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Nearly all frictional interfaces strengthen as the logarithm of time when sliding at ultra-
low speeds. Observations of also logarithmic-in-time growth of interfacial contact area
under such conditions have led to constitutive models that assume that this frictional
strengthening results from purely time-dependent, and slip-insensitive, contact-area
growth. The main laboratory support for such strengthening has traditionally been
derived from increases in friction during “load-point hold” experiments, wherein a
sliding interface is allowed to gradually self-relax down to subnanometric slip rates. In
contrast, following step decreases in the shear loading rate, friction is widely reported
to increase over a characteristic slip scale, independent of the magnitude of the slip-
rate decrease—a signature of slip-dependent strengthening. To investigate this apparent
contradiction, we subjected granite samples to a series of step decreases in shear rate of
up to 3.5 orders of magnitude and load-point holds of up to 10,000 s, such that both
protocols accessed the phenomenological regime traditionally inferred to demonstrate
time-dependent frictional strengthening. When modeling the resultant data, which
probe interfacial slip rates ranging from 3 pm -+ s™! to less than 10 5um - s™1, we
found that constitutive models where low slip-rate friction evolution mimics log-time
contact-area growth require parameters that differ by orders of magnitude across the
different experiments. In contrast, an alternative constitutive model, in which friction
evolves only with interfacial slip, fits most of the data well with nearly identical
parameters. This leads to the surprising conclusion that frictional strengthening is
dominantly slip-dependent, even at subnanometric slip rates.

physics of friction | earthquake physics | experimental rock mechanics

Frictional surfaces across a wide range of materials are known to strengthen at low sliding
rates. In the laboratory, this strengthening is often explored through slide—hold—reslide
experiments, where a sample previously driven at a constant sliding speed is perturbed
by abruptly holding the external load at fixed displacement or a fixed, low stress level
(1-8). In the former protocol, which we call a load-point hold, slip along the frictional
interface continues at an ever-decreasing rate as the mechanical system (testing machine
plus sample) elastically unloads and the shear stress on the frictional interface decreases. For
hold durations longer than a few seconds, the static friction peak observed upon resliding
at the prehold rate has been shown to increase as the logarithm of the hold duration, across
a wide range of materials, including rocks (1, 4, 5, 8, 9) (5] Appendix, Fig. S1).

In providing a physical explanation for these observations of frictional strengthening,
reference has often been made to the similarly logarithmic-in-time growth of interfacial
contact area (in transparent polymer glasses and plastics) during periods of little to no
slip (10, 11). The connection of frictional strength to contact area dates back to Bowden
and Tabor (12), who imagined frictional strength of an interface (7¢) as the product of
an average velocity-dependent contact strength (7,) (6) and the ratio of the real contact
area to the total contact area (3,): 75 = 7.X,. Logarithmic growth of contact area is
expected if contacts deform via thermally activated creep at normal stresses close to the
indentation hardness of the sample (6, 8, 13). In the Bowden and Tabor view, this contact-
area growth then leads to a logarithmic-in-time increase in friction measured relative to
the steady-state prehold and posthold sliding rate. One consequence of this view is that
the strength increase during the hold portion of slide—hold—reslides should be predictable
from the hold duration alone and be insensitive to the small amount of interfacial slip that
accumulates during the hold (4).

The largely empirical rate—state friction (RSF) equations are widely used to model such
time-varying friction phenomenology in rock (4, 5, 14) and a diverse set of industrial
materials (6, 15-19). However, the two most widely used versions offer opposing views of
the importance of slip for friction evolution. The more commonly used Aging formulation
(1, 14) predicts that frictional strengthening loses all sensitivity to slip whenever the
interface is subjected to a sufficiently large and rapid decrease in slip rate. In the limit
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of a truly stationary interface, it implies strengthening as the
logarithm of time, even in the absence of slip. When viewed in
conjunction with the evidence for log-time growth of contact area
across stationary interfaces, this is consistent with the Bowden
and Tabor view of contact area being the primary determinant
of macroscopic strength. Its more empirical alternative—the Slip
formulation—instead predicts no strengthening in the absence of
sliding and retains slip-sensitivity at all slip rates (20).

Over the last three decades, phenomenological details of
frictional strengthening derived from laboratory slide~hold—
reslide experiments have been widely interpreted as supporting
the Aging-formulation view—that frictional strengthening
loses sensitivity to slip under the extreme slip-rate reductions
imposed during load-point holds (3—7, 21). In contrast, friction
evolution in response to less extreme, but still 1- to 2-orders-of-
magnitude, velocity-step decreases in the laboratory demonstrates
strengthening over a characteristic slip distance independent of
the final slip rate, a feature consistent with the slip dependence
of friction predicted by the Slip formulation (22, 23). Therefore,
somewhat paradoxically, while load-point holds and large velocity-
step decreases both probe the evolution of friction following large
reductions in slip rate, the traditional interpretations of these two
protocols seem to provide entirely contradicting versions of the
processes underlying frictional strengthening.

One resolution to this paradox is to hypothesize a rate-sensitive
transition from slip- to time-dependent strengthening that is hid-
den within the orders-of-magnitude gap in the slip rates typically
probed by these two sliding protocols (24). To test this hypothesis,
and to eliminate any effects of differences in samples or experi-
mental conditions, we ran a suite of extremely large velocity-step
decreases (0.5 to 3.5 orders of magnitude between 3 um - s~! and
0.001 pm - s~1) and load-point holds (of durations 10 to 10? s)
on an initially bare granite sample, all during the same experimen-
tal run. For our experimental conditions, these extreme velocity-
step decreases reach slip rates as low as those accessed during
hold durations of a few 100 s—durations comfortably larger
than those above which time-dependent strengthening has been
widely inferred (4, 5, 11). Crucially, this means that the data from
either the velocity-step or slide-hold protocols are independently
sufficient to test for a rate-sensitive transition from slip- to time-
dependent strengthening with decreasing slip speed.

Contrary to conventional wisdom, we find that the data derived
from both sliding protocols support dominantly slip-dependent
strength evolution, even for nearly stationary surfaces (minimum
estimated slip speeds < 1072y m/s). In particular, we find that
the Slip equation describes most of the data quite well using nearly
identical parameters, even across these many-orders-of-magnitude
variations in slip rate. In contrast, the Aging equation produces
worse fits to the data, while also requiring orders-of-magnitude
variations in the inferred RSF parameters across the diverse sliding
conditions. We trace these failures of the Aging equation back to
one central flaw—its prediction that strength increases primarily
with time, and notslip, following large, rapid decreases in slip rate.

RSF and Probing Strengthening with Velocity
Steps and Holds

Within the RSF framework (1, 5, 9, 20, 25), the friction coef-
ficient is expressed as a function of the sliding rate (V') and the
“state variable” (6) describing the state of the sliding surface. In its
simplest form, the friction equation is:

_ T v V.0
M—U—u*—f—aln(V*)—i—bln(DC), (1]
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where p is the friction coeflicient, 7y is the shear stress during slid-
ing, o is the normal stress, and the parameters @ and b determine
the amplitude of the log velocity and log-state dependence of fric-
tion. /i, is the steady-state friction value at an arbitrary reference
sliding speed V. At moderate temperatures, a and b are of order
0.01 (26), much smaller than the nominal friction value f, of
~0.6 to 0.8. Despite being small, the rate- and state-dependence
of friction is important; it determines, for example, whether
surfaces slide stably at the applied loading rate (@ > b; referred
to as “velocity-strengthening”), or potentially undergo stick-slip
motion (a < b; “velocity-weakening”). The velocity dependence
is universally positive (a > 0) and is generally interpreted to
result from a thermally activated Arrhenius process associated with
breaking chemical bonds between asperities that bridge the sliding
surface (27, 28). The source of the state-dependence is poorly
understood. Despite apparent similarities in the phenomenology
of state evolution among many classes of solids, including rock,
glass, metal, paperboard, wood, plastics, and rubber (6, 8, 10, 16,
18), itis not at all obvious that the physical and chemical processes
underlying this evolution are shared.

It is commonly assumed that the time derivative of the state

variable, 0, can be written as functions of the current values of
V and 6 only, although this assumption might be somewhat
restrictive (20). For decades, the most widely used forms of the
state-evolution equations have been:

: Ve
Aging (Dieterich) Equation: § =1 — —

D’ [2a]

) . . s Ve Ve
Slip (Ruina) Equation: § = D, In (l)c>’ [2b]

where D, is a characteristic slip scale, often associated with the
size of contacting asperities on the interface (2, 20). State here has
units of time. )

At steady-state sliding (f= 0), both equations yield V§/D.=1,
or @ =D,/ V, consistent with the interpretation that at steady-
state O reflects “contact age.” For both equations, V6#/D. <1

leads to 6 > 0. We refer to this as being “below steady state.” The
increase in friction resulting from the below-steady-state increase
in € is what we mean by frictional strengthening.

The Aging and Slip formulations differ in their predictions
for strengthening when V@/D,. drops to values much smaller
than one. Given that neither equation allows for instantaneous
changes in state, such “far below steady-state” regimes can be
attained via sufficiently large and rapid reductions in slip rate from
steady-state sliding. In response, state evolution under the Aging
formulation loses all sensitivity to slip rate, as Eq. 2a reduces
to 0 ~ 1. State then evolves purely as a function of time and,
again, invites the interpretation that state is contact age. Note that
cessation of slip is not required to satisfy 6 ~ 1; it is sufficient
that < D./V. In contrast, under the Slip formulation, the
rate of state evolution decreases to progressively smaller values
as the size of the velocity reduction increases, with no strength-
ening in the limit V' — 0. Nevertheless, in practice, due to the
finite compliance of testing machines, slip speed never decays to
zero. Under these circumstances, both formulations predict an
approximately logarithmic-in-time increase in frictional strength
during long-duration load-point holds (strictly so under the Aging
formulation, as 6 ~ 1) (20, 23). Therefore, that frictional strength
increases nearly logarithmically with hold duration in slide~—hold—
slide experiments does not by itself distinguish between evolution
of friction with slip or with elapsed time.

pnas.org
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The slip-sensitivity of strengthening was explored by Beeler
et al. (4) in an experiment consisting of the same sequence of
holds at two very different machine stiffnesses. They showed
that the rate of increase in peak friction with log-hold duration
was independent of the adopted stiffness and, hence, indepen-
dent of the very different amounts of slip that accrued dur-
ing the holds. Beeler et al. interpreted these data as supporting
time-dependent strengthening during holds. Together with the
discovery of logarithmic-in-time contact-area growth (10, 11)
and the correspondence between Aging-law-style time-dependent
strengthening and contact-area growth when viewed within the
Bowden—Tabor picture (8, 13), the experiments of Beeler et al. (4)
have been cited as evidence in support of time-dependent contact-
area growth, leading to frictional strengthening during holds.

The strongest evidence against this viewpoint, and for the
importance of slip in determining friction evolution far below
steady state, comes from velocity-step experiments, as mentioned
before. The Slip formulation, in fact, was introduced because it
matches so well the results of laboratory velocity-step experiments,
where friction is observed to approach its future steady-state value
as roughly a decaying exponential over a characteristic slip distance
(D.), independent of the final slip speed, as well as the magnitude
and sign of the velocity step (20). For velocity-step decreases, this
clearly calls into question the universality of the hypothesis that
frictional strengthening far below steady state depends upon time
rather than slip.

Recently, Bhattacharya et al. (23) resolved some of this co-
nundrum by reinterpreting the slide—hold-reslide experiments of
Beeler et al. Bhattacharya et al. showed that the Slip formulation
can model the stiffness-independence of the healing rate inferred
from the peak friction data as well as the Aging formulation, albeit
over a narrower range of parameter values. Moreover, the holds
preceding these peak friction values exhibit strongly stiffness-
dependent stress-relaxation rates, which, with constant RSF pa-
rameters, cannot be captured by the Aging formulation, but are
well modeled by the Slip formulation. However, this does not
rule out the possibility that this apparent failure of the Aging
formulation has nothing to do with the prescription of state
evolution and is, instead, just an artifact of the assumption of
velocity-independent, constant RSF parameters. To explore the
latter possibility, it is necessary to increase the size of the velocity-
step decreases and drop the target velocity into the range accessed
by moderately long holds. This will effectively allow any rate-
dependence of the RSF parameters to be detected by the rate steps
alone.

The Tullis rotary shear apparatus at Brown University (25,
29, 30) is uniquely suited to our purpose, given that it can be
servo-controlled by using a resolver near the sliding interface to
artificially stiffen the machine to around 30 to 40 times its natural
stiffness (4, 23). All the experiments reported in this paper make
use of this stiffened setting. Increasing the apparatus stiffness
ensures that a large velocity step imposed at the load point is
translated to the sample with greater fidelity. This maximizes the
departure from steady state for a given velocity-step decrease at the
load point (31), which facilitates distinguishing slip- from time-
dependence when inverting the resulting friction data.

As we will show, the dataset generated from the experiments
described herein provides sufficient diagnostic power to join a
growing body of work, referenced later, suggesting that 1) fric-
tional “state” is not synonymous with contact area, and 2) slip
is essential to frictional strengthening, as observed in laboratory
experiments on rocks.

Large Velocity-Step Decreases on a Stiff Apparatus. The velocity
steps were carried out at 25-MPa normal stress on a hollow,

PNAS 2022 Vol. 119 No.30 e2119462119

cylindrical sample of Westerly granite with outer and inner diam-
eters of 54 and 44 mm (for details of the apparatus and sample,
see SI Appendix, Figs. S2 and S3). The sample was initially ground
flat and then roughened at a fine scale by using 60-grit grinding
compound. We report experimental results only after about 120
mm of slip. At these large amounts of slip, the sample reached
a stable, quasi-constant, steady-state velocity-weakening value of
a — b~ —0.003 (8] Appendix, Fig. S6). Previous studies on the
same apparatus under similar conditions have shown that, during
the accumulation of ~40 to 100 mm of slip, a 70- to 100-pm-
thick layer of gouge develops on Westerly granite samples, with
the total shear being accommodated in a narrow (20 to 30 pm
wide), quasi-planar, shear zone within this gouge (29).

To estimate the slip velocity from the displacement measured
by the resolver (what we term the “load point”), we must correct
for elastic deformation of the intervening material (about 5> mm
of rock plus a thin layer of glue). The elastic stiffness & (expressed
as friction change per differential slip distance between the surface
and the load point) was determined to be 0.065 pum ™~ (Materials
and Methods and SI Appendix, Fig. S4). Assuming homogeneous
shear stress and slip distribution on the sliding interface, the elastic
relation between the measured shear traction on the sample (7),
the load-point displacement (1), and the surface slip (6), is

T=ko(bp —9). [3]

Taking the time derivative enables us to estimate the slip speed V
in terms of the servo-controlled load-point velocity Vj, and the
time-derivative of the shear load:

;

V="p o [4]
Because the surface is always sliding, even at the end of the longest
load-point holds (V =0.02 4 5% nm-s~! at the end of our
10,000-s holds; S Appendix, Fig. S5), and because slip speeds and
accelerations are small enough that inertia is negligible, we can
relate changes in friction to changes in shear load throughout these
experiments via Ay = AT /0.

Fig. 14 shows friction data from a large number of velocity-
step decreases and increases. In these tests, the sample is initially
run to steady state at a velocity Vi, = V;, and then Vi, is
changed to V}; over ~0.02 s. When servo-controlling off the
near-fault resolver, we were able to impose sliding rates of 3 to
0.001 pm - s~1, allowing velocity jumps of up to 3.5 orders of
magnitude. Previously published jumps have been limited to 2
orders of magnitude.

Each friction curve in Fig. 14 has been normalized by the am-
plitude of its total change from its extremum to its value measured
at 4 pm of slip, with slip defined as zero at the extremum. Over
this initial 4 gm of postminimum slip, the plot clearly shows that
frictional strength evolves over a length scale that is independent
of both the step size and final slip speed V7.

For comparison, we have plotted numerical simulations of
velocity-step decreases using both the Aging formulation (Fig. 1B)
and the Slip formulation (Fig. 1C). These simulations were run
with the appropriate stiffness and a, b, and D, values derived
by fitting the first 3 pm of the poststep friction evolution from
a subset of the velocity steps shown in Fig. 14 (Materials and
Methods; SI Appendix, Figs. S6, S7, and S8; and Table 1).

Note that in both the observations and the simulations, after
a step decrease in Vjp, the stress first decreases to a minimum
before increasing to its future steady-state value at V = Vj.
In the simulations, the steep stress decay prior to the mini-
mum is dominated by changes in the aln(V/V,) term in [1]

https://doi.org/10.1073/pnas.2119462119 3 of 11


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://doi.org/10.1073/pnas.2119462119

4 of 11

F
Pz

T —log, (V/V) = -0.50 (0.1)

oS

AFriction
o

06

—log, 4(V/V,) = 0.50 (0.1)
—log, ,(V/V,) = -0.50 (0.316)
—log,,(V/V) = -0.50 (1)
—log, ,(V/V,) = 0.50 (1)

0.4

0.2

AFriction

—log,(V/V) = -0.50 (0.316)
——log, ,(V/V) = -1.00 (0.316)
—log,,(V/V,) = -1.00 (0.316)
—log, ,(V/V,) = -1.00 (0.0316)
log, ,(VyV;) = -1.50 (0.1)
log, (V) = -2.00 (0.0316)

04

06

log, 44V, = -2.00 (0.0316)
—log,,(V/V,) = -2.50 (0.01)
—log,,(V/V,) = -3.00 (0.00316)
—log,(VyV,) = -3.50 (0.001)

08

- -log, (V/V,) = 0.50 (0.316)
- -log,(V/V,) = 0.50 (0.316)

4
Aslip um]

4
AS“p [,um]

Fig. 1.

- -log,,(V/V,) = 1.00 (0.316)
log,,(V/V,) = 2.00 (0.316)

@
o

(A) Large velocity-step decreases and increases on initially bare granite. Beyond 120 mm of total slip, 16 velocity-step decreases and 13 increases

were carried out spanning 0.5 to 3.5 orders of magnitude. This plot shows 15 of these step decreases and 4 of the increases; the remainder are shown in
SI Appendix, Fig. S20. The legend shows log,,(V;/V;) values coded by color; in parentheses are the final slip speeds V; in um/s. The slip is set to zero at the stress
minimum (or maximum for the step increases). The data are smoothed over 0.2 um for the step-downs and over 0.4 um for the step-ups. The main panel
shows the friction normalized by its change between 0 and 4 um of slip. B and C show the evolution of friction for the range of step increases and decreases
shown in A (colors denote step-sizes as in A) for the Aging and Slip formulations, respectively. The modeled friction variations are normalized identically to the
data in A. The parameters used for the Aging and Slip simulations are derived from fitting the velocity-step decreases (S/ Appendix, Figs. S7 and S8). The modeled
time series is smoothed identically to the data. In A, the friction values for the two largest step decreases begin well above zero because of the normalization
scheme (the friction by 4 um of slip remains well below its future steady-state value; Fig. 2A).

(a rapid velocity drop at relatively constant state), whereas the
subsequent steep stress increase is dominated by changes in the
bIln(V,0/D,) term (state increases at nearly constant V = Vy;
SI Appendix, Figs. S7 and S8). Therefore, across the many orders-
of-magnitude poststep slip rate (V) variations in Fig. 14, friction
evolution for the first 4 pm of slip following the stress minimum
represents frictional strengthening over elapsed times that vary by
more than 3 orders of magnitude. This suggests that the collapse
(for these short slip distances) of the whole suite of postminimum
velocity-step data onto nearly the same curve implies the primacy
of interfacial slip accumulation over time elapsed in determining
this strengthening. The Slip formulation inherently captures this
phenomenology, given its prediction that friction evolves to steady
state over a characteristic slip scale, independent of the step size
and Vy (20) (Fig. 1C).

On the other hand, following a large velocity-step decrease,
the Aging formulation predicts strengthening over length scales
that decrease dramatically as the size of the velocity step increases
(note this feature in the progression of colors subsequent to the
stress minimum in Fig. 1B). For velocity decreases that push

Table 1. Rate-state parameters from fitting the friction
data

Type V; EE TH,s a b D Fig. no.
Steps* — A — 0.014 — 10.05 S8
Steps — A — 0.022 0.018 0.99 S8
Holds* 0.032 A 10,000 0.012 — 84.85 4B
Holds* 032 A 1,000 0.013 — 103.40 4A
Holds* 032 A 3,163 0.012 — 305533 S16
Holds* 10 A 1,000 0.013 — 663.66 4c
Steps — S — 0.013 0.016 2.07 S7
Holds* 0.032 S 10,000 0.014 — 1.99 4F
Holds* 032 S 1,000 0.015 — 2.10 4D
Holds* 032 S 3,163 0.014 — 463 S16
Holds* 1.0 S 1000 0.015 — 3.43 4F

EE denotes choice of evolution equation: A for Aging, S for Slip. TH denotes the longest
hold duration fit as part of this series. Fig no. denotes the figure number for the listed fits.

V; values are in um - s=1, and D¢ areiin pm.
* denotes a — b = —0.003 constraint imposed on these fits.

https://doi.org/10.1073/pnas.2119462119

the interface far below steady state (V6/D. < 1), the rate of
friction change with slip dy/dd increases almost as rapidly,
with increasing velocity reduction as the velocity ratio V;/Vy
(SI Appendix, section 4). This is in clear contradiction with the
data.

The velocity-step data from Fig. 1 are shown again as nonnor-
malized friction versus slip in Fig. 24, with the changes in friction
referenced to the prestep steady-state level. The corresponding
simulation results using the Aging and Slip formulations are
shown in Fig. 2 D and E. Notably, for the experimental data,
the amplitude of the stress minimum Apiy,i, increases linearly
with the logarithm of the size of the velocity step (Fig. 2 A,
Inset), with a slope of around —0.01. Using parameters derived
from fits to the velocity-step decreases (Table 1), Slip-formulation
simulations also show a linear growth in Ay with log step size
with a slope ~ —0.009 (Fig. 2C). The data also show (Fig. 24
and SI Appendix, Fig. S13) that the slip accumulated between the
start of the velocity step and the friction minimum increases quasi-
linearly with the log of the step size, again consistent with the
Slip-formulation simulations (Fig. 2E).

The Aging formulation, on the other hand, predicts a non-
linear relationship between Ay and log step size with the
rate of increase in Ay decreasing systematically with larger
steps (Fig. 2B). In general, any increase in state (strengthening)
between the onset of the velocity step and the friction minimum
reduces the eventual amplitude of Ajiyiy. For large velocity-
step decreases (Vy/V; < 1), V0/D, < 1 prior to the friction
minimum. Under an Aging-style formulation, this leads to 6§ ~ 1
and a much larger increase in 6 prior to the friction minimum than
for the Slip formulation. This leads to considerable shallowing of
the curve of Apiyin with decreasing V;/ V.

Fig. 2 F-L show Slip-formulation fits to the first 3 pm of
poststep friction evolution of one each of the different step sizes
in our experimental suite (all steps are fit in S/ Appendix, Fig. S9).
Unlike the fits used to infer the RSF parameters for the simulations
in Figs. 1C and 2 C and E, the fits in Fig. 2 F-L allow different
values of a and D, (while fixing a — b = —0.003) for every
velocity step shown in Fig. 14. These fits reveal that the Slip
formulation requires almost no variation in @, and D, variations

pnas.org


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119462119/-/DCSupplemental
https://doi.org/10.1073/pnas.2119462119

——o.1 [ - - Slope ~-0.007 o 0.02 Aging
& ’ - - Slope = -a
0 —0.1 e 0
0l316 E 2 o S —-0.5 order,
' St . wl -0.05 002} [—rlomnder
—1 Sle= L. = -1.5 order
-0.02 _ = o L 0.04f -2 order
1 L. || 2% e <
o |* il ——-2.5 order
= —0.316 g Adi 01 -0.06 | —-3 order
£-0.04 [~~Siope~-0.010] [—0316 | gl . 719 D -gig5—s —-3.5 order
=2 i i —0.316 85 -6 -35 -10 0 5 10
L £ £-0.02¢ ’ = . . . ~
4 g E ra 00310 - Siope ~-0.009 0
-0.06r2 S -0.04} 57 0.1 c|-- Slope=-a _»
s 3] . ’,',’ c
< = 006 L~ 0036 | S i 2
* 4 e 0.0316 ° e -0.05 .
-0.081 - -0.08 . ol e i
0.08 85 6 -35 -10 | 001 - o 4
—0.00316 -
A ln(vfinal'f Vinit) o . 1-0.1
—0.001 Slip
0.1 ' ' C E -0.08— -
0 5 10 85 -6 35 -10 0 5 10
ASlip [pm] (Y sl Vinital) ASlip [um]
log,,(V/V,) =-0.50 log,((V/V)) =-1.00 log, (V/V)) = -1.50 log, (V/V) =-2.00 log, (V/V)) =-2.50 log,,(V/V)) =-3.00 log, (V/V) = -3.50
v ' v ' ' v v T T T T T T T T T I S S |
I ] a=0.0126
c M T"V ﬁ\/ J K D =3.24
il
_‘g L 1 L 4 L 1 -0.05
4
=0.0126 a=0.0125 a=0.0126 —
_gc=1.59 1 LT estms | || T D199 ] —S;Sf_;?s i 1o,
4 0123 10123104123 1012 3101231041 2 3 101 2 3
ASlip [um] ASlip [pm] ASlip [pm] ASlip [um] ASlip [m] ASlip [zm] ASlip [pm]

Fig. 2.

(A) Same set of velocity-step decreases as in Fig. 1 color-coded identically according to log,,(V;/V;), but plotted as nonnormalized friction versus slip.

The numbers in the legend show V; in um - s~ 1. Slip is set to zero at minimum stress, and shear stress is set to zero at the prestep level. The data are smoothed
as in Fig. 1. A, Inset shows the evolution of the stress minimum (A Frictiony,) with log step size. (B) Colored squares show stress minima following velocity-step
decreases as a function of log step size, from the (smoothed) finite stiffness simulations in Fig. 1B for the Aging formulation (parameters from the red fits in
Sl Appendix, Fig. S8). The black dashed line has a slope of —a = —0.014 (Table 1), which would be appropriate if there were no evolution of state prior to the
stress minimum. The red dashed line is a fit to the three smallest simulated velocity steps. (C) Same as B, but for the Slip formulation (parameters from the
fits in S/ Appendix, Fig. S7); here, —a = —0.013 (Table 1), and the red dashed line is a fit to all the velocity steps. Note that the Slip formulation predicts linear
evolution of the stress minima with log step size, consistent with the laboratory data (red dashed line in A, Inset), albeit with a ~10% shallower slope, while the
Aging formulation predicts that the stress minima deviate to significantly shallower values from the initial linear trend as step size increases, due to increased
state evolution. D and E show the evolution of friction for the Aging and Slip simulations of Fig. 1 B and C, respectively, but referenced to the prestep steady
value, as in A. F-L show Slip-formulation fits to one step of each size. Unlike the modeled friction minima in C, the fits in F-L are allowed to use different a and
D¢ (o — b for each is fixed at —0.003) and are a subset of the fits to all the step decreases in S/ Appendix, Fig. S9. Note the similarity in inferred a and D, values

across the steps and the excellent fit to the data.

of less than a factor of 2, to fit the whole suite of velocity-
step decreases equally well. To the extent that the larger values
of D, for the two largest velocity steps might be statistically
meaningful, note that this would imply an even slower rate of fault
strengthening with slip for the largest velocity reductions, whereas
time-dependent strengthening requires the opposite. However,
the 95% Cls shown in S Appendix, Fig. S11 seem to allow the
possibility that any trends in D, with step size are not significant.

While we have thus far focused on state evolution in response
to velocity-step decreases, for completeness, we point out that the
velocity-step increases in Fig. 14 also show systematic support for
the Slip formulation. The data exhibit a quasi-characteristic length
scale for stress evolution following the friction peak, independent
of the sign as well as the size of the velocity step—a feature consis-
tent with the Slip formulation (Fig. 1C) (28, 32-34). The Aging
formulation, in contrast, predicts linear slip weakening postpeak
for velocity-step increases that push the sliding surface far above
steady state (V0/D. > 1) (28, 35) (Fig. 1B). Further, since the
amplitude of the friction peak increases with step size, a constant
rate of weakening implies that steady-state friction is attained over
slip distances that also increase with step size—opposite to the
trend predicted for step decreases. It is well established that such

PNAS 2022 Vol. 119 No.30 e2119462119

asymmetry in the frictional response between large velocity-step
increases and decreases is not supported by experiments (20, 22,
25, 28, 32, 36), and neither is it seen in our data.

Before concluding this section, we point out that most of our
velocity-step increases and decreases show a long-term evolution
in stress over slip distances much larger than the D, derived by
fitting the first few micrometers of slip following the step. Neither
the Aging nor the Slip formulation can capture this feature with
a single state variable (20, 25). This is the main reason we avoid
fitting more than the first 3 pm of slip following the step with our
one-state variable models (Materials and Methods). Note that in
obtaining the value a — b = —0.003 (S Appendix, Fig. S6), we
use the steady-state values at more than 50 pm of slip following
our velocity steps. This value of @ — b probably corresponds better
to a two-state variable picture (25). But, on the other hand, the
joint fit to the velocity steps in S/ Appendix, Fig. S7, using the Slip
formulation with a single state variable, requires @ — b = —0.003
without any a priori constraints. Given this, and for its analytical
simplicity, we have restricted ourselves to the one-state-variable
picture.

In summary, the fact that the data from far below steady state—
both the preminimum stress decrease and the postminimum
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increase—are so consistent with the Slip formulation over the
first few micrometers of slip, where (for all but the largest step)
most of the postminimum stress increase occurs, indicates that
slip-dependent strengthening is responsible for most of the state
evolution observed in these data. And, even when the data deviate
from single-state-variable Slip-formulation predictions, as do the
two largest step decreases, they do so by strengthening less rapidly
with slip than predicted (see also S/ Appendix, Fig. S7). This is still
inconsistent with time-dependent strengthening, which predicts
more rapid strengthening with slip in response to larger step

decreases (SI Appendix).

Comparing Holds to the Large Velocity-Step Decreases. Our
study stands apart from previous work in that it analyzes velocity-
step decreases and holds within a unified framework. For this
reason, it is useful to examine the extent to which our largest
velocity-step decreases and holds access similar sliding conditions.
In Fig. 3, we compare the stress evolution in laboratory and
simulated velocity-step decreases (solid colored lines) to that in
holds (gray lines). Fig. 3 A and B show numerical simulations
comparing the shear-stress relaxation during ~3,000-s holds from
the different laboratory prehold driving rates we used (V; =1,
0.3, and 0.03 um - s~ 1), to the shear-stress evolution following
the different laboratory velocity-step sizes. In Fig. 3 C-E, we show
corresponding laboratory hold and velocity-step data with Fig. 3F
being the analog of Fig. 3 A and B.

The simulations show that most of the stress decrease between
the onset of the velocity steps and the subsequent friction mini-
mum follow the stress-relaxation trajectory of the different load-
point holds, when the data are plotted against rescaled time V1.
This scaling removes any dependence of friction evolution on V7,
within the traditional RSF framework (i.e., constant a, b, and
D, with no intrinsic velocity scale; Materials and Methods) (37,
38). Fig. 3C applies the same scaling to data from three ~3,000-
s holds initiated at different V; (Fig. 3D), and Fig. 3F adds to
this all the velocity steps from Fig. 14. Note that the measured
stress relaxations across the entire suite of holds (gray curves)
also collapse to a single trajectory in Fig. 3 C and D. This is a
significant result, as it provides no evidence for the hypothesis that
the RSF parameter values change substantially at sliding velocities

A
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intermediate between V; and the velocities reached by the ends of
the holds (Materials and Methods).

Fig. 3 B and E show that the velocity steps and holds share
friction phenomenology down to slip rates as low as those accessed
by the largest velocity-step decreases (~10"3um -s~1). The
longest holds then extend the slip rates accessed to values below
1073 um - s~ 1. We show in the following section that these holds
are fit well by the Slip formulation, using parameters very similar
to those inferred from the velocity steps. SI Appendix, Fig. S154
shows that, for the Slip formulation, the largest velocity steps
in our experiments access the same slip rates as holds of a few
hundred seconds in duration, irrespective of their prehold sliding
rates. This shows the utility of the large velocity-step decreases
in our experiments—they clearly exhibit slip-dependent healing
at the same sliding velocities achieved in holds long enough to
clearly show logarithmic-in-time growth of both peak friction
(4, 5) and contact area (10, 11).

Slide-Hold Experiments. Fits to our hold data (shown in
Fig. 4) are all constrained with a — b = —0.003, as determined
from the steady-state friction value as a function of sliding
speed (S Appendix, Fig. S6). Holds of all durations from a
particular V; were fit jointly. The only exceptions are those with
Vi=1lpum-s! (Fig. 4 C and F), where we do not fit the two
longest holds. For unknown reasons, and unlike the holds with
V;~0.3 and 0.03 pm-s~' in the other panels, the longer
holds with V; =1 pm - s~ do not track the trajectories of the
nominally identical shorter holds over their shared duration. Fig. 4
A-C show fits using the Aging formulation. Although the fits up
to modest values of V;t (<102 pm) appear not too bad, they
require values of D, orders of magnitude larger than those inferred
from the velocity steps (Table 1). To rationalize this feature of
the fits, we note that under an Aging formulation with a < b,
the rate of shear-stress relaxation in response to a load-point
hold, d7/dlog(t), decreases with time, ultimately vanishing in
the limit V;¢ > D, (23). This is a direct implication of time-
dependent strengthening (# ~ 1 far below steady state) and can
be viewed as the “infinitely large step” limit of the pronounced
shallowing of the friction minima, with increasing step size already
seen in Fig. 2B. For a — b= —0.003, the Aging formulation

-0.05
0.3162 ums™
0.03162 pms™

i sn;i"j

-0.05

102 10°

10° 10"
Vit [zm]

Fig. 3. Changes in friction, referenced to the prior steady-state value at slip speed V;, for velocity-step decreases (solid colored lines) and holds (gray lines and
dashed red line). The solid colored lines in A show the same finite stiffness simulations for the Aging formulation as in Fig. 18, now plotted versus the logarithm
of scaled time V;t. The dashed red curve shows the stress-relaxation trajectories of a 3,000-s hold with V; = 3 um - s~' and the same g, b, and D as the velocity
steps. The gray curves are for the same parameters as the red dashed curve, except for the different indicated V;. B is the same as A, but for the Slip formulation
with its corresponding velocity-step-derived RSF parameters. C shows that the friction evolution during laboratory holds of 3,163 s at three different initial slip
speeds from 0.03 to 1 um/s collapse onto nearly the same trajectory when plotted versus log-scaled time V;t. D shows the same data when plotted as a function
of time. E shows the same hold data and all the velocity-step-decrease data of Figs. 1 and 2, using the same scaling of time and color scheme as A and B. Initially,
a sufficiently large load-point velocity reduction appears indistinguishable from a hold, and for both the models (A and B) and the data (E), the stress-decay
trajectories for the holds and velocity steps closely track one another for as long as the sliding velocity V > V;.
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Fig. 4. Fits to the hold portions of the slide-hold-slide tests carried out during the same experimental run as the velocity steps in Fig. 1. The data are

represented in various shades of blue, with lighter colors representing longer holds. The joint fits to all holds in each sequence are shown in the respective
panels in colors other than blue. The friction change from the prior steady state is plotted as a function of scaled time V;t as in Fig. 3. (A-C) Fits using the Aging
formulation; note that these require unreasonably large values of D, (Table 1). The dashed orange lines are predictions for the longest hold in the panel that
was fit, using Aging parameters inferred from the velocity steps (Table 1). (D-F) Fits to the same holds, but now using the Slip formulation. The values of a
and D, required by the fits in D and E are nearly identical to those required to fit the velocity steps (Table 1 and S/ Appendix, Fig. S7). The fit in F requires a D,
65% larger than that required to fit the velocity steps. /nsets in A and D show the posterior distributions of D. inferred from Monte Carlo inversions that fit the
holds of different durations separately. Note that the Aging formulation requires progressively larger values of D, for longer holds, while D, inferred for the Slip
formulation is statistically invariant across the range of hold durations. In Cand F (V; = 1.0 um - s '), we did not fit the two longest holds because they showed
very atypical behavior—concave-down friction versus log-time curves at long hold times and static friction peaks that decrease for hold durations longer than

10%s (F and S/ Appendix, Fig. S16).

predicts that the shear-stress decay during holds begins to become
significantly shallower than linear for V;¢/D. 2 2, or V;t 2 20
for D, ~ 10 pm (Fig. 3A4). The hold data, however, show nearly
log-linear stress relaxation for hold durations orders of magnitude
larger than this. Therefore, an Aging formulation with a < b can
produce good fits to these hold sequences only by requiring that
D, be not much smaller than the values of V¢ accessed during
these holds.

Fig. 4 A, Inser shows the distribution of D, values estimated by
using a Monte Carlo inversion method (Materials and Methods),
obtained by fitting each of the three holds in the sequence indi-
vidually. The inferred values of D, increased with hold duration
tholds as expected to satisfy the requirement that V014 not be
much larger than D,. For the same reason, the inferred values of
D. increased with V; when fitting holds of the same duration in
Fig. 4 A-C (Table 1; the only exception to the latter statement
is a second set of holds with V; =0.316 pm-s~! shown in
SI Appendix, Fig. S16B).

To further evaluate the suitability of the Aging formulation
to model these data, we utilize the velocity-weakening fit to the
velocity steps obtained from the Aging formulation to numerically
predict the stress relaxation during the longest hold in each panel
(dashed orange lines in Fig. 4 A-C). These numerical predictions
significantly underestimated the shear-stress decrease observed
during the longer holds. This is expected, given that the velocity
steps are equivalent to hold durations much shorter than the
longest holds at each V; (for relevant Aging-equation predictions,
see ST Appendix, Fig. S14A).

In contrast to the Aging formulation, the Slip formulation
fits these holds very well (Fig. 4 D—F), with parameters nearly

PNAS 2022 Vol. 119 No.30 e2119462119

identical to those inferred from the velocity steps (Table 1). For
the sets of holds in Fig. 4 D and E, these Slip-equation fits
capture the observed stress relaxation across the whole range of
hold durations equally well with the same set of parameters. This
is formally shown in Fig. 4 D, Inset, where it can be seen that, in
contrast to the Aging formulation, the distribution of acceptable
values of D, inferred by fitting each of the three holds in the
sequence individually are statistically equivalent. For the set of
holds in Fig. 4F, as noted previously, only the three shortest holds
were fit. The D, inferred from this set of holds is about twice as
large as those in Fig. 4 D and E, within the range of variation
in D, inferred when all the velocity steps are fit independently
(SI Appendix, Fig. S11).

So, overall, and consistent with the findings of ref. 23, the
Slip-equation fits to the internally consistent holds in Fig. 4 D
and E capture the stress relaxation at the longest hold times
better than the corresponding Aging-equation fits. The good Slip-
equation fit to the shear-stress data at such low slip rates (as low
as 0.02 nm - s~ ST Appendix, Fig. S5) implies, remarkably, that
state evolution in these experiments is controlled by slip, rather
than elapsed time, even at rates more than an order of magnitude
below plate tectonic rates.

Before finishing this discussion, we point out that, unlike the
holds, the corresponding reslides are not well modeled by either
the Slip or the Aging formulation (S Appendix, Figs. S17-S19).
For example, the Slip-equation fits to the holds in Fig. 4
D-F fail to match most of the static friction peaks upon
resliding, reach those peaks after less slip than the laboratory data
(81 Appendix, Fig. S17), and, following the peak, approach steady-
state friction much more quickly than the data [SI Appendix,
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Fig. S18 (39)]. Therefore, although the Slip version appears to
do a much better job, neither of these widely used empirical
formulations fit the entire range of laboratory data.

Discussion

Traditionally, the hold portions of slide~hold-reslide experiments
have been interpreted as loosely analogous to the interseismic
period between earthquakes, with the reslide portion being more
appropriate to the rapid acceleration prior to dynamic slip. In
numerical simulations, the response of the adopted state-evolution
equation to reslides controls the length scale and style of earth-
quake nucleation, as it controls the transition from “static” to
“dynamic” friction and the fracture energy of the nucleation zone
(34). The stress decay during load-point holds is potentially rele-
vant to the magnitude and time history of postseismic slip, which
can be monitored geodetically. However, the many differences be-
tween natural faults and laboratory experiments complicate such
analogies, including reactive pore fluid flow (40) and the fact that
laboratory holds start from friction levels appropriate for steady
sliding at low speeds, whereas the interseismic period on natural
faults might start with very low friction values associated with
thermal weakening during the prior earthquake (41). For such
reasons, directly translating the results of laboratory rock-friction
experiments to natural faults is a fraught endeavor. Our more
limited goal here has been to better understand those laboratory
experiments that underlie essentially all modern simulations of
fault slip at less than dynamic speeds.

More specifically, our goal has been to determine whether the
frictional strengthening of surfaces sliding at conditions far below
steady state is dominantly slip-dependent or time-dependent. For
both velocity-step decreases and slide-hold laboratory protocols,
we have established that the surface strengthens (that is, state
increases) primarily with slip. In doing so, we have also demon-
strated that the conventional (but self-contradictory) wisdom
that state evolution in response to velocity-step decreases is slip-
dependent, while that in response to load-point holds is time-
dependent, is incorrect. Instead, by treating holds as the limit of
increasingly large velocity-step decreases, we have shown that the
phenomenology of frictional healing is not only slip-dependent,
but is well explained by the standard Slip formulation to within
a few tens of percent of variation in the RSF parameters. This
consistency is observed across more than 5 orders of magnitude
variation in slip rate from 3 ym - s™* to < 10 °pm - s~ 1.

In contrast, we have shown that any formulation in which the
state contribution to friction increases as log time, analogously to
the log-time contact-area growth observed at low slip rates, makes
the interface too strong to match the stress relaxation observed
during both load-point holds and, prior to their stress minima,
step-velocity decreases. The Aging equation is a particular example
of such a formulation.

In this context, it is worth remembering that log-time growth
of contact area is not only well established in observations in
transparent materials (10, 11), but it also has a well-accepted
theoretical basis (42). In rock, the same log-time growth of contact
area has been inferred from proxy measurements of fault-normal
displacement and acoustic transmissivity during load-point holds
(31, 43) or from log-time compaction of granular wear material
accumulated on initially bare rock interfaces (44). Therefore, it
is quite remarkable how poorly the Aging formulation performs
in reproducing friction evolution during holds, even though it
mimics very well the observed phenomenology of contact-area
growth under similar conditions. Our results, thus, add to a

https://doi.org/10.1073/pnas.2119462119

growing body of evidence that the evolution of state embodies
more than just changes in contact area (45-47)."

The bigger surprise is the extreme slip-sensitivity of friction
at even subnanometric slip rates. Several underlying mechanisms
could give rise to slip-dependent state evolution. Asperities might
retain a memory of the velocity(ies) at which they formed, in
which case reaching a new steady state might require swapping out
the old contacts for the new, regardless of how long that takes (48).
Additionally, contact area might grow during holds or normal
stress increases, but that new contact area might have to undergo
some strain-hardening (via slip) before reaching its steady-state
strength (47). Although these ideas have been explored numeri-
cally (48, 49), no formulation developed thus far does better than
the Slip formulation in describing laboratory friction data.

However, recent Discrete Element Method (DEM) simula-
tions of a granular gouge layer sheared between two parallel
plates, as a model for fault friction, behaved very similar to the
Slip formulation, with nearly constant RSF parameters during
velocity-step and slide-hold protocols, consistent with laboratory
experiments (50). The model gouge also underwent log-time
compaction during the holds, meaning that the DEM simulations
share with laboratory experiments the property that, although the
interface normal displacements are seemingly consistent with the
conventional understanding of the Aging formulation, the sim-
ulated shear-stress decay follows the Slip formulation. Although
these simulation results appear quite promising, the microscopic
mechanisms giving rise to the macroscopically laboratory-like
behavior remain unknown. However, granular systems are known
to exhibit the same slow dynamics of other disordered systems near
the “glass-transition temperature,” behavior that has previously
been invoked to explain nonmonotonic contact-area changes in
poly (methyl methacrylate) (PMMA) at times of constant normal
load (51).

It is possible, even likely, that at slip rates even lower than
those accessed in our experiments, some additional process that
involves time-dependent healing also contributes to frictional
strengthening. For example, it is known that interfaces continue
to strengthen, even when held truly stationary by unloading to
zero shear stress (3, 6, 21, 52). One proposed state-evolution
equation (24), originally intended to reconcile the apparent slip-
versus-time discrepancy between velocity step and slide-hold—
reslide experiments, posits a transition from slip-dependent to
time-dependent strengthening as the slip speed drops below some
critical value. Our data show that this critical velocity, if it exists,
must lie below the range of slip speeds accessed by our slide—
hold-reslide experiments [if it did not, kinks would be produced
in the curves of stress decay and peak stress as a function of log-
hold time, kinks that are absent from laboratory data (23)]. And,
as we noted previously, our slide~hold-reslide experiments access
sliding velocities well below plate tectonic rates.

It is also important to note that while the Slip formulation
fits our velocity steps and holds with nearly identical parame-
ters, it fails to fit the stress history following the initiation of
the reslide. In all cases, detectable slip begins to accumulate at
lower stress levels than predicted (87 Appendix, Fig. S17 A-C), as
if the laboratory sample undergoes unmodeled weakening early
on during the reslides. Despite this, the peak friction achieved in
the laboratory sample in most cases exceeds the predicted value,
by up to a few tens of percent (SI Appendix, Fig. S17 D—F), as
if unmodeled strengthening later during the reslide overcomes

*T. E. Tullis, P. Bhattacharya, A. Rubin, N. Badt, N. Beeler, “Analysis of normal stress stepping
experiments indicates that friction evolution depends on contact area quality rather than
quantity” in American Geophysical Union, Fall Meeting 2019 (2020).
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this initial weakening. These observations may indicate that the
interface undergoes structural changes during the rapid stress
increase of the reslide, changes that are not captured by any exist-
ing state-evolution formulation. Insight into these changes might
come from granular flow simulations, which have successfully
reproduced several aspects of laboratory rock and gouge friction
experiments (50, 53), and examination of the time-dependent
normal displacement across the sliding surface. Nonetheless, the
Slip formulation appears to do a better job of matching the peak
friction during the reslides than the Aging formulation, which pre-
dicts that Afipeqr, when plotted versus In(4014), has a slope of b,
which is well constrained by our velocity steps. The observed slope
is smaller by about a factor of 3 (S Appendix, Fig. S17 D and E),
a discrepancy that has been seen previously (54).

What also remains to be examined is the extent to which this
phenomenology of rock friction extends to other materials. The
clearest evidence for log-time contact-area growth comes from
transparent acrylic (PMMA), but PMMA samples have yet to
be subjected to as exhaustive of a set of sliding conditions as
reported in this manuscript. This wide range of conditions has
proven to be necessary to distinguish between time-dependent and
slip-dependent strengthening for surfaces far below steady state.
Experiments that leverage simultaneous measurements of contact
area and stresses under extreme deviations from steady state could
provide unprecedented details about the association of contact
area and strength. A comprehensive study of the universality
of friction phenomenology, among other important natural and
industrial materials, is necessary, particularly given the diversity
of materials and purposes across which RSF is used—elastomers
to plastics/acrylics to metals to soft materials and micromachines
(6, 15, 16, 55, 56).

Given that state must, in general, depend upon both contact
area and the quality of chemical bonding across those contacts
(45, 46, 57, 58), it would be surprising if friction could be accu-
rately described by a single state variable. It is, thus, remarkable
that the empirical Slip formulation for state evolution does as well
as it does, fitting velocity steps of both signs and load-point holds
with near-identical parameters. This suggests that it is a good start-
ing point for developing a state-evolution formulation to better
fit the reslides after holds. This is in contrast to earlier attempts at
revising state-evolution equations that considered time-dependent
strengthening, as embodied by the Aging formulation, to be a
desirable property of state evolution at low slip rates (24, 31). Our
results, instead, show that this is the portion of the parameter space
where time-dependent strengthening descriptions, such as the
Aging formulation, are least compatible with laboratory friction
data.

Materials and Methods

Estimating Stiffness and a — b from Independent Constraints. Our exper-
iments were carried out on the Tullis rotary shear apparatus at Brown University,
which was artificially stiffened by using servo feedback from a near-fault trans-
ducer. To obtain an estimate of this higher stiffness, we used the initial loading
curve of the reslides, following a sequence of long holds carried out during the
same experimental run. At the end of long holds, the block was sliding at rates
orders-of-magnitude smaller than the prehold steady sliding rate V. Therefore,
following the reslide, also at the rate V;, there is an initial time window over which
the slip rate of the block continues to satisfy V << Vi. During this initial portion of
the reload, assuming quasi-static force balance between the driving shear stress
and friction, we have

5
Ap = k(6 — &) = k3 (1 - —) ~ kdyp, [5]

5
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where & and 9, are surface and load-point displacements since the reslide,
respectively, and initially 6 /8, << 1 for reslides following long holds. Note that
k is the stiffness normalized by normal stress, and Ay is the change in friction.
A linear fit to the Ap versus &), plot over this initial portion following the
reslide gives k as the slope (S Appendix, Fig. S4). We use the reslides following a
sequence of 3,000-s and 10,000-s holds carried out at three different values of I,
spanning more than an order of magnitude-1,0.3162,and 0.03162 um - s~".
For the linear fit, we chose one-seventh of the total number of points between
the onset of the reslide and eventual peak strength to evaluate k. This fraction
was chosen based on trial-and-error, such that the spread in the estimated value
of k was the least between our six chosen reslides. We found k ~ 0.065 zzm™"
to be the mean stiffness from our fits.

For constant RSF parameters, the slope of the curve of steady-state friction
versus In(V) is equal to (a — b). In S/ Appendix, Fig. S6, we show the estimation
ofa — bfromall the 0.5-to 2.0-order velocity steps in Fig. 1A. The poststep steady
state is chosen for all steps at 45 m of postminimum slip (brown stars in each
panel). We did not use larger steps for a — b estimation because of the promi-
nent postminimum transients present at 45-pm slip distance for these steps.
We find that a — b ~ —0.003 explains the data well from the 3 um - s~ to
0.03 4m - s~ slip rates covered between these steps.

Estimating a and D, by Fitting the Velocity-Step Decreases. 10 constrain
a and D, we fit either a representative size range of the velocity-step decreases
(3.5 to 1 orders of magnitude) or all of the velocity steps in Fig. 14 with the
Slip equation. The forward model was simulated by equating the time derivative
of Ay in Eq. 5 (using the load-point displacement history recorded during the
experiment and k = 0.065 m~") with that in the friction law (Eq. 1), with the
Slip equation being used for state evolution (Eq. 2b). All data were sampled
uniformly at 50 Hz in these experiments. We fit the velocity-step decreases in
two ways-1) parameters a, b, and D, were simultaneously and jointly inferred
from all the velocity-step decreases shown in S/ Appendix, Fig. S7 A-E; and 2)
parameters a and D, were inferred independently by fitting all the velocity steps
individually with the constraintthata — b = —0.003 (S/ Appendix, Fig. S9 A-0).
For the fits of type 1, we weighted the misfit for each velocity step by the inverse
of the total number of data samples in the fitting window to ensure that the
data from all the velocity steps contributed equally to the aggregate misfit. For
the inversion, we used an adaptive-proposal, small-world, Markov chain Monte
Carlo code. The algorithm and the general inversion procedure are described in
the supplementary materials accompanying ref. 22. We minimized the weighted
square-root misfit between the modeled time series and the data at every time
sample in the data. We modeled the evolution of friction only over the first 3 um
of slip after the onset of the velocity step. This avoids fitting secondary long-term
transients in the evolution of friction present in the data. For completeness, we
carried out a set of Aging-equation fits for all the velocity steps in Fig. 1 jointly
with the same a and D, (see S/ Appendix, Fig. S8 for details). The inferred a and
D, values are reported in Table 1.

Scaling of Friction Response of Holds and Steps from Different Initial
Velocities under Single-State-Variable RSF. RSFwith constant parameterval-
ues and no intrinsic velocity scale predicts that friction evolution is independent
of the prestep or prehold sliding rate V;, when time is rescaled as Vjt. To show this,
we begin by generalizing Eq. 1 to two-state variables and use V; for the arbitrary
reference velocity V,.:

T 14 Vit Vit
M—;—N*‘Fa'”(v/,) +b1|n<D1 >+bzln<D2 >, [6]

(extension to additional state variables is straightforward). We assume, as in
Egs. 2, that the evolution equation for each 6, can be expressed as a function
of the dimensionless parameter V6, /D,:

o (V6N do; (Vo
W’F(Dw)' dt’F(Dz)‘ 7]
To obtain an evolution equation for V following a velocity step or hold, dividing

[3]by o, equating this to the right-hand side of [6], and taking the time derivative
yields

v by [k b, )
E—VE{E(V”V)*QT’EE} [8]
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where V; is the poststep load-point velocity (zero for a hold). Next, we make [7]
and [8] dimensionless by normalizing velocities by V; and time (as well as 6; and

02)byD1/V, ~ _
6 ~ =\ df, ~~ Dy
B F () 2 =F (06,2 ); 9
di ( 91)’ dt ( ezDz)' 91
dv by [KDy (Vi -\ dy/dE b déz/df}
Ty | (a gy T 20/ g
dt a l:b1 (Vl ) 04 by 0, [10]

where tildes represent dimensionless variables. Assuming steady-state sliding

before the step/hold, the initial conditions on 6 at the time of the step are
_D

=0 - D, '

01 :1,' éz

=0

[11]

Eqs. 9-11 show that, provided the RSF parameters a, by, and D, are independent
of sliding speed, V(%) and ,() depend upon V;/V; (term in parentheses in
[10]), but do not depend on V; independently. Furthermore, taking the time-
derivative of Eq. 3 and equating p with 7 /o,

As both terms within the parentheses on the right side of [12] depend only
upon Vs /V;, again provided the RSF parameters are constant, plots of the friction
change during holds should be independent of V; when plotted versus scaled
time Vit. In addition, velocity-step decreases should be indistinguishable from
holdsaslongas V > V;.Thus, the generally clean overlap of the stress-relaxation
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trajectories during the holds in Fig. 3C is consistent with the RSF parameters
being nearly constant across the >5-orders-of-magnitude range of velocities
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