6(x1, t)dx; (Fig.2c,d).

After 18 hof hold time, the average accumulated slip 6 ranges from
4 pmto 6 um for bare PMMA surfaces. Only a minute part (<0.05 pm)
of the slip budget can be accommodated by viscoelastic relaxation
of the specimens across the distance at which the slip is computed
(1pixel or15 pum), as shown by tests conducted on specimens without
interface and in which no frictional sliding is present (Methods and
Extended Data Fig. 2a,b). Moreover, the sharp discontinuity in the
displacement field across the interface (Methods and Extended Data
Fig. 2c,d) indicates that shear-induced deformation of the material
near the interface contributes a negligible portion of the slip budget
and that sliding occurs across aregion that is less than 1 pixel (15 pm)
thick. The averaged slip evolution for different tests under the same
conditions is also similar (Extended Data Fig. 3).

Continuous sliding of granular materials

To provide an analogue of natural earthquake faults, we have also
conducted 18-h experiments with a rock gouge layer filling most of
the interface (Fig. 3a and Methods). Gouge is the fine granular mate-
rial present in faults in the crust of Earth, produced by comminution
during sliding**. The fault gouge layer exhibits the same qualitative
behaviour asthe bare PMMA interface, with continuously accumulating
slip that slows down with time (Fig. 3b,c). Given the time dependence
ofthe measured relative displacement, it cannot be because of elastic
deformation of the gouge layer, which would occur at the beginning
of the hold. The difference between the gouge experiments and the
PMMA-interface experiments is that the former visibly slips during
loading as well, and then results in amuch larger net slip for the same
amount of monitored time. Yet they appear nominally stationary at the
end of the experiment, at 18 h, when their slip rate reduces to nearly
10 ms™. Therefore, their behaviour also violates the notion of static
friction coefficient as the interfaces first appear to slide and then not
at the same ratio of shear to normal stress.

Explaining slip rate with afriction law

Although both the observed accumulating slip and decrease in slip
rate are qualitatively consistent with RSF formulations, let us demon-
strate this more quantitatively using our experiments on the PMMA
interfaces. To match the measured slip rate evolution with the RSF
formulation, we can change four rate-and-state parameters and one
initial condition (for the history-dependent state variable). To identify
all possible parameter values consistent with our observations, we can
conduct a comprehensive grid search over this parameter space by
numerically iterating between equations (1) and (2) (or equations (1)
and (3)). However, here we consider two scenarios for which closed-
form analytical solutions do exist, allowing us to invert the best-fit
parameters for these scenarios directly from the data.

The first scenario assumes that the frictional interface is velocity-
neutral (a = b), thatis, friction does not depend onslip ratein the steady
state. In such a case, the cumulated slip is predicted to increase loga-
rithmically with time as

8(6)=ClIn(t+t) +C, )

where constant C;isafunction of rate-and-state parameter g, critical slip
distance Dys and reference friction coefficient f* that depends on the
state evolution law. G, is anintegration constant that depends oninitial
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conditions. Theinitial conditiont, is equal to 8, Drsexp((f—f*)/a)/C,
where 6, is the value of the state variable just after the two surfaces
comein contact during loading (Methods). We findt,~10™s,and there-
fore, negligible values of ,.,;,. The logarithmic fit captures the qualitative
features of the accumulating slip but substantially diverges from the
measurements during early times (Fig. 2e,f, Extended Data Fig. 3 and
Supplementary Fig.1), underpredicting thesslipin themiddle part of the
experiment and overpredicting it towards the end. The misfit suggests
that, under our experimental conditions, the interface is not exactly
velocity-neutral.

The second scenario assumes that the value of the state variable fis
equaltotimet, as would be approximately correct for the ageing form
ofthestate variable evolution for small enoughslip rates. If VO/Dps < 1,
the ageing formreduces to df/dt =1and the state variable grows with
time. With this approximation, slip evolves as a power law of time:

6(t)=Cyt-ty)3+C, (5)

where Cjisafunctionofa, Dgsandf*, C;=1-b/a, and C,and t,depend
ontheinitial conditions representing the approximate time after which
the VO/Dgs <« 1approximation becomes accurate (Methods). In particu-
lar, parameter C; can be used to constrain the ratio b/a and determine
whether the interface is velocity-weakening (a < b), velocity-neutral
(a = b) or velocity-strengthening (a > b). We find a near-perfect fit
(Fig. 2e,f, Extended Data Fig. 4 and Supplementary Fig. 2). A better fit
thanthefirst scenariois expected because this scenario contains more
fitting parameters. The fit is nonunique, in that similar errors can be
achieved for different combinations of the rate-and-state parameters
(Extended DataFig.5). The best-fit value of ¢, is about 5 min. Evaluation
ofthe VO/Dysterm shows that it decays to values smaller than 0.1 after
4.5 min, for atypical value of Dgs = 10 pm (Methods and Extended Data
Fig. 6). Furthermore, the best fit suggests that PMMA interface is close
to velocity-neutral and only slightly velocity-weakening, consistent
with the firstapproximate approach. We note that this fit assumes that
interface healing—and the state variable evolution—occurs mainly with
time. Recent experimental studies indicate that healing in rock may
occur predominantly with slip’®, and there is no guarantee that the
mechanisms of state evolution are the same across materials. Although
the fit here is done mainly toillustrate that the results are consistent
with the rate-and-state framework, it would be important to develop
more general fitting procedures.

The slip evolution of interfaces embedded with rock gouge also
shows quantitative adherence to the rate-and-state framework, as
they can be well-explained with a logarithmic function (equation (3),
Fig.3c,d and Extended Data Fig. 7), and even more so with the power
law (equation (4), Fig. 3c,d and Extended Data Fig. 8). However, the
experiments with gouge exhibit significantly more slip than those
with purely PMMA interfaces (compare Fig. 3c with Fig. 2c), implying
different frictional properties. Experiments with gouge, which contain
both bare PMMA and gouge interface portions, probably resultin slip
variations alongthe interface of the experimental sample, potentially
resulting inredistribution of shear stress along the interface and evolu-
tion of shear stress with time at the measurementlocations. Therefore,
the corresponding frictional parameters cannot be deduced using the
method presented here, which assumes that the shear stressis uniform
along the interface and equal to the resolved shear stress because of
far-field loading. This can be remedied in future experimentsbyincor-
porating rock gouge over the entire interface.

As the power-law fit explains our observations well, we compute
the temporal evolution of slip rates using time derivatives of the best
power-law fit of slip (Fig. 4a,b). We find that, after 18 h of hold time, the
interfaces are still sliding, with the slip rates decaying by more than
three orders of magnitude, starting from 10”7 m s and reaching values
of10 " ms™and 10 m s for bare PMMA and for rock gouge interfaces,
respectively (Fig.4a). Furthermore, the (separate) 2-week-long test with

bare PMMA interfaces picks up right where the 18-h test ends, with slip
rate decreasing another order of magnitude but never reaching zero
(Fig. 4b). The fact that we find very similar slip rate decay curves for
the series of repeated tests confirms the repeatability of the experi-
mental findings. The measurement of miniscule slip rates (10 ms™)
andrepeatability are enabled by ameticulous experimental procedure
involving highly tailored DIC analysis and a strict protocol for the prepa-
ration of the frictional interfaces.

Diminishing slip rate captures healing

Our setup features a unique scenario in which the friction coefficient
(ratio of shear to normal stress) remains constant throughout the
experiments, even during the initial loading phase. This provides a
unique opportunity for us to directly quantify healing, as the decaying
slip rates V(¢) directly reflect the increasing state variable 6(¢). With
respecttoareference value of slip rate V, at state variable 6,, the evolu-
tion of the state variable can be rewritten from equation (1) as follows:

b
00\ _ Vo (6)
6 ) V@©

This means that we can visualize the interface healing by interpreting
the measured slip rates in terms of the evolution of the state variable
that records healing (Fig. 4c). Therefore, the experiments developed
here provide opportunities for direct quantification of state variable
evolutionand healing without the need for inferring it from modelling.

Aconsequence of healingis the higher peak friction for amore healed
interface™**, Assuming reasonable rate-and-state parameters for
PMMA consistent with our fits (@ =0.008,a - b=-0.001, Dgs=2 pm,
V*=1pms™, f*=0.50) and ageing law?*, we determine the evolution
of friction compared withslip if the slip rate were tojumptol ms™,an
average slip rate during earthquake ruptures*. For anincrease in the
hold times from 20 min to 1 year, the peak friction is expected to
increase by 0.09 (Fig. 4d). This increase in friction with hold times is
consistent with the results of the slide-hold-slide experiments™*,
This translates to peak shear resistance increases of about 10-20 MPa
at seismogenic depths, much larger than the average stress drops of
3 MPa for earthquakes®, highlighting the importance of healing in
geologic faults. Furthermore, if we approximate the friction evolution
with linear slip-weakening laws* %, the slip-weakening distance D,
(amount of slip required for 7., to weaken to 7, which is distinguish-
able from Dy in the rate-and-state formulation) would also increase
by 20 um, from40 pmto 60 pm, and the breakdown energy associated
with the cohesive zone, G = %(Tpeak - 19D, would increase by 4.5) m?,
from3.5) m™to 8] m Although slip-weakening laws can be a good
approximation for modelling friction, their parameters should notbe
constant in time but rather depend on the state of the interfaces and
the sliding processes. Note that theincrease in peak friction would be
the same for the slip law but the change in D, would be much smaller?
(Supplementary Fig. 3).

Implications for earthquake processes

Although previous studies indicate that the concepts of static friction
do not capture the entire frictional behaviour*2%%, this concept is still
widely used to model earthquakes and landslides®. Our experiments
provide direct measurements that nominally stationary frictional
interfaces—with driving forces below static friction—are sliding with
diminishingslip rates, and hence also healing. By using local interfacial
sliding measurements of unprecedented accuracy, we demonstrate
that, under shear, nominally stationary bare frictional interfaces and
those embedded with granular materials are sliding with decreasing
sliprates, imperceivable to the eye, that can only be measured withan
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Fig.4|Nonzero, diminishingslip velocity of nominally stationary interfaces
validates the rate-and-state formulation and captures healing.a,b, The
evolution of slip rate for all experiments (six 18-h and one 2-week experiments
for PMMA interfaces and three 18-h experiments for rock gouge) obtained

by differentiating the best power-law fit of slip. The experiments are highly
repeatable and are consistent with the rate-and-state framework. ¢, Healing is

extremely accuratetechnique. Thisis true even when the ratio of shear
to normal stress is lower than the classically defined static friction
coefficient, measured for PMMA based on the critical-angle concept.
Our experimental observations can be fitted with RSF formulations
but cannot be explained by laws that incorporate the concept of static
friction such as the widely used slip-weakening laws. The decrease of
slip rates with time allows us to infer the increase in the state variable
and hence quantify interface healing. Our findings suggest that the
prediction of RSF thatinterfaces under shear are always sliding is not
an artefact—as still commonly assumed —and holds down at least to
slip rates of the order of 10> m s™.. Although these slip rates may be
negligible for some applications, they are crucial for understanding
earthquake nucleation®** aswell as for validation of the RSF formula-
tion, which posits that the properties of frictional interfaces change
even when they appear stationary, in terms of decreasing slip rates
and increasing values of the state variable that record healing. The
healing then manifests itself in terms of higher peak friction during
morerapid sliding episodes™®**, and initial strength excess that needs
to be exceeded before induced earthquakes in tectonically inactive
areas can start nucleating?**, making earthquake hazard depend-
ent on the amount of healing. Furthermore, our experiments on
nominally stationary interfaces give access to very small slip rates V
downto10™ ms™that have never been reported in africtional study.
Therefore, our experimental procedure can serve as acomplemen-
tary method to constrain frictional parameters and study different
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recorded by increases in the state variable, which canbe inferred directly from
our measurements without assuming any form for the state evolution law. 6, is
chosentobethestate variableat¢,=20 min.d, Rapid velocity jump toaslip rate
of 1ms™, average for earthquake rupture, after longer hold times would result
insignificantly higher peak friction and larger effective fracture energy.

state evolution laws. By combining our experiments with classical
velocity-jump experiments®*? (V=10"° ms™) and dynamic rupture
experiments”*® (V=1ms™), we canenhance our understanding of how
friction behaves across different scales of slip rates with far-ranging
implications from engineering to geoscience.
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Methods

Specimen preparation
Inthis study, we investigate two different types of frictional interfaces
under shear: (1) bare surfaces of PMMA and (2) rock gouge layer embed-
dedinaPMMA sample. The specimens are cut from aPMMA sheet of size
250 mm x 200 mm x 12.5 mmto two equal-sized quadrilateral plates at
anobliqueinclination angle a = 26° using acomputer numerical control
machine. Theinclined mating faces represent the frictional interfaces.

To ensure experimental reproducibility, the mating surfaces of the
PMMA specimens are prepared following a well-developed surface
finish procedure®**2, The interfaces are first polished to near-optical
grade finish using a 100 rpm rotating polishing wheel covered with
Buehler 12-inch Microcloth and soaked with a mixture of water and
cerium oxide polishing compound (Buehler MiroMet) in the ratio of
2:1, achieving a typical roughness R= %f; |z(x)|dx ~0.016 pm. Then,
theinterfaces are roughened by blasting with McMaster Carr abrasive
glass beads with 70-140 mesh size corresponding with the diameter
ranging between 104 pmand 211 pm using a pressure of 75 psifor 3 min.
A ssimilar procedure performed on a similar material (Homalite-100)
generally achieves a typical roughness of R ~ 0.5 um (ref. 51).

The rock gouge layer is incorporated into the PMMA sample using
a hybrid configuration*® and it covers 74% of the centre portion of
the interface (165 x 12.5 mm? out of 222.5 x 12.5 mm?) (Fig. 1d). The
bare PMMA portion helps to maintain the inclination angle a = 26°.
The layer of rock gouge has a thickness of 2 mm, and it is composed
of afine quartz gouge power (MIN-U-SIL 10, commercially available
from US Silica) with >99.5% silicon dioxide (SiO,) and >96% of grains
with a diameter of <10 pm. The field of view captured by the camera
(30 x 22 mm>?) falls entirely within the gouge portion at the centre of
the interface, away from the transitional boundaries between gouge
and bare PMMA. Rock gouge isincorporated along the PMMA interface
following a similar procedure to that outlined in ref. 48. First,1 mm of
PMMA is removed along the portion to be filled with gouge, for each
mating half. A fine mist of glue is sprayed along this portion, and the
specimen is pressed against gouge particles laid on a flat surface at
room temperature and humidity. Isopropyl alcohol is used to clean
gouge particles on the unmilled portion of bare PMMA. A razor blade
is used to shave off excess particles over the milled portion to ensure
that the gouge surface is flushwith bare PMMA. The glue adheres a thin
layer of gouge particles to the PMMA, preventing shear failure from
occurring at the gouge-PMMA interface and allowing us to study the
frictional behaviour of rock gouge.

Loading and image acquisition protocols

Toapply shear stress onthe frictionalinterfaces, the two mating halves
are first placed into contact and aligned using a specimen holder to
ensure parallelloading surfaces and to prevent specimenbuckling. The
assembly is loaded uniaxially and uniformly using an Instron 300LX
witha constantloading rate of 0.2 mm min™ (corresponding to vertical
strainrates of 1.3 x 1075 s}, well within the quasi-static regime) until the
vertical-load P=10 MPaisreached. The loading process takes approxi-
mately 6 minand 10 min for specimens withbare PMMA and withinter-
bedded rock gouge surfaces, respectively. The loading time is longer
for specimens with rock gouge because more vertical displacement
is required to compact the rock gouge layer, because of its granular
nature.Bothsurfacesareinclined atanangle a = 26°, at which the verti-
calload Pproduces aresolved shear stress of 7, = Psin a cos a = 3.94 MPa
and a normal stress of g, = P cos?a = 8.08 MPa. The load is then main-
tained constant for 18 h in most experiments and for 2 weeks in one
experiment using an automatic load control system.

The central portion of the specimenis monitored using optical imag-
ing with afield of view of 30 x 22 mm?, starting when the vertical load Pis
reached. To provide the characteristic texture required for performing
image correlation, the field of view is covered with small black random

speckles over a thin white coating produced with Krylon sprays. The
average speckle size produced by the Krylon spray spans 5 pixels, with
1pixel corresponding to approximately 15 um. Every 5 min, 32 images
of size 2,048 x 1,536 pixels®are taken at a rate of approximately 50 fps
using the Imaging Source monochrome camera DMK 37BUX250. The
cameraisequipped withaSchneider Optics 50 mm Xenoplan compact
serieslens (21-1001976) and a10 mm Tamron extension ring (Extended
Data Table1). Typically, once the target load is attained, 217 sets of 32
images are acquired every 5 min during each test over the 18 h span
duration (Extended Data Fig.1). To reduce the noise level, each set
of 32 images is numerically averaged using the Imaging Source soft-
ware IC Capture v.2.4 and only the averaged images are used for the
analysis. To obtain full-field displacements and slip along the interface,
the sequence of 217 averaged digital images is analysed using DIC, as
detailed in the next section. Six independent but nominally identical
18-h experiments are performed for the bare PMMA interface and three
fortheinterfaceembedded with rock gouge to check the repeatability.
Moreover, one 2-week experiment is conducted for the bare PMMA
interface.

From optical images to cumulated interfacial slip

To measure slip along the frictional interface, the optical images
are analysed using the DIC technique®. Using Correlated Solutions
VIC-2D commercial image-matching software, we produce anevolving
sequence of full-field displacements for each experiment. The first
image in the sequence is used as a reference image in the correlation
for bare PMMA, whereas the last image is used as a reference image
in the case of rock gouge to prevent decorrelations because of large
displacementsinthelaterimages. To preserve the discontinuity of dis-
placements across theinterface, the correlation analysisis performed
over two domains separated by the interface!”**353% For surfaces with
rock gouge, the 2-mm gouge layer is treated as an infinitesimal layer
and excluded from the correlation. Moreover, to make the correlations
computationally amenable, only subregions of size 2,048 x 150 pixel®
onthe different sides of the interface are considered. The correlation
uses asubset size of 41 x 41 pixels*and astep of 1 pixel. The Fill Bound-
ary algorithm is used to extrapolate correlated displacements from
half a subset size away from the interface to directly at the interface
(Extended Data Table 2). Using this approach, we can resolve minute
full-field displacements as smallas1x 107 of the pixel size in the optimal
scenario®, equivalent to 0.015 um for our field of view. For the 2-week
experiment, to reduce computation time, only images taken every
hour are kept and analysed.

Using full-field displacements, accumulated interfacial slip §is cal-
culated by taking the differences between the interface-parallel dis-
placements u, of pixels immediately below and above the interface,
thatis, 5(x, t) = u;(x;, x,= 07, ) — u;(x;, x, = 0", t). To describe the macro-
scopic frictional behaviour of the interface, the average accumulated
slip 6(¢) is calculated for each time frame, that is, 5(¢) = %J"O 6(x;, t)dx;.

Uncertainty quantification of slip measurements

To quantify measurement uncertainties, we performan experimentona
PMMA sample without aninterface, under the same loading conditions
astheregular experiments and we measure slip along the mathemati-
callinewhere aninterfaceliesin the regular experiment following the
same analysis procedure. Since there is no physical interface in this
case, any measured slip is due to the DIC measurement accuracy or to
the viscoelastic relaxation of PMMA over the distance across which slip
is computed, whichis 1 pixel (15 um). The DIC measurement accuracy
is affected by a number of factors, such as the electronic noise of the
camerasensor, lighting variations during the observation time window,
vibrations of the optical table, suboptimal speckle pattern orinterpola-
tion methods used during correlations®>, In our case, we find that
DIC measurementerrors and viscoelastic relaxation contribute to less
than 0.05 um of the average accumulated slip (Extended Data Fig. 2).



Fitting the slip measurements
According to RSF formulations'>?26225657 which have been developed
based on previous laboratory experiments sliding two rock surfaces
or agouge layer, friction coefficient f(¢) depends on slip rate V(¢) and
has memory effects captured by an evolving state variable 6(¢). Equa-
tion (1) from the main text is an example. The velocity-dependent term
(directeffect) is universally positive (a > 0) and canbeinterpreted asan
instantaneous increase of local contact strength with aninstantaneous
increaseinstrainrate, whichisatraditional material response that can
oftenbe described by athermally activated Arrhenius process®,*%. The
state-dependent term (evolutionary effect) describes the evolution of
contact population and properties that would occur after achangein
slip rate, such as due to gradual dilation and/or compaction®®°°, until
the steady-state conditions are reached that correspond to a new slip
rate. In stationary or near-stationary contact, such as in our experi-
ments, the state-dependent termreflects interface healing, interpreted
asthegrowth oftherealareaof contact, for example, owing to thermally
activated creep® ® orasincrease in contact quality and hence strength,
for example, owing to diffusion processes related to the formation of
interfacial chemical bonds®®. Two typical choices for the state evolution
law include the ageing law?® and the slip law®, which are equations (2)
and (3) in the main text.

Atasteadystate, thatis, df/d¢= 0, both state evolution laws converge
and 0 = D¢/ Vreflects the contact age. Moreover, the friction coefficient
becomes purely rate-dependent:

f=f*+(a—b>ln[%] @)

If a < b, the friction coefficient at steady state decreases with slip
rate and the interface is said to be velocity-weakening. By contrast,
if a> b, friction increases with slip rate and the interface is velocity-
strengthening. If a = b, friction does not change with slip rate and the
interfaceis velocity-neutral. Stability analysis shows that unstable slip
can occur only for a velocity-weakening interface'.

Adrawback of the logarithmic form (equation (1)) is that the friction

fisnotdefinedfor V=0, thatis, the logarithmic functionis undefined

atzero. Thelogarithmic form was derived from purely empirical con-
siderations to match experimental observations?-?*%’. This form is
consistent with an Arrhenius rate process at contact junctions in the
range for which forward microscopic jumps, in the direction of shear
stress, are overwhelmingly more frequent than backward jumps, and
hence the backward jumps are ignored. This interpretation has been
implicit or explicitin several studies*>*** Accounting for backward
jumps, which are expected to be comparable with forward jumps near
zero shear stress and zero slip rate, gives™

rron{ze)

Dgs

f(t)=aarcsinh mexp
2v*

(8)

a

This physically based regularized form highlights that exactly zero
slipratesareonly expected at zero shear stress, with any nonzero shear
stress giving rise to some slip rate. Note that this regularized form is
indistinguishable from the logarithmic formin the range of experimen-
tal observations. Therefore, we will continue to use the logarithmic
formin our analysis.

Our slip measurements show that both bare PMMA surface and
those embedded with rock gouge continue to slide over the dura-
tion of the experiments, although the friction coefficient is smaller
than its static value and is a constant with time. RSF predicts that
allinterfaces are always sliding? and could potentially explain our

observations. Rewriting equation (1) from the main text to solve for V(¢)
yields

_b
V(t)= V*exp(f;f j[%} 9
RS

Ingeneral, no closed-form solutions exist for systems of equations:
equations (2) and (9) or equations (3) and (9). Although it is possible
to fit the slip measurements by using a grid search and fully evolve
the state variable through a finite difference scheme, the number of
free parameters results in many possible solutions. In the following
subsections, we present two particular cases for which there exists a
closed-form expression for 6(t), V(t) and 6(¢).

Closed-form expression of slipwhena=»5b

Motivated by the approximately velocity-neutral behaviour of PMMA,
we can assert a special case in which a = b. In this case, equation (9)
simplifies to

V(o) = exp(f_—f*j% (10)

a o)

By substituting equation (10) into the state evolution laws (equa-
tions (2) and (3)), the time derivative of the state variable becomes
time-independent, as follows:

e _. _ f=f1)_

dr =1 exp( a J_ Cageing (11)
o _(f* - [ _
dr _[ a Jexp( a J_Cslip (12)

Assuming that when we place the two halves of the specimenin con-
tactatt =0, theinstantaneous contactareaachieved produces the state
variable 6 = 0, integrating equations (11) and (12) leads to

B(I) = Cageing/slip t+ emin (13)
where C,geingssiip IS Cageing OF Cyiip, as defined in equations (11) and (12).
Substituting equation (13) into (10) yields an expression for slip rate
as afunction of time:

eXP(f_af* )DRS

Cageing/slip t+ emin

V(t) = (14)

Equation (14) canthen beintegrated to get the evolution of slip, 6(¢),
which can be rewritten as follows:

8(6)= Cln(t+t)+C, (15)

where C; = Dys/(exp (f*T_f) —1)and t= 6/ Cygeing fOr the ageing law and
C=aDys/(f* —f)and t, = 0,,,,/Cy;, for the slip law. As C, is a function of
a, Dysand f*, the value of C, that best fits the observations can be used
to constrain these frictional parameters. Parameters t,and C,, aninte-
gration constant, arerelated to theinitial conditions of the system. This
logarithmic formis similar to the postseismic relaxation that occursin
theformof creep on faults (afterslip) following large earthquakes”™. We
find the best-fit parameters through a Matlab fit function and explore
the surrounding parameter space through a grid search. For bare PMMA
surfaces, the search range is between O pm and 1.5 pm for C,, between
-100 pmand 100 pm for C,, and between O hand1hfor ¢,. For surfaces
embeddedwithrockgouge, the searchrangeisbetween O pumand 50 pm
for C,, between -1,000 pm and 1,000 pm for C,, and between O h and
10 hfor ¢,. The grid search results are shown in Extended Data Figs. 3
and 7, Supplementary Fig. 1and Supplementary Tables1and 2.
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Closed-form expression of slipwhen 8=t

Adifferent simplification arisesin the ageing law framework when the
state variable is approximately equal to time. Motivated by the slow slip
rate expected fromthe experiment, we can explore the limiting casein
which V8/Dys < 1. Inthis case, the ageing law reduces to d6/d¢ = 1and the
state variable integrates to 6(t) = t — ¢,, for some integration constant
t, representing the time at which the V6/Dys < 1 approximation starts
to become accurate. The expressions for slip rate (equation (10)) and
slipbecome, respectively,

_b
V(t)= V*exp(f_af j[%};t(ﬁj (16)
_b
(A )y s SV b 17)
6(t)—(a_ij exp( a j(Dst (t-tp) +C

The slip observations can then be fitted with a power-law relation-
ship of the form

5()=Cyt-tx)3+C, (18)

from which b/a can be inferred from C;=1- (b/a) and the
frictional parameters a, Dys and f* can be constrained from

C= (afb) v exp(f_aft) (%)‘g. As before, we find the best-fit param-
etersthrough aMatlab fit functionand explore the surrounding param-
eter space through a grid search. For bare PMMA surfaces, the search
range is between =50 and 50 pm s™ % for C,, between —200 pm and
200 pmfor C,, between—0.5and 0.5 for C;, and between-10 hand the
time ¢ at which we have the first image for ¢,. For surfaces embedded
with rock gouge, the search range is between —500 pm s™ % and
500 um s %@ for C,, between -2,000 um and 2,000 um for C,, between
-0.5and 0.5 for C;, and between —10 h and the time ¢ at which we have
the firstimage for ¢,, whichis typically 7 min for PMMA and 10 min for
gouge. The upper bound constraint on ¢, prevents the argument of the
power law (and hence the state variable 6(¢)) from becoming negative
and is valid as long as the fitting does not return the upper bound as
the best fit. The grid search results are shown in Extended Data Figs. 4
and 8, Supplementary Fig. 2 and Supplementary Tables 3-4.

There areranges of parameters that would be unphysical according
to the rate-and-state formulation. As we expect a, V*,f* and Dy to be
positive, we cannot have a velocity-strengthening interface (a > b)
and C, < 0 or a velocity-weakening interface (a < b) and C, > O (Sup-
plementary Fig.2). This also ensures that slip accumulates monotoni-
cally over time. We also find that for any set of C;> 0 and C; >0, there
exists another pair of C; > 0 and C; > 0 that can fit the data almost as
well (Extended Data Fig. 5), demonstrating that the fitting exercise is
ill-posed even when making simplifying assumptions to reduce the
number of fitting parameters.

To aposteriori test whether the V6/Dys < 1 approximationis appro-
priate, we can first rewrite it as follows:

b _b
1ot
DRS DRS

19)

As noted previously, because C; >0 forb<aand C,;<0for b>a,
C1(1-(b/a)) is always positive. Therefore, VO/Dys will grow over
time for b < a and decay over time for b > a. As such, V8/Dys < 1 will
become increasingly true for a velocity-weakening interface, such
as the bare PMMA interface. We have also computed V8/Dys for the V
inferred from our observations and for a typical value of Dgs - 10 pm,
we find V6/Dgs drops to below 0.2 after 10 min and below 0.1 after

50 min (Extended Data Fig. 6). Note that it is not necessary to have
small V8/Dgs from the beginning. As soon as the approximation is
true, we find 6 growing with ¢ with some offset ¢, that records the
initial process when V8/Dgs may not necessarily be much smaller
thanl.
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Extended DataFig. 2| Comparison of bare PMMA test (withinterface) with
anintactspecimen (nointerface). (a) Average accumulated slip 6(¢) measured
using identical experimental procedures and data analysis for aspecimen with
barePMMA interface and areferenceintact specimen withoutany interface
indicating potential bulk effects and/or experimental error. (b) is the zoomed
inversion of (a). The comparisonclearly shows the slip measured along nominally
stationary PMMA interfaces ismuch larger than the experimental error and
bulk effects. (c) Arepresentative profile of the measured fault-parallel
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displacement u, across the direction x, (perpendicular to the interface) for bare
PMMA surface, color coded by time. (d) is similar to (c) but for anintact specimen.
The average displacementu, ,,, for each profileis subtracted toremoveany
rigid body translation that may be due to some small vibration of cameraor the
optical table allowing for better visualization. The profile in (c) looks more like
astep functionthananS-shape, dismissing shear-induced deformation of
material near interface from contributingin any substantial way to the observed

accumulatedslip 6(¢).
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Supplementary Table1.

Extended DataFig. 3 | Explaining the measured accumulated slip on bare
PMMA interfaces using logarithmic functions. (a-g) Sevenexperiments are
performed for bare PMMA interfaces. For eachindividual test, the interfaces
arere-polished and re-beadblasted to ensure their repeatability. The bare
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Extended Data Table 1| Digital image correlations (DIC) hardware parameters used in this study

Imaging Parameters

Values

Camera

Image Size

Lens

Focal Length

Aperture

Field-of-View

Image Scale

Stand-Off Distance

Image Acquisition Rate

Exposure Time

Patterning Technique

Pattern Feature Size

Imaging Source monochrome camera
DMK 37BUX250

3 MP, 2048 x 1536 px2

Schneider Optics Xenoplan compact series
(21-1001976) with 10 mm extension ring

50 mm

f/2.8

30 x 22.5 mm?

68.3 px/mm

300 mm

32 frames at 50 fps every 5 mins

0.02s

base coat of Krylon white paint with small black

and white speckles on top

5 px




Extended Data Table 2 | Digital image correlations (DIC) analysis parameters used in this study

DIC Parameters

Values

DIC Software

Image Filtering

Reference Image

Interpolant

Matching Criterion

Subset / Element Size

Step Size

Subset Shape Function

Subset Weights

Correlated Solutions VIC-2D (version 6.2.0)

32 frames numerically averaging

single reference image (standard correlation)

continuous splines (8-tap)

zero-normalized squared differences

41 px (approximately 0.6 mm)

1 px (approximately 15 pym)

Affine

Gaussian




