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Abstract Rate-and-state friction (RSF) laws are extensively applied in fault mechanics but have a largely
empirical basis reflecting only limited understanding of the underlying physical mechanisms. We recently
proposed a microphysical model describing the frictional behavior of a granular fault gouge undergoing
deformation in terms of granular flow accompanied by thermally activated creep and intergranular sliding at
grain contacts. Numerical solutions reproduced typical experimental results well. Here we extend our model
to obtain physically meaningful, analytical expressions for the steady state frictional strength and standard
RSF parameters, g, b, and D.. The frictional strength contains two components, namely, grain boundary
friction and friction due to intergranular dilatation. The expressions obtained for a and b linearly reflect the
rate dependence of these two terms. D, scales with slip band thickness and varies only slightly with velocity.
The values of g, b, and D, predicted show quantitative agreement with previous experimental results, and
inserting their values into classical RSF laws gives simulated friction behavior that is consistent with the
predictions of our numerically implemented model for small departures from steady state. For large velocity
steps, the model produces mixed RSF behavior that falls between the Slowness and Slip laws, for example,
with an intermediate equivalent slip(-weakening) distance dy. Our model possesses the interesting property
not only that a and b are velocity dependent but also that D, and dy scale differently from classical RSF
models, potentially explaining behaviour seen in many hydrothermal friction experiments and having
substantial implications for natural fault friction.

1. Introduction

The rate- and state-dependent friction (RSF) laws were originally developed as a phenomenological descrip-
tion of frictional behavior observed in lab experiments (Dieterich, 1978, 1979; Kato & Tullis, 2001; Linker &
Dieterich, 1992; Ruina, 1983). These empirical laws not only explain considerable laboratory data but, in com-
bination with continuum elasticity, have also been extensively applied to explain observed natural and
induced fault phenomena (e.g., Marone, 1998; Rice & Ruina, 1983; Scholz, 2002), including earthquake nuclea-
tion and rupture propagation (e.g., Ampuero & Rubin, 2008; Dieterich, 1986; Lapusta & Rice, 2003; Rubin &
Ampuero, 2005; Tse & Rice, 1986), aftershocks and fault restrengthening following rapid slip (Chen &
Lapusta, 2009; Dieterich, 1994; Helmstetter & Shaw, 2009; Marone et al., 1991, 1995), afterslip both within
and adjacent to dynamic ruptures (Scholz, 2002; Segall, 2010), and interseismic creep processes (Barbot
et al,, 2009; Hetland et al., 2010), as well as episodic aseismic deformation transients (also called slow slip
events) that have recently been observed in a number of plate boundaries (Hawthorne & Rubin, 2013; Liu
& Rice, 2005; Liu & Rubin, 2010; Segall et al., 2010; Shibazaki & Shimamoto, 2007). No other theory allows
for such quantitative predictions.

However, these laws are not readily envisioned in terms of the underlying physics (e.g., Baumberger et al.,
1999; Beeler et al.,, 2008; Berthoud et al.,, 1999; Ikari et al., 2016; Nakatani, 2001; Noda, 2008; Rice et al.,
2001; Sleep, 2005). Most work up to now is based on the theory of pure contact creep, which has been widely
accepted to be a thermally activated (rate-dependent) process operating on the sliding surfaces (e.g.,
Baumberger et al., 1999; Beeler et al,, 2007; Berthoud et al., 1999; Chester, 1994; Dieterich, 1979; Estrin &
Bréchet, 1996; Hatano, 2015; He et al., 2013; Heslot et al., 1994; Nakatani, 2001; Persson, 1998; Putelat et al.,
2011; Rice et al., 2001; Sleep, 1997, 2005; Stesky, 1977). A simple form of this approach usually proceeds as
follows: assuming higher microscopic stresses on contacts than those nominally applied (Estrin & Bréchet,
1996) and representing frictional sliding as a creeping process that obeys a rheological equation of the
exponential form, a final relation can be derived which shows that the a value (i.e., the instantaneous response
of friction to a change in driving velocity) is proportional to absolute temperature (e.g., Hatano, 2015;
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Nakatani, 2001; Rice et al., 2001). A similar relation has also been obtained for the evolution parameter b
(He et al., 2013; Ikari et al., 2016; Nakatani & Scholz, 2004; Sleep, 2005). However, the physical processes that
operate in gouge-filled fault zones, as revealed by microstructural and micromechanistic studies, are more
complicated than pure contact creep, and other mechanisms such as subcritical cracking, cataclastic
granular flow (together with grain rolling and comminution), and grain boundary sliding, as well as shear-
induced dilatancy, are expected to be active (e.g., Bos & Spiers, 2002; Richardson & Marone, 1999; Segall
& Rice, 1995; Sleep, 1995).

In the seismic cycle of natural faults, the range of slip rates involved is large (Scholz, 2002) and it is appealing
to describe different regimes using a single friction law. One of the big successes of RSF laws is the logarith-
mic rate dependence of steady state friction coefficient, typically expressed by (a — b), which can be taken as
an indicator of the potential of a fault to exhibit stable versus unstable frictional behavior. However, it has
been widely observed that the steady state friction coefficient is not a monotonic function of slip rate but
typically increases with slip rates at very low and high slip rates and decreases in between (e.g., Bos &
Spiers, 2002; Buijze et al,, 2017; Carpenter et al,, 2014; den Hartog & Spiers, 2013; Di Toro et al,, 2011; Heslot
et al., 1994; Ikari et al., 2009; Niemeijer et al., 2016; Reches & Lockner, 2010; Shimamoto, 1986). For instance,
by reducing slip rates, Shimamoto (1986) found for halite a transition from a velocity-strengthening frictional
regime, via a velocity-weakening frictional regime, and back to a strengthening one in which ductile shear
deformation is expected to be active. On the other hand, at very high (seismic) slip rates when frictional heating
becomes significant, other weakening effects have been widely observed (Di Toro et al, 2011; Reches &
Lockner, 2010). Efforts have been made to incorporate the heating effect at high slip rates into the RSF laws,
based on the inferred physical mechanisms in the friction phenomenon (e.g., flash heating and thermal and
chemical pressurization, Noda, 2008). However, the variation in friction rate dependence at low slip rates (in
the earthquake or slow slip nucleation regime) is not captured or explained by the classical concepts underlying
the RSF laws, partially due to the obscurity of the physical mechanisms. Hence, major uncertainties exist when
taking constant or variable (a — b) obtained from experiments as an indicator of fault slip stability. To apply the
experimentally derived friction laws to natural fault zones and to extrapolate them beyond their experimental
conditions, friction models with a microphysical basis are required (e.g., Bos & Spiers, 2002; den Hartog &
Spiers, 2014; Ikari et al.,, 2016; Nakatani, 1998; Niemeijer & Spiers, 2007; Sleep et al., 2000; Sleep, 2005).

Another important parameter in RSF laws is the critical slip distance, D, the distance over which a fault loses
or regains its frictional strength after a perturbation in the loading conditions (Ida, 1973; Palmer & Rice, 1973),
because, in principle, it determines the maximum slip acceleration and radiated energy during an earthquake
(e.g., Aki, 1987) insofar that it influences the magnitude and time scale of the associated stress breakdown
process (e.g., fracture energy) (Ampuero & Rubin, 2008; Mikumo et al, 2003; Ohnaka, 2003; Rubin &
Ampuero, 2005; Scholz, 2002). Regardless of the importance, it is paradoxical that the values of D, reported
in the literature range from a few to tens of microns as determined in typical laboratory experiments with
bare surfaces and gouge layers (Dieterich, 1979; Marone, 1998; Scholz, 2002), to 0.1-5 m as determined in
numerical and seismological estimates based on geophysical observations (e.g., Ide & Takeo, 1997; Kaneko
et al,, 2017; Yasuda et al,, 2005), and further to several meters as determined in high-velocity laboratory
experiments (Di Toro et al., 2011; Niemeijer et al., 2011; Tsutsumi & Shimamoto, 1997). Note that among these
studies, the critical length scale parameter in the constitutive friction laws (D.) may differ from the slip-
weakening distance inferred from the traction evolution curves obtained for natural or laboratory faults.
The latter, as usually derived from scenarios where perturbations are large (e.g., velocity steps of large mag-
nitudes or tips of dynamic rupture nucleation zones; Ampuero & Rubin, 2008; Bhattacharya & Rubin, 2014;
Bizzarri & Cocco, 2003)), is also referred to as the equivalent or effective slip-weakening distance (do*? or
do, see a review by Marone et al., 2009). Moreover, in most numerical simulations of dynamic rupture propa-
gation with prescribed friction laws, D. is imposed a priori and its value is often assumed to be constant and
uniform on the fault plane. Understanding the physics that controls the critical slip distance and explains the
gap between observations from experimental and natural faults is thus one of the crucial problems in both
the seismology and laboratory communities (Marone & Kilgore, 1993; Ohnaka, 2003).

By using microphysical models established from the inferred deformation mechanisms, some pioneering
works have succeeded in predicting the steady state frictional strengths of different fault gouges (Bos &
Spiers, 2002; den Hartog & Spiers, 2014; Niemeijer & Spiers, 2007). Recently, Chen and Spiers (2016) devel-
oped a more general model based on the one presented by Niemeijer and Spiers (2007), describing both
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using robust properties of granular friction, which therefore is general
(and not model specific). By using this model, typical friction experi-
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extend our model, which we explored only numerically thus far, and
obtain analytical solutions for classical RSF parameters from a purely
microphysical basis. In the present paper, by analytically solving the

Figure 1. Schematic diagram showing the definition of RSF parameters in a

velocity-stepping test.

Time constitutive equations under boundary conditions corresponding to a

VS test (as done in typical laboratory experiments, and assuming
relatively small steps), we obtain theoretical expressions for the RSF
parameters, that is, a, b, and D, as functions of material properties
(e.g., creep rate parameters, solid solubility, and activation volume),
microstructural parameters (grain size, porosity, and shear band thickness), and experimental conditions
(temperature, effective normal stress, and imposed slip rate). The model predictions are consistent with
the lab observations (especially at hydrothermal conditions), in broad agreement with current interpretations
of these parameters, and also with the results of the forward RSF modeling performed for small perturbations
using parameters calculated with the derived expressions. Finally, we extrapolate the parameters to natural
conditions and discuss their implications for natural faults.

2. Constitutive Models

In this section, we describe and compare the RSF law and the CNS model. The RSF law has already been dis-
cussed extensively in the literature; our comments on it are brief. We explain the underlying physics of the
model and present the constitutive equations in this section.

2.1. Rate- and State-Dependent Friction Laws

The RSF law is a phenomenological law, introduced to capture the experimental observations of both steady
state and transient friction (Dieterich, 1979; Ruina, 1983). In RSF laws, the shear stress (z) of a fault is a function
of normal stress (), sliding rate (V), and state variable (). The dependence on both rate and state is logarith-

mic, expressed as follows:
. 4 Ve
T:f*+aan|n(F)+bO'nln(Dc>. (1)

This equation describes the evolution of shear stress from a steady state value (') at a reference sliding
rate (V") and its subsequent evolution toward a new steady state over a critical slip distance (D,), in response
to a perturbation in state (6) or sliding rate (V). The state variable is thought to represent the average lifetime
of grain-to-grain contacts, which can be described by so-called state equations, such as the Dieterich
(Slowness) law:

6=1-V0/D, )

and the Ruina (Slip) law:

6 = —V6/D. In(VO/D,). @3)

In these equations, there are three constitutive parameters, namely, the direct effect (a), the evolutional effect
(b), and the characteristic (critical) slip distance D, (Marone, 1998). These, along with the derived parameter,
(a — b), specify the intrinsic frictional properties of a gouge material. As shown in Figure 1, the values of these
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parameters are usually quantified from friction curves obtained from VS tests. Mathematically, their values
can be identified as follows (Rice, 1983):

ou
a= a(InV) ’(V=V55¢/)=055)7 (4a)
_ a,Uss
(a b) - 6( |nV) |V:V557 (4b)
4
De = — = | (v=v,,.0-0.)- (4)
o(dg/dt) /o6 s

Here the subscript “ss” denotes steady state. Since the equations given in (4a)-(4c) are derived from a general
frictional phenomenon (Rice, 1983), these relations can apply for any rate- and state-dependent friction law,
with one or more state variables.

2.2. The Microphysical Model (CNS Model)

The CNS model is developed for granular material based on microstructural observations and the inferred
microscopic deformation mechanism(s). In the model, a granular fault gouge is ideally represented by
densely packed cylinders or spheres. Since localization has been widely observed in both natural and lab-
simulated fault zones, we incorporate a localized shear band, developed at the margin of the bulk gouge
(Figure 2a). Both gouge zones, that is, shear band and bulk sample, are characterized by the same pattern
of grain packing but with different mean diameters, representing the constituent particles (Figures 2a and
2b). The deformation of the gouge is controlled by parallel processes within each zone, that is, dilatant gran-
ular flow plus an arbitrary creep mechanism at grain contacts, for example, intergranular pressure solution
(IPS). The present model only considers the frictional phenomenon after the material has reached a constant
grain size and thickness of the localized band, which means that deformation mechanisms such as
de/localization, cataclasis, microcracking, grain rolling, and comminution are not included at present.
Constitutive equations of the CNS model are derived by applying a unified approach to this kinematic,
energy-dissipating friction system, that is, momentum and energy/entropy conservation. As given by Chen
and Spiers (2016), they are in the original form as follows:

V= L[+ (1 - A)y'gr'k} + Ly, (5a)
P (gt (5b)
_1 _(psb =&y + —Vgrtany ),
L (50)
1 — utany

~ o~ )}gr
p=u +ain| = (5d)

# N\

In these equations, slip localization is specified by a localization degree 4 and the total gouge layer thickness
L;. Superscripts “sb” and “bulk” denote the shear band and the bulk gouge, respectively. Subscript “pl” indi-
cates the nonreversible time-dependent creep mechanism at the grain contacts, and “gr” indicates granular
flow. Further,  and ¢ indicate the shear and normal strain rates, respectively. Following these definitions, j}fj’

and jz:j,“'k denote the creep-induced shear strain rates in the shear band and bulk sample, respectively.
Equation (5a) expresses the kinematic relation in the shear direction. In the present model, granular flow is
assumed to only occur in the shear band such that the bulk shear displacement is attributed to shear creep
in the entire sample thickness with the additional granular flow in the shear band (Figure 2c). Equation (5b)
expresses the normal strain rate in the shear band (positive for compaction), where (oSb is porosity, éf)*,’ is creep-
induced compaction rate, and —j,, tany is the dilatational rate induced by intergranular slip (Paterson, 1995).
Here v is the average dilatation angle of all the interacting grain contacts within the shear zone (Figure 2b)
and the negative sign indicates dilatation. Equation (5¢) is obtained from the energy/entropy balance
approach, expressing the macroscopic shear and normal stresses linked by the dilatation angle and grain

CHEN ET AL.

MICROPHYSICALLY DERIVED RSF PARAMETERS 9630



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014226

o, . | 7 |
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Ty Vi Ty Vor
Deformation and strength Deformation by dilatant granular
controlled by thermally-activated flow. Steady-state frictional strength
creep on grain contacts in both the controlled by dilatation/compaction
shear band and bulk of the gouge in the shear band

Figure 2. (a) An idealized microstructural model for a simulated fault zone, characterized by a shear band developed at the
margin of a bulk gouge layer. The thickness of the shear band is defined as /L;, where L is the total thickness of the gouge
layer and 4 is taken as a constant defining relative shear band thickness (1 < 1). Both the shear band and the bulk gouge
layer are represented by densely packed spheres, with varied mean diameters (d) and compaction states. In the CNS model,
the compaction state is controlled by the competing processes, that is, compactional creep at grain contacts versus
shear-induced dilatation by granular flow. (b) The unit cell characterizing the grain packing in the present microstructural
model, in which the key microstructural state variables, that is, porosity (), dilatancy angle (y), and contact area (a,) are
illustrated. Note that these variables are average quantities determined over the entire shear zone. For instance, the
individual grain contacts can be inclined, horizontal or vertical, but the average contacting angle (i value) should be >0.
With the absence of dilatant granular flow in the bulk layer, the y value is much larger. The externally applied effective
normal and corresponding shear stresses (o, and 7) are transmitted across the grain contacts, causing intensified effective
normal and shear stresses acting on the contacts (6, and 7). The imposed shear displacement rates or compaction
strain rates (j; and &) are accommodated by grain boundary sliding and a contact creep deformation. A cohesion-free slip
criterion is used for grain boundary sliding on each contact such that z=7/5,, where u is the grain boundary

friction coefficient. The dilatant effect contributes to the frictional strength approximately by tany, which is defined as a
dilatant friction coefficient that is si=tany. (c) Mechanical analog diagram showing that the bulk shear displacement of a
granular fault gouge is attributed to shear creep in the entire sample thickness with the additional granular flow in the
shear band.

boundary friction (). Note that in (5c), we assume a cohesion-free grain boundary slip criterion expressed as
7 = liop, where 7 and &, are shear and normal stresses on a contact, respectively (Figure 2b). Being derived
from a lattice scale (Chen & Spiers, 2016), grain boundary sliding is a generally thermally activated process
but distinguished from a specific creep law that accounts for the plastic creep at grain contacts.
Accordingly, u is intrinsically strain rate strengthening as described in equation (5d), where a; is the

0 s -
logarithmic rate dependent coefficient (a; = 6(I7rl:\/)) and z" is the reference y value at a reference shear
strain rate jy,.

The above set of equations comprises the constitutive equations of the model. Substituting (5d) into (5¢), the
equations can be reformulated as follows:

i+ azin (i /iy )| + tany

1= [ +azn (o /iy ) | tans

on. (6)

T =

Recall that we assume granular flow only to occur in the shear band, and from now on we will drop the super-
script sb except where otherwise stated. Equation (6) expresses the shear stress (z) as a function of normal
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stress (a,,), shear strain rate at grain boundaries (jg,) and the “state” of the gouge (). Rewriting (5b), the evo-
lution of porosity can be described as a function of shear strain rate (j4,) and creep-induced compaction strain
rate (ép1), which, as given later, depends on o, and porosity.

(13;(/)) = )}gr tanl// — ép|. (7)

Porosity (¢), average dilatancy angle (), and average contact area (a.) are referred to as the three state vari-
ables characterizing the internal microstructural configuration of a granular fault gouge (see their definitions
in Figure 2b). Since the present model considers a friction process after the grain size has reached a constant
level, these variables are interdependent on one another (one-to-one correspondence), such that the model
can be taken as a single state variable system (the linking functions are explained in the next section). It is
desirable to express the state in terms of a microphysically observable property and porosity is a natural
choice (Nakatani, 1998; Sleep, 1997). As such, equations (6) and (7) can be regarded as the “friction law”
and “state law” of the CNS model, respectively.

2.3. Comparison Between RSF Laws and the CNS Model

A comparison of the sets of equations (1) and (2) and (6) and (7) indicates that the classical RSF laws and the
microphysical model have several similarities. As addressed above, the key similarity is that they are both
rate- and state-dependent and both conform to a single state variable system. Each model has its
advantages and disadvantages. Although the establishment of our model was not specifically intended to
fix or replace classical RSF laws (Chen & Spiers, 2016), it has the following advantages: (1) The governing
equations are rigorously derived and have a fundamental microphysical basis, and the key state variable,
that is, porosity, has a microstructurally verifiable meaning (Sleep, 1997; Sleep et al., 2000). (2) Any creep
mechanism operating at grain contacts can be incorporated into the model depending on the material
and conditions. (3) Effective normal stress (o, = externally applied normal stress minus pore pressure) has
an active role in the model (through &), and therefore, it does not necessitate an additional term (or
sensitivity factor) to describe the evolution of shear stress in response to a o, change (cf. Linker &
Dieterich, 1992). (4) Temperature is embodied in the model as well, and it is expected to influence the
friction behavior through affecting either the a value or the contact creep rate via an Arrhenius law. (5)

Finally, as velocity decreases, a friction-to-flow transition appears naturally from the model, as will be
demonstrated later in this paper.

Disadvantages of the CNS model are also apparent. First, the model composes of cumbersome equations,
which cannot be readily applied, as the RSF laws, for numerical simulations of earthquake phenomena.
Second, the parametric ingredients of the model include internal microstructures of the studied fault
(porosity, grain size, and shear zone thickness), material properties of the granular gouge (e.g., creep law
parameters like activation energy, stress sensitivity, and grain size sensitivity), ambient conditions the fault
is subjected to (temperature and normal stress), and the constitutive linking relations of different state
variables. These parameters are not always well constrained for a reliable extrapolation and implementation
of the model. For instance, we have assumed a steady state microstructure, that is, grain size and localized
band thickness are not changing. Obviously, this is not always the case under either simulated or natural
faulting conditions. Moreover, although the model is plausibly applicable to a gouge-filled fault system, it
is not clear whether it can be applied to describe friction of bare rock surfaces.

Finally, it is noteworthy that previous studies have also attempted to link observed laboratory porosity evolu-
tion to the classical RSF model (Nakatani, 1998; Segall & Rice, 1995; Sleep, 1995) or the shear transformation
zone theory (Daub & Carlson, 2008; Lieou et al., 2017). Our model differs from these models insofar that it ties
the frictional behavior to the competition between the dilatation and compaction of the shear zone, which,
as explained by equation (7), are each fully microphysically based and attributed to different mechanisms,
namely, granular flow and plastic creep at grain contacts.

3. Constant Velocity Sliding and Steady State Friction/Flow

In this and the next sections, we will analytically solve the governing equations of the CNS model under the
assumption of two typically employed boundary conditions, namely sliding at a constant velocity and an
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abrupt perturbation of the driving velocity. We start with sliding at a constant velocity. At steady state, shear
stress is constant (7 = 0). The microstructure, hence porosity and dilatation angle, characterizing the gouge
material, should also be constant so that ¢ = 0. Equations (5a)-(5d) will consequently reduce to

Vimp = Le |27 + (1 = 2)55%] + Letyr (8a)
épl = J}gr tany, (8b)
Q. tan
f = M T AW (80)
1- Mss tam//ss
~ ~x J}gr
Hes =1L —I—aﬂvln = . (8d)
Yar

Equation (8a) indicates that shear displacement is accommodated by two serial processes, that is, the shear
component of contact creep and granular flow (Figure 2c). By virtue of their relative contribution, in the
following, we will solve these equations for two end-member cases.

3.1. Intermediate-Velocity Friction Regime (With Negligible Shear Creep)
We first assume that the shear component of contact creep is negligibly small, which means the sample shear
deformation can be completely attributed to intergranular granular flow (Vimp = Ledjg ). As such, equa-
tions (8a) and (8b) can be combined into

LeAépr

tany ©)

imp =

Volumetric strain rate of rocks or aggregates consisting of a single mineral or mineral assemblages can gen-
erally be expressed as a function of temperature, mean grain size, and the applied stress in a power and expo-
nential form as follows (Berthoud et al., 1999; Poirier, 1985):

. Eq\ on"

SEEp|(T, d, O'n) :Ap| exp 75 dT7 (103)
. E o\ 1
é=En(T,d,an) = Api exp(—R—;_> exp (#) g7 (10b)

where E is activation energy; R, the gas constant; T, absolute temperature (K); d, mean particle size; m, grain
size sensitivity factor; n, stress exponent for the creep law; Q, activation volume, and A, a preexponential
rate constant. We adopt these general laws to describe creep at the grain contacts. Bear in mind that these
laws are commonly derived from rheological experiments that are typically run at high temperature and
pressure conditions, where the deforming material tends to be compacted and have a relatively low poros-
ity (<5%). However, in a dynamic friction process, a granular material tends to be more porous and can
dilate volumetrically to allow particles to slide, roll, and rearrange and thus accommodate shear displace-
ment. Consequently, the local stresses transmitted across the grain contacts could be much higher than
the macroscopic ones that are either nominally applied to or externally measured from the system.
Therefore, a porosity function fy(¢) is introduced that accounts for changes in grain contact area (hence
contact stress magnitude) and transport path length (if a mass transfer process is involved), as porosity
evolves (Spiers et al.,, 2004). The creep law describing creep deformation at grain contacts in a granular
material can thus be rewritten as

épIEEpI(Tv du O-H)fp|((p)' (11)

To satisfy the aforesaid criterion f,(p) needs to be chosen such that (1) it is dimensionless; (2) it yields a
significant stress intensification as ¢ reaches ¢, the critical state porosity for granular flow; and (3) at lower
porosities it gives small values so that contact stress approaches the macroscopic stress as in typical rheolo-
gical experiments. Following this approach, we assume

foi(p) = (g — 2¢)7M~ (12a)

Here M is the factor indicating the stress sensitivity to changes in porosity, and g is a geometrical constant,
the value of which is 2 times the critical state porosity (g = 2¢.). Previous experimental and theoretical
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Figure 3. The schematic model of the steady state frictional or flow stress as a
function of logarithmic strain rate for a granular fault gouge. (1) At low veloci-
ties, the model predicts velocity-strengthening behavior with deformation
accommodated by non-dilatant plastic creep. In this flow regime, the granular
material is densely compacted with a low porosity (¢ ~ ¢g). (2) At intermediate
velocities (the main concern of this paper), the imposed shear displacement is
attributed to granular flow plus a thermally-activated creep mechanism. As the
velocity increases, the friction behavior will be first controlled by dilatant
granular flow that is mediated by compactional contact creep, giving rise to a
velocity-weakening behavior and higher steady-state porosity; as the velocity
increases further with the gouge approaching a critical state for granular flow,
the frictional behavior will be controlled by grain boundary sliding which is
inherently logarithmic strain rate-strengthening. At the critical state, the porosity
reaches a critical value (¢ = ¢.) and the average dilatancy angle becomes zero
(w = 0). (3) At high velocities, friction may decrease substantially due to thermal
weakening effects such as flash heating. Yet as proposed by recent studies (e.g.,
Kuwano et al., 2013), athermal dissipation processes like inertia could also
become dominant at relatively high velocities, leading to stronger-than-loga-
rithmic strain rate strengthening behavior (not discussed in the paper).

studies show that a function of this form works well for the geometry of
a regular grain pack of a single constitutive component (e.g., quartz,
calcite, halite, gypsum, or anhydrite), for porosities in the range of
5-40% (Niemeijer et al., 2002; Pluymakers & Spiers, 2014; Spiers et al.,
2004). Take intergranular pressure solution (IPS), for example. M
depends on the key process that controls a mass transfer process (i.e.,
dissolution, diffusion, and precipitation). Its value is 2 for a diffusion-
controlled IPS process, 1 for dissolution controlled, and ~1 for
precipitation controlled (Spiers et al., 2004).

For a simple cubic or body-centered cubic pack of initially spherical
grains (Niemeijer & Spiers, 2007; Niemeijer et al., 2002; Renard et al.,
1999), dilatation angle and porosity can be plausibly linked by the
empirical relation that

tany = H(q — 2¢)". (12b)

Here H is a constant representing the geometric pattern of the grains.
For a 2-D model, H falls in the range 1/v/3 to 1/4/3 (Niemeijer &
Spiers, 2007). N is the factor introduced to indicate the sensitivity of
average dilatation angle varying with porosity. An empirical value of
1 is obtained for IPS. Again, g is 2 times the ¢, value, which, when
@ = @ yields the critical case at which tany equals zero.

Substituting relations (11), (12a), and (12b) into (8a)-(8d) and solving
the equations yields a general solution

LA
tany = H{Hvt

1/(M+N)
Epl (T7 d7 O'n):|

imp

1 tany, YN
goss:i q-— T

- i Vi
Hss = H +a;|n< ‘l/r:p)
U + tan
T = ss T Yss on
1- Hss tam//ss

(13)

With a specific creep law, this solution gives the steady state shear stress (z55) and state (tanyss and ¢s) of a
granular material at a given frictional velocity (Vimp). See definition of all the parameters in Table 2.

3.2. Low-Velocity Flow Regime (Without Intergranular Slip)

The above derivations assume negligible shear contact creep (Figure 2c). Following the steady state solution
given above, as slip rate decreases the average dilatancy angle will increase and the porosity will decrease. As
porosity approaches zero or a given limit level, dilatant granular flow (and thus grain boundary sliding) will be
inhibited or at least contribute negligibly to the strength (Figure 3). Accordingly, equations (5¢) and (5d) can
be omitted, and sample shear deformation is accommodated by the shear creep at grain contacts, rendering
the fault system effectively into a flow regime (den Hartog & Spiers, 2014). The set of equations (5a)—(5d) will

thus reduce to

Vimp = Le 2735 + (1 = 2075, (142)

(14b)

—T =

T—9¢

Equations (14a) and (14b) indicate that fault gouges in the flow regime will shear and compact contempora-
rily. In this case, a steady state cannot be achieved until the gouge has compacted to zero porosity or a
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minimum porosity ¢q (for instance, corresponding to the smallest possible free volume known as random
close packing state (Scott & Kilgour, 1969)). The cutoff or terminal porosities has also been observed in many
compaction experiments (e.g., Niemeijer et al., 2002; Spiers et al., 2004). Once achieved, porosity change is
impossible (9 = 0), the gouge will have the maximum, steady state flow strength.

As implied by equation (14a), deformation in the flow regime involves creep that occurs in both the shear
band and bulk zones. Note here that the process of shearing of asperity junctions and the process of asperity
creep at grain contacts may be governed by common or different mechanisms. We assume that the same
creep law applies anisotropically in both the shear and normal directions. With a power creep law, deforma-
tion in the shear band and the bulk zone can be respectively expressed as

. E I

o = Bpl exp(—R—;) Wfpl((ﬂo% (15a)
. E 7"
yglljlk = Bpl exp (_ R_a) (dbu|k)m fpl((l’o)' (1 Sb)

Here a preexponential factor By, is adopted for the shear component of contact creep (distinguished from A,
for compaction, cf. equations (10a) and (10b)). Combining (14a), (15a), and (15b) gives the steady state

flow stress
1/n
1 Vimp (@) E
b |mp( ) exp(_") , (16a)
HBp|erp|((p0) RT

where IT=1+(1 fi)(d“‘b/db“'k)m is a dimensionless factor that unifies the deformation in both zones.

Tss

Similarly, for an exponential creep law, the steady state flow stress can be determined as

1 Vimp ()"

1 ByiLefpi(9o)

RT
T = — In

Q

E

a (16b)

Both equations (16a) and (16b) indicate a rate-strengthening behavior in the flow regime.
3.3. Overall Profile of Shear Strength Versus Shear Strain Rate

Above we presented two end-member cases of the microphysical model, with the steady state solutions
being given in (13) and (16a) and (16b), respectively. By checking the expressions without inputting any
numbers, the model would predict an envelope of steady state frictional/flow stress as a function of shear
strain rate as shown in Figure 3. The resultant curve indicates three different regimes of deformation:

1. Low-velocity flow regime. At low shear strain rates, the deformation is fully accommodated by dilationless
plastic flow, exhibiting velocity-strengthening behavior. Compaction can occur in this regime but does
not directly contribute to shear strength. The steady state flow strength is only achieved when the gouge
compacts to a near-zero, threshold porosity (¢o) (Figure 3). Away from near-zero porosity (¢ > ¢o), the
local stresses at grain contacts, as reflected by the porosity function (equation (12a)), will be higher, lead-
ing to a transient shear stress that is lower than the steady state (from equation (16a) or (16b) but with ¢
instead of ¢g). As compaction proceeds, the shear stress will increase and asymptotically approach the
steady state as porosity reduces to ¢,.

2. Intermediate-velocity frictional regime. At intermediate strain rates, the slip is mainly attributed to dilatant
granular flow (slip), which, when a steady state is achieved, is balanced by the compaction due to creep at
grain contacts. On the one hand, dilatant granular flow is itself strain rate weakening with a sensitivity that
decreases with increasing strain rate: the higher the slip rate, the more dilatant and less resistant the
gouge tends to be (Niemeijer & Spiers, 2007). On the other hand, granular flow will produce sliding of
the boundaries of grain neighbors over each other, which is inherently strain rate strengthening (Chen
& Spiers, 2016; Nakatani, 2001; Rice et al., 2001) (see the dashed line in Figure 3). The competition between
the two would cause a transition from velocity weakening to velocity strengthening as strain rate
increases in this regime.

3. High-velocity frictional regime. At high shear strain rates, friction coefficient would decrease sharply due to
a thermal weakening effect. Yet as proposed by recent studies, athermal energy dissipation processes can
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also be important at relatively high slip rates, potentially leading to stronger-than-logarithmic velocity-
strengthening behavior (Bar-Sinai et al.,, 2014).

Figure 3 presents an overall picture of the rate-dependent steady state shear strength of an arbitrary granular
gouge material. Generally, the frictional/flow strength would pass through three transitions in its rate depen-
dence as shear strain rate increases (Figure 3): from (1) rate strengthening (due to nondilatant plastic creep) at
low slip rates, via (2) rate weakening and then back to strengthening at intermediate slip rates (due to the
competition between dilatant granular flow and thermally activated asperity creep), and (3) finally to
dynamic slip weakening (due to frictional heating). It is important to note that some transitions in the picture
might be absent for some material. In the rest of this paper, we only focus on the intermediate-velocity
regime in which the curve is characterized by a transition from rate weakening to strengthening (Crossover /).

4, Velocity Stepping and Expressions for RSF Parameters

In this section, we investigate the transient response of the CNS model to a stepwise change of load point
velocity, wherein we derive the analytical expressions for the constitutive parameters a, b, and D.. As in
the framework of classical RSF laws (equations (4a)-(4c)), these parameters are defined in the vicinity of
steady states. Here we first analyze the responses of the model (i.e., the direct and evolution effects) to a step
of a finite magnitude from V° to V', and then seek their limits by assuming V' ~ V%, which gives the expres-
sions for a and b. As given in equation (4c), D, is a slip distance that characterizes the poststep evolution of
state, which usually follows an exponential function with displacement or elapsed time (Dieterich, 1979; Rice
etal, 2001; Rice & Ruina, 1983). After a poststep velocity V' is achieved, friction is fully controlled by state such
that the friction and state evolution curves share the same critical length scale (Rice & Ruina, 1983). Despite
the fact that the responses of the Slowness and Slip laws differ far from steady state, in the vicinity of steady
state, In(VO/D,) = VO/D. — 1 and the two laws are asymptotically identical (Ampuero & Rubin, 2008). In con-
trast, there is not an explicit length scale in the CNS model (cf. equations (2), (3), and (5a)-(5d)), but essentially,
there should be one because it takes displacement for a shearing gouge to reach a new steady state. In addi-
tion, for the CNS model, there is arbitrariness in the choice of state variable to identify D.. Here we choose
porosity because it is a microphysically observable property and because the changes of porosity along with
step changes in sliding velocity have also been shown to evolve over the same slip distance as friction, in
both laboratory experiments and micromechanical models (e.g., Marone, Raleigh, & Scholz, 1990; Niemeijer
& Spiers, 2006; Sleep, 1995; Sleep et al., 2000). We assume that porosity evolves exponentially with time
(equation (29)), from which the expression of D, can be identified.

Based on the above considerations, the equations for identifying RSF parameters in the framework of the CNS
model, resembling equations (4a)—(4c), are as follows:

a= Op ‘ 0 o) = liMaso(deq) = limao ,upk——,ugs (17a)
a(InV) | (v=ipo=ots) e In(v) — In(V) |’

o o . Hok — Hs

b= 30ny) ’(v:v;w:«zés) = limao(beq) = limao {W} (176)
— a'uSS _ N 5 /uls_lugs

(a — b) = a( |nV) |V:VSS = I|mA_,0(a — b)eq = I|mA_,0 {m s (1 7C)

Rz e L V' (pks — %)
De = ~ 0(dg/dt) (v=Vio=0k) — limao(do) = lima_o {%H . (17d)

In these equations, to be distinguished from the definitions of g, b, and D, the corresponding parameters for
finite (large) velocity steps are referred to as equivalent values (notated as subscript “eq”). For equivalent slip
distance, we use dj following previous studies (e.g., Marone et al., 2009).

4.1. Direct Effect (a)

We investigate an upward velocity step of ° — V', starting from a prestep stable sliding state at velocity °.
In the frictional regime, the shear component of plastic deformation on grain contacts (the first term on the
right side of equation (5a)) contributes negligibly to the imposed slip rate (Figure 3), which is later confirmed
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by the numerical simulations addressed in section 5.1. In this case, from the steady state solution given in
(13), the prestep sliding can be expressed as

Le2E°
Vo — Lrly’gr I P(') , (18a)
tany
~0
0 _ Hs + tanl//gs (18b)
ss ~0 0’
1- Hss tam//ss
After switching to a new load point velocity, we obtain
V' — /K = LiJjy, (18¢)

We assume a sufficiently stiff (fault) system without inertia, in which the imposed displacement rate can be
changed instantaneously. As such, shear stress will have an instantaneous jump, accompanied by negligible
slip before reaching the peak strength, and the state of the gouge will not change much (y/pkzz//gs). (The ana-
lytical solutions for the evolution of shear stress and state across the direct effect are given in the supporting
information (SI), from which we propose a method to evaluate the average dilatancy angle.) The peak fric-
tional strength is calculated as

o ﬁpk + tanl//pk o ﬁpk + tan'//gs

= — — o (19)
T—tgctanyg 1 — pgctanyg

[Ltpk
The instantaneous change in friction coefficient can thus be determined as

(ﬁpk - /725> (1 + tanzwgs)

11— ﬁpk tan'//25> (1 _ﬁss tam//gs)

:upk - ,“25 = ( (20)

Right at the peak, the time derivative of shear stress is zero (t = 0). From equation (18c), the intergranular slip
rate at the peak is equal to
ih = V1/(Led). 21

Without loss of generality, we assume prestep stable sliding as the reference. As such, we have ;'/g, = ;’);r and
;725 = u*. The grain boundary friction coefficient at the peak point can be expressed as

i =0 + a;m(y'grk/y';) =% +axIn(V'/V°). (22)
From equation (17a), the equivalent a value for a finite velocity step from \° to V' is calculated as

o HMpk _lugs (1 + tanzv/gs)

Geq = =a- :
(Vo) (1 —ﬁpktany/25> (1 — fg; tany?)

(23a)

Considering an infinitesimally small perturbation in slip rate (i.e., VI/V2 =1+ A, where A — 0), the limit of (23a)
can be obtained as

1+ tan?
a= |imA—>0(aeq) = G"'—( + tan ‘//SS)

- : (23b)
“ (1 — HMss tam//ss)2

In deriving this expression we use fi,, = jio, and y,, = w2, as the direct effect is determined from the prestep
steady state (equation (17a)).

4.2. Evolution Effect (b)
Based on equation (8b), the steady state friction coefficient at V'is expressed as

~1
1T _ ’LtSS + tanl//;s

== ; (24)
o1 :u;s tam//;s
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where y is the average dilatancy angle at the new steady state. From (19) and (24), the difference between
the peak and the new steady state friction coefficients can be formulated as

(1 + ﬁpkﬁls> (tany — tany?)

(1 _ﬁpk tam//(s)s) (1 - ﬁ;s tam//;s)

:
Hpk — Hss = —

The grain boundary friction coefficient at V' can be expressed as

1
~ ~ I
fig =" +ayin| =X (26)
Vor
At both the peak and the new steady state, the time derivatives of shear stress are zero (¢ = 0). From equa-
tion (18¢), the grain boundary friction coefficients should be the same, that s, i, = ﬁ;s (cf. equations (22) and
(26)). Considering a small perturbation in slip rate, we have (1 — Hpk tant//(s)s)z“ — Hiq tany ). Equation (25)
can thus be rewritten as
112
1 [1 + (ﬂ;s) ] 1 0
Hpk — Hss = _~1—12 (tan‘//ss - tanWss)' (27a)
(1 Mg tam//ss)

—1/(M+N
imp

~11\2

@y e e

Mok = Hss™ — ————— 5~ |1— (W) : (27b)
(1 T M tanWSS)

From the steady state solution (equations (8a)-(8d)), we have tany <V ). This makes (27a)

Following equation (17b), the equivalent b value for a finite velocity step can be calculated as

T Ll o K2 L L B (28a)
= = — . a
T In(v/vO) (1 — i, tany,)’ In(V'/V0)

Supposing a small V step (V'/VP=1+Awhere A — 0), using the Taylor expansion that In(1+ A)~ A +...,and
(1+AY=1+xA + ..., the limit of (28a) is

tany, (1 + /7552)

b = limy_o(beq) = '
ima—0(beq) (M+N) (1 — i tany)?

(28b)

In obtaining this expression, we use the relation fi,, = ., and v, = . The rationale for doing this is that the
evolution effect is evaluated with respect to the new steady state (equation (17b)).

tany
(M-+N)

o(tanyy,)
o(InV)

Actually, the term expresses the logarithmic rate dependence of tany;. Resembling the definition ofa;,

we define b,= — . Equation (28b) is thus rewritten as

(1+7°)

b=b,—— =)
(1 — Hss tan‘//ss)

(28¢)

4.3. Critical Slip Distance (D,)

After an instant response, both friction and state of the gouge will evolve to a new steady state over a char-
acteristic displacement, which is defined as the critical slip distance, D.. Following the definition (equa-
tion (17d)), we will derive D, from the evolution of one of the state variables of the CNS model, porosity.
An exponential equation is employed to represent the porosity evolution; that is,

V't
o(t) = 9l — (0l — 0%) exp(— 0_)7 (29)
C

where 92 and ¢, are the porosities corresponding to prestep and new steady states, respectively, and t is the
time elapsed since the peak friction. This exponential form necessarily results in the evolution of porosity in
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our model consistent with that embodied in the state equations of the classical RSF laws (equations (2) and
(3)), where D, is originally defined (e.g., Dieterich, 1979). The time derivative of (29) gives

. V! V't
0(t) = 5~ (0 — 5s) exp (— D_c)' (30)
Right after the peak point (t = 0), equation (30) is determined as ¢ = V' (pl — ¢3;)/Dc. From equa-
tion (17d), the equivalent slip distance for the evolution of porosity in response to a finite (large) velocity step
V' (93 — 9%)
¢pk+

can be calculated as dy = . Subsequently, D, can be identified as

V(o) — o°
De = limi_o(do) = limy_o | /% —¥5) | 31)
¢pk+

To obtain D, one needs to know the two steady state porosities (gosso and ¢551) and the rate of change of por-
osity after the peak point (¢, ), which can be determined as follows.

Right at the peak, the time derivative of shear stress is zero (t = 0). From (5b), the compaction rate at V' can
be expressed relative to the prestep steady state:

4 4 .
= (=1 )éy. 32
T—9 (V0 )Spl 52
f
Following a general creep law ép=E-fpi(9), we have &y = ég, ; p'(((/;)). Equation (32) is expanded as
plI\Pss
. 0
4 V' ) &pl -M
(1) P a-20)™ 33)
T—9¢ (VO For (2%) ( :
Integrating this equation over time yields
V1 Sgl (M1f1)
@—2p)=|-2M+1)(1—9¢ )(——1) t + const . (34)
AV (o)

This is the solution for postpeak porosity evolution. Note that in doing the integration, (1 — ¢) is taken to be
constant as (1 — gs;), because its value changes only minimally during a small V step. In this expression, const

is a constant that can be identified from the initial condition, giving const = (q - 2(/)25)“”*”. By using the
steady state solution, equation (34) can be reformulated as

t 1/(M+1)
(a-29) = (9 - 205) (1 - E) ; (35)
_ Lk . R . (q - 2(ﬂ(5)5) t i . _
where ¢ = W‘ The time derivative of (35) ISp = m 1-— E . By tak|ng t= 0, the

rate of porosity change right after the peak can be obtained

(q — 2(”25)

) = T8/ 36
Pokt oM+ 1)e (36)
Again, from the steady state solution, porosities at the two steady states are related to one another:
1 0 VY N(M“+N)
(q - 29055) = (q - 2(055) (W) : (37)
Combining equations (36) and (37) with (31) yields the equivalent slip distance
_ (VO mm
L |1 vy
do==—1" (38a)

2H(1 - ¢ss) (1 - VO/V1)
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Table 1
Microphysical Interpretation of Rate and State Frictional Parameters

Parameters Microphysically derived expressions Reference

General expression for friction of a granular fault gouge

7 JU Equations (5a)-(5d)
A+
1—pi
Steady state solution
_ v Equation (13)
ron(’)
. . i Equation (13)
= H[HLV::“, Eq(T,d, an)} Y (L‘;‘*’:’: A‘frcs";?) for pressure solution
Pss e Equation (13)
oo =Moo (2=
SS 2 H
- N Equation (13)
fss Hhss + s
1= ﬂssﬁss
Parameters for describing transient behavior
a Az Equations (23a) and (23b)
(1 +ag°)
= 5 @
(1 - :ussﬂss)
b ., Equations (28a)—(28c)
p (1 F s
14

~ A \2
(1 - :uss#ss)

D Equations (38a) and (38b)

Lok
2ANVEN)(1—p5,)

- o
Note. u is grain boundary friction, and zi=tany, is defined as dilatant friction coefficient. Further, we have a; = W::V)
= ﬂand b, = % = fss specifying the logarithmic rate dependences of z and z, respectively. Refer to Table 2

a1Q Y o(lnV)  M+N ’ '

for other parameters.

As given in supporting information Text S2, the same dy can be obtained from analyzing the postpeak evolu-

k_ 1 . . H
? “tsand W' is the slip weakening rate W* = — gt (Ampuero

tion of shear stress. Therein, dy is defined asdo = —;

& Rubin, 2008).
When the velocity step size is small (Augii where tany), the limit of d; is
Ltﬂ.

DC = “mAﬁ,o(do) = 2HN(M i N)(_I — Q)SS) . (38b)

As also addressed in supporting information Text S2, the same critical length scale can be obtained by
employing the average dilatancy angle to describe the state evolution.

4.4. Summary of the Expressions for RSF Parameters

Table 1 summarizes the microphysical interpretations of RSF parameters, g, b, and D.. The friction rate depen-
dence, (@ — b), can be determined as the difference between a and b; that is,
(1 + tanzl//ss) —-b ('I +ﬁ552)

. 39
~ v ~
“ (1 _:usstam//ss)z (1 _/usstanl/lss)z

(a—b) =

The same result is obtained by determining the difference of two steady state shear stresses, following
equation (17c) (see supporting information Text S3 for a detailed derivation).

Apparently, the values of g, b, and D, do not directly depend on the creep mechanism at grain contacts,
which will vary for different materials and conditions. In a sense, these expressions are general and can apply
to any granular material, provided that intergranular flow and an arbitrary creep process at grain contacts are
the dominant deformation mechanisms.
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5. Numerical Implementation of the Microphysical Model Versus RSF Laws

In this section, we first apply the CNS model to simulate a laboratory fault filled with a carbonate gouge and
subjected to hydrothermal conditions. Under these conditions, IPS is expected to be the dominant contact
creep mechanism. The analytical expressions obtained above, for both the steady state and the transient
response, are compared with the numerical results. Inserting the parameters obtained into classical RSF laws
(Slowness and Slip laws), we next conduct forward modeling, comparing the results with the direct predic-
tions of the numerically implemented CNS model.

5.1. Simulations With Microphysical Friction Model

The geometric model, microstructural parameters, and pressure-temperature conditions used here are the
same as previously employed by Chen and Spiers (2016). They are summarized as follows: (1) a 50 pm thick
shear band localized at the margin of a 0.8 mm thick gouge layer; (2) average grain sizes of 2 pm and 20 pm in
the shear band and bulk gouge, respectively; and (3) imposition of constant or variable shear velocity at the
load point to shear the sample which is subjected to 50 MPa effective normal stress and 80°C hydrothermal
conditions. Under these conditions, granular flow and diffusion-controlled intergranular pressure solution
(IPS) are inferred to be the dominant deformation mechanisms (Chen et al., 2015). As reported in compaction
experiments on calcite (e.g., Zhang et al., 2010), the compaction strain rate by grain boundary diffusion con-
DCS6,Q

trolled IPS can be expressed as a linear law as &y = Ag & RT f4(@). In this equation, o, is the applied effec-

tive normal stress, T is the absolute temperature (K), and ¢ is the porosity. Furthermore, A, is a geometric
constant, D is the diffusivity of the solute within the grain boundary fluid (m?/s), Cis the solubility of the solid
species in the solution (m3/m?), S is the effective thickness of the grain boundary fluid phase (m), Q is the
molar volume of the solid phase (m3/mol), R is the universal gas constant (8.31 Jmol ™' K™'), and d is the aver-
age grain size of the shear band. For porosities falling in the range from 5% to 40%, the porosity function can
be approximated as f,(p) = (q — 2¢) "2 (Spiers et al.,, 2004). An empirical relation is used to link the dilatation
angle and porosity such that tany = H(g — 2¢) (Niemeijer & Spiers, 2007; Renard et al., 1999). For grain bound-
ary friction, we use a reference friction coefficient of 0.60 at 1 um/s, with a logarithmic rate dependence of
0.006 (Chen & Spiers, 2016).

To simulate the transient behavior, we represent a fault as a spring-slider system composed of a linear spring
activated by the imposition of a constant velocity at a load point, assuming no inertia. The difference in velo-
city between the load point and slider generates the distortion of the spring; that is,

/K = Vimp — V, (40)

where Vi, is the slip rate at the load point (m/s), 7 is the shear stress (Pa), Kis the stiffness of the surroundings
of the fault (Pa/m), and V is the sample slip velocity expressed via equation (5a). For computational conveni-
ence, the constitutive equations (5a)-(5d) together with (40) can be written into a pair of ordinary differential
equations (ODEs), specifying the rate of change of shear stress (z) and state (¢):

t_ sb bulk 4 t(1 — 4" tany) — op (4" + tany)
ris Vimp — Lt [’b’él + (1 =27y } — Ledyg, exp|: a-(on + rtany) ) (41a)
¢ _ tanl//)};r exp “(1 — g7 tany) — on(” + tany) — &pl. (41b)
(1-9) a~(on + Ttany)

As in our previous study (Chen & Spiers, 2016), the ODEs are solved using the finite element package
COMSOL. All the parameters used are based on the experimental results on a natural carbonate fault gouge
or pure calcite (Chen et al., 2015; Verberne et al., 2013). See details in Chen and Spiers (2016) and Table 2 for
the model settings.

We first simulate the stationary state by setting ¢ = 0 and ¢ = 0 in the above set of equations. As shown in
Figure 4, the steady state friction coefficients predicted for different velocities indicate a transition from velo-
city weakening to strengthening as slip rate increases, with the (a — b) values also increasing from a negative
value of —0.035 at 20 nm/s, via ~0 at ~5 um/s, to +0.0055 at 1.0 mm/s. With the same parameters, this result is
the same as Figure 5 given by Chen and Spiers (2016). Correspondingly, the steady state porosity exhibits an
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Table 2

Explanation of Symbols Used in the Implementation of the Model

Symbol Description (unit) Value Symbol Description (unit)

on effective normal stress (Pa) 5% 10’ ® porosity

T absolute temperature (K) 353 90 porosity at random close packing state
Kref a reference stiffness (Pa/m) 6x10'"° Oc critical state porosity for granular flow
Vimp imposed slip rate at load point (um/s) 1-5 dc average contact area (mz)

Le thickness of the entire gouge layer (m) 8x 10" u macroscopic friction coefficient

A localization degree 0.0625 " grain boundary (gb) friction coefficient
gaobu'k initial porosity of bulk gouge 0.32 yri dilatant friction coefficient (=tany)

d*® average grain size of shear band (m) 2x107° by, logarithmic rate dependence of tany
o average grain size of the bulk gouge (m) 2x10°° é compaction strain rate s

qu 2 x critical porosity for shear band 04 7 shear strain rate (5_1)

qbulk 2 x critical porosity for bulk gouge 0.7 B activity energy for a general creep law (J/mol)
H geometrical parameter for grain shape 0.577 m grain size sensitivity in a general creep law
Ag rate constant for diffusion-controlled IPS 100 n stress sensitivity in a general creep law
DS diffusion coefficient x gb thickness (m3/s) 2x10°2° a RSF parameter for a direct effect

C solubility of the solute in fluid film (m3/m3) 395 x10°° b RSF parameter for an evolution effect

Q molar volume of solid phase (m3/mol) 369%10°° 0 state variable in RSF laws (s)

u reference gb friction coefficient at 1 pm/s 0.6 D, characteristic slip distance in RSF laws (m)
a; logarithmic rate dependence of gb friction 0.006 d‘& equivalent dynamic slip(-weakending) distance
M sensitivity of stress intensification to porosity 2 w dynamic slip-weakening rate (= — du/dx)
N sensitivity of dilatation angle to porosity 1 t time (s)

4 slip velocity on deforming sample (m/s) tins characteristic time in an instantaneous response (s)
K stiffness of a simulated fault (Pa/m) A an infinitesimal perturbation

T shear stress (Pa)

v dilatation angle

subscripts superscripts

pl plastic creep on contacts 0,1 prestep state, poststep state

gr granular flow sb shear band

ss steady state bulk bulk gouge

pk peak point * a reference state

pk+ time just after the peak

eq equivalent quantities for large V steps

increase from 13.0% to 19.5% as velocity changes in the same range. Notably, with increasing velocity,
porosity approaches the critical-state value (¢, = 20%).

. . . . DCSo,Q2
The steady state can be analytically obtained from the general solution by letting & = Aqg o RT
an M and N value of 2 and 1, respectively. As given in Table 1, the expressions are the same as those obtained
by Niemeijer and Spiers (2007) (assuming no cohesion). The values of steady state friction coefficients and
porosities calculated from these expressions are consistent with the numerical results over a wide range of
sliding velocities (Figure 4). Visible discrepancy only appears when velocities fall below 1078 m/s, where
the shear plastic creep becomes increasingly important. Since the numerically implemented model includes
the shear creep at grain contacts (the first term on the right side of equation (5a)) and our theoretical analysis
does not, the fact that they are consistent confirms the prescribed assumption that the shear creep rate is
negligibly small in the frictional regime at the simulated conditions.

and using

Next, to validate the expressions obtained for g, b, and D, (Table 1), we simulated a velocity-stepping test by
abruptly changing the displacement rate by a small magnitude (1 — 1.1 pm/s). To get a clear separation
between the direct effect and the evolution effect that allows for comparison with the analytical result, we
used a high spring stiffness (100 times the apparatus stiffness employed by Chen et al., 2015). As shown in
Figure 5a, the result of friction coefficient versus time shows an instantaneous jump followed by an exponen-
tial decay to a new steady state, which, compared with the prestep steady state, indicates velocity-weakening
behavior. Accordingly, the porosity shows a monotonic increase by ~ 0.05% (Figure 5b), sharing the same
evolution distance as friction coefficient.

We will now compare these results with the analytical results. Using the expressions for a, b, and D, (Table 1),
the direct effect, the evolution effect, and critical slip distance can be calculated as aln(V'/\®), bIn(V'/V°), and
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Figure 4. The prediction of (a) steady state friction coefficient xss and (a — b) and (b) steady state porosity ¢ss, and tany.s,
as a function of the logarithm of load point velocity from the CNS model (within the intermediate-velocity friction
regime shown in Figure 3). As indicated respectively by the black and red lines, consistent results are obtained from the
numerically implemented model and the analytical solutions derived. All the calculations are based on a simulated
carbonate gouge sheared at hydrothermal conditions (see the text).

D,, respectively. As shown in Figures 5a and 5b, all of these values agree satisfactorily with the numerical
results. These results also show that the evolution curves of friction coefficient and porosity can be
characterized by same critical length scale D, (cf. Figures 5a and 5b), as is mathematically proven in
supporting information Text S2. Finally, we note that here a 1.1-fold velocity step is used for the
validation of the analytical expressions derived. As demonstrated in the following section, discrepancies
will appear between the numerical and analytical results for large velocity steps.

5.2. Forward RSF Modeling and Comparison

We perform forward RSF modeling with the parameters calculated from our analytical expressions, which
allows for a comparison between RSF and the microphysical CNS model. Both the Slowness (2) and Slip laws
(3) are used as the state equations. The input values of a, b, and D, used are calculated from (23a) and (23b),
(28a)-(28c¢), and (38a) and (38b), respectively (Table 1). Except where otherwise stated, the fault stiffness is the
same as that used in the previous numerical modeling (6 X 10'2 Pa/m, previous section).

Again, we simulate a small velocity step from 1 pm/s to 1.1 pm/s. The initial friction coefficient (at V° = 1 um/s)
is set according to the steady state solution. The initial state & is set to be D /V°, which makes the fault initially
at steady state (d6/dt = 0). This forward RSF modeling is performed using COMSOL. As shown in Figure 6a, the
evolution of frictional strength predicted by the RSF laws (i.e., Slowness and Slip laws) agrees exactly with the
prediction from the microphysical model, suggesting that the RSF laws and the CNS model are asymptotically
identical in the vicinity of steady state. The microphysical model and the RSF laws use different state vari-
ables, namely, porosity ¢ and state @ (typically interpreted as average lifetime of contact asperities). Both state
variables exhibit a monotonous change with shear displacement. To compare their evolution curves, they are
normalized using the relation that xnor = |(X — X0)/(Xmax — Xmin)|: Where x represents ¢ or 6, so that X,o,
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Figure 5. Numerical results of the microphysical model, showing the evolution
of (a) friction coefficient and (b) shear band porosity in a small velocity-step-
ping test (1 — 1.1 pm/s). Analg/tical results of the steady state friction coefficients
and porosities (usg ,,uss1, @ss ,and ¢551), the peak friction coefficient (up), and
the critical slip distance (D), as indicated by red squares or arrows, are added for
comparison. The numerical and analytical results are in satisfactory agreement.
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Figure 6. Comparison of the (a) CNS and (b) RSF modeling results of a small velo-
city-stepping test (1 — 1.1 um/s). The RSF parameters used (i.e., a, b, and D)
are calculated from the analytical expressions given in Table 1. The CNS model
uses the same parameters as the model shown in Figure 5.

changes from 0 to 1. As shown in Figure 6b, the normalized state
variables from all the three laws are fully consistent, evolving exponen-
tially to a new steady state over the same critical slip distance.
Notwithstanding being entirely irrelevant, comparing ¢ and 8 as such
is plausible since any ambiguous (nonlinear) relation can be linearized
with respect to a small perturbation to steady state. This is further
confirmed by our theoretical analysis (supporting information Text S2),
which shows that the same critical slip distance can be derived from
the poststep evolution of different state variables, although they are
strongly nonlinearly related (e.g., ¢ and tany are linked by a power law
as equation (12b)). The above forward RSF modeling demonstrates the
validity of the analytical expressions for the RSF parameters as derived
in this study. It suggests that our microphysical model is somehow
equivalent to the classical RSF laws, at least in the stable sliding regime.

When subjected to large perturbations, the RSF parameters are not
constant anymore. To distinguish from the standard a, b, and D, that
are inherent for small perturbations, corresponding properties for large
velocity steps are referred to as “equivalent values” (denoted with sub-
script eq, see the definition also in section 4). Figure 7 presents the
equivalent g, b, (a — b), and D, values that vary with the size of the velo-
city steps (V'/V°), again taking a carbonate gouge as an example and
using the same prestep velocity of 1 pm/s. By definition, the direct
effect depends only on the prestep velocity (equation (23a)), which,
for velocity steps investigated here, should be the same, yielding a.q =a
(Figure 7a). The equivalent (@ — b) can be determined from the two
consecutive steady state frictional strength: (@ — b)eq = (,uss1 - ,usso)/
In(V'/V°). The begq value is the difference between a and (a — b)eg, which
shows a decrease with increasing V'/V° (Figure 7a). From the expres-
sion derived (equations (38a) and (38b)), D, does not depend on either
the size or the sign of a velocity step, and its variations shown in
Figure 7b are due to a weak rate dependence of steady state
porosity. Although D, does not depend on V'/VP, the equivalent
slip(-weakening) distance d, does, as will be discussed in the following.

It is the dynamic response of a fault that distinguishes one friction law
from another. It is well known that different state equations can cause
distinct frictional responses to large perturbations, leading to very dif-
ferent earthquake nucleation styles in numerical models (Ampuero &
Rubin, 2008; Rubin & Ampuero, 2005). To gain some insight on this issue
for the CNS model, we first investigate a velocity step from 1 to 5 um/s
and compare with the RSF modeling results. The RSF parameters are cal-
culated from the expressions derived (see the inset of Figure 8). By using
relatively lower spring stiffness (6 x 10" Pa/m), the frictional curves pre-
dicted show nonlinear changes across the direct effect (Figure 8), which
allows for the comparison with the analytical solution for the instanta-
neous response (supporting information Text S1). Coincidently, the
postpeak friction curve of the CNS model falls between the predictions
by the Slowness and the Slip laws (Figure 8). Note that it does not make
much sense to compare the state evolution from different laws as in
Figure 6b because any nonlinearity embodied in the state equations
could be exaggerated in response to large perturbations.

Next, we compare the predictions from the CNS model and the RSF
laws, for velocity upstep and downstep of up to 4 orders of
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Figure 7. Equivalent RSF parameters for large perturbations (i.e., a, beq, (a — b)
eqr and D) as a function of velocity perturbation size. Here we drop the
subscript eq for deq and Dc(eq), because their values do not change with the
velocity step size (the D, value appears to change but this is due to the rate
dependence of steady state porosity). All the results are calculated with a
prestep velocity VO of 1 um/s. The equivalent values of g, b, and D, for velocity
steps of magnitudes 5, 10i1, 10i2, 10i3, and 10+4, as indicated by circles,
squares, and triangles, are used in RSF simulations of Figures 8 and 9.

magnitude. In this exercise, we again use V° of 1 pm/s but vary V' from
1 nm/s to 10 mm/s. Figures 9a and 9b show the poststep evolution of
friction coefficient predicted by the CNS model and the RSF laws, for
velocity upstep and downstep, respectively. Note that to eliminate
the effects of finite stiffness on the frictional response obtained using
different constitutive laws, here we use infinite spring stiffness
(Ampuero & Rubin, 2008). For the Slowness and Slip laws simulations,
the equivalent RSF parameters are calculated from the analytical
expressions given in section 4 (as also indicated in Figure 7).
Since the equivalent b value (be) is strongly velocity step size depen-
dent, the intercepts at zero slip distance in Figure 9, which are essen-
tially the apparent evolution effects (upx — Uss'), are unevenly spaced.
In general, for all the velocity steps simulated, the evolution curve from
the CNS model falls between the predictions by the Slowness and the
Slip laws. The behavior of CNS model is closer to that of the Slowness
law. The following observations of similarity can be made: (1) For velo-
city upsteps, the evolution curves of the CNS model and the Slowness
law share more or less the same slip-weakening rate (—du/dx) (Figure 9a).
(2) For both laws, the critical length scale for the evolution of the fric-
tional strength to approach steady state (do) increases with the size
of the steps (Figure 9a). (3) For both laws, the frictional responses are
asymmetric for velocity upstep and downstep and the dy values are
larger than D, for upsteps but smaller than D, for the downsteps (cf.
Figures 9a and 9b). The reason for this similarity can be found by
variable substitutions, which allows us to reformulate the CNS model
into an equivalent form of the Slowness law (see supporting informa-
tion Text S4). In spite of this mathematical similarity, the CNS model
does show a few peculiarities that distinguish it from the Slowness
law, which, in a sense, are similar to the features possessed by the

Slip law. For instance, the frictional responses to both velocity upstep and downstep predicted by the CNS
model show a slip-weakening rate that decreases with cumulative slip. This nonlinearity is inferred to origi-
nate from the fact that the state evolution with displacement in the CNS model follows a power law, with
a power exponent of less than 1 (equation (35)), while in the Slowness law it follows an exponential function
(equation (2)). This interpretation is further confirmed if dy is expressed as a function of the sign of a velocity

step (V'/VP), for different laws:

lpm/s : 5 pm/s

0.640 < | ¢=0.00609
b=0.00778 —— CNS model
D-176 N - Slowness law
= .6 pm B .
E \ Slip law
3 0.635
b=}
3
°©
<
=
S
2
2 0.630
bl
=
0.625 : ‘ \
0.05 0.10 0.15 0.20 0.25

Shear displacement (mm)

Figure 8. Comparison of CNS and RSF modeling of a velocity-stepping test from
1to 5 pm/s. The spring stiffness is set 10 times smaller than that used in Figures 5
and 6. All others parameters are the same.

1. As given by equation (38a) or (B12), the d, value for the CNS model
can be calculated as

L [T ey
2H(1 - (pss) (1 - VO/V1)

dolens = (42a)

2. For the Slip law, dy is independent of either the size or the sign of
the step in velocity and should be equal to the critical slip distance;
that is,

Lrj.
2HN(M +N)(1 — o)

d0|SIip =D, = (42b)

3. For the Slowness law, the postpeak evolution of frictional
strength with slip is linear with a slope of —b/D. when the velocity

upsteps push the fault far above steady state. In general, the
slip-weakening rate for both upstep and downstep is expressed as
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Figure 9. Friction behavior of the CNS model, the Slowness law, and the Slip law,
in response to (a) velocity upsteps of magnitudes 101, 102, 103, and 10% and
to (b) velocity downsteps of magnitudes 10,1072 and 10" 3. The prestep
velocity Vis1 um/s for all the simulations. See detailed explanation in the text.
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Figure 10. Comparison of equivalent slip(-weakening) distances of the CNS
model, the Slip law, and the Slowness law, in response to large velocity steps
of up to 4 orders of magnitude. The calculations are based on the analytical
expressions (42a)—(42c), and with a prestep velocity of 1 um/s. The results for
different friction laws are consistent with the numerical results which show that
the frictional curves of the CNS model always fall between the predictions by the
Slowness and the Slip laws (cf. Figure 9).

W=-%= E-p=E < - 5—?) (see equation (29) of Rubin
& Ampuero, 2005). Correspondingly, the do value can be deter-
mined as

bin(V'/V?) In(v'/v°)
d0|SIowness = W = c(_l — VO/V1)
Led In(V'/v?)

T 2HN(M+N)(T — ) (1 — VOV 2

With parameters from a simulated calcite slip zone, the calculated dg
values are plotted as a function of V'/\° for the three friction laws
(Figure 10). Clearly, the dg values from the CNS model are between that
from Slip and Slowness laws, for both velocity upstep and downstep,
which can explain why the frictional response of CNS model always
falls between the predictions by the Slowness and Slip laws (Figures 8
and 9). This result is also consistent with the complex observation from
the numerical simulations that the dy values of the CNS model are
larger than that of the Slowness law for upsteps, but smaller for down-
steps (cf. Figures 9a and 9b).

Detailed comparison of the CNS model with RSF laws, related to earth-
quake nucleation and healing processes, includes investigating the
characteristic fracture energy (Ampuero & Rubin, 2008), the critical
nucleation size (Dieterich, 1992; Rubin & Ampuero, 2005), and the post-
seismic slip and restrengthening behavior (Beeler et al., 1994), as well as
simulations of the nucleation styles with numerical models in combina-
tion with continuum elasticity (e.g., Bhattacharya & Rubin, 2014).
However, these are all beyond the scope of the present paper.

6. Discussions

6.1. Frictional Strength of a Granular Fault Gouge

It is appealing that the different regimes of friction from slow to high
slip rates can be described using a single physics-based friction law
(cf. Baumberger et al., 1999; Estrin & Bréchet, 1996; Putelat et al.,
2007). The present model assumes that the frictional strength of a gran-
ular fault gouge is controlled by plastic creep at grain contacts and
intergranular flow (slip) process (Figure 2c). The model predicts a
velocity-strengthening behavior in the low strain rate regime caused
by nondilatant plastic flow, which, as shear strain rate increases, transi-
tions to velocity-weakening and back to velocity-strengthening beha-
vior, with the frictional strength being controlled by the steady state
porosity and thus by the competition between shear-induced dilata-
tion and time-dependent compaction by an arbitrary creep mechan-
ism; in the high strain rate regime, dynamic slip (velocity-) weakening
behavior due to mechanisms activated by frictional heating is expected
(Figure 3). In the following, our discussion will focus on the
intermediate-velocity regime. The transitional behavior in low and high
strain rate regimes (Crossovers Il and Ill in Figure 3) will be discussed in a
future contribution.

In the frictional regime, the shear strength is determined by =<

g+ tany

= — on. Referring to Coulomb’s definition of internal sliding
1 — utany
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= 0.640. 2) Tpm/s 5 pm/s friction with respect to friction angle, we define ji=tany as the dilatant
:E friction that is required for a shearing granular material to sustain the
s
T 0635 current dilatation state, as is microstructurally specified by the average
£ beso dilatancy angle v (see the definition in Figure 2). As such, this equation
s + i . N .
'E becomes 1= H f{ o, . This relation indicates that the frictional
— up
0.625 . .
- strength of a granular fault gouge is attributed to two components,
;E 06104 b) namely, grain boundary friction and friction due to intergranular dilata-
£ tion. Since y is usually small in the intermediate frictional regime (nota-
E bly less than 0.1 for calcite at the simulated conditions, Figure 4), the
S 0.605-] PO S . e .
| A=16,=i+a;,In(V/V") ‘ macroscopic friction of a granular fault gouge can be approximated
=3 ~ N .
= to the first order as u~u + j (Figure 11).
= 0.600
3 At steady state, the microstructure, hence porosity and average dila-
0.025 tancy angle, characterizing the granular gouge must be constant. This
- ¢) means that the competing processes, namely, dilatation due to granu-
;§ 0.020.] lar flow and compaction by creep mechanism at grain contacts, should
& balance each other. This balance decides the steady state porosity and
B 0015 thus the frictional strength. The role of a creep mechanism in determin-
Ef ' ing the shear strength is simply one of determining the steady state
0010 : porosity, that is, the porosity at which shear-induced dilatation is
0,00 0.05 0.10 015 020 025 balanced by compaction through creep at stressed grain contacts.

Shear displacement (mm)

Figure 11. A velocity step example illustrating that (a) the macroscopic friction
coefficient of a granular fault gouge consists of the two components, namely,
(b) grain boundary friction, and (c) friction due to intergranular dilatation (or
dilatant friction). The results are the same as in Figure 7 for a velocity step from 1

In the present model, z, depending on the slip rate at grain contacts,
increases with shear strain rate, while i, as reflected by the steady state
porosity (Figure 4), shows a strain rate-weakening behavior. For a tran-
sient frictional process, their combined effects decide the overall strain
rate dependence of the material, as discussed in the following sections

to 5 um/s.

(6.2-6.4).

6.2. Microphysical Interpretation of RSF Parameters (a, b, and D, and (a — b))

6.2.1. Direct Effect (a Value)

The exponential dependence of shear velocity on shear stress, which appears as the direct effect in the
context of RSF laws, is commonly explained by a physical model in which shear creep of asperity contacts
obeys an exponential constitutive relation (Baumberger & Caroli, 2006; Beeler et al., 2007; Nakatani, 2001;
Rice et al., 2001). This effect describes the instantaneous dependence of fault strength on deformation rate.

14+ 4.2
Based on our microphysical framework, the direct effect is expressed as a = av(~7ﬂsf)2, where a; is the
(1 - quSIuSS)
~ ou
logarithmic rate dependence of y, defined as a= a I:: ¥ Actually, the expression of the a value can be
iR

obtained by differentiating the friction law 7 = on. For an instantaneous response, the state () and

thus the & value can be taken as constants so that we have

(1 +42)
(1 - ﬁss:‘jss)2

ou _Ou ou

9= 3(nv) v = dEo(Inv)

= a (43)

As derived from the lattice scale and based on the mechanical work on an elementary energy barrier for
contact sliding (Chen & Spiers, 2016), a is expressed as

kT
a"; = J/_Q7 (44)
where k is the Boltzmann constant, T the absolute temperature, Q the activation volume, and o, the normal
stress supported by individual asperities. An increasing a value with temperature has been observed in
previous experiments (e.g., Blanpied et al., 1998; He et al.,, 2013). When shear deformation falls in the
intermediate-velocity regime (with high porosities and small w values), especially near the critical state
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0,02 a) that gives y = 0 (Figure 3), the expression for the direct effect reduces
| b-Valué\\ to a~a-, which is consistent with previous interpretations of the direct
) effect (e.g., Beeler et al.,, 2007; Dieterich, 1979; Nakatani, 2001; Rice et al.,
2001), except that the asperity stress g, is not necessarily a constant in
our model. This suggests that the previous definition of the a value may
be a subset of our more general expression, thus allowing to isolate the
potential importance of the geometrical effect on the instantaneous
contact strength. Indeed, as shear strain rate decreases, the gouge
tends to be more compacted and thus has a high y value (and a low
porosity). In this case, the direct effect would be promoted by dilatancy
e e e A Een s (Figure 12a). In other words, for a shearing gouge in the frictional
b) regime with low porosity, the direct effect will be larger at a lower velo-
city due to the geometric effect. This trend has been recently observed
by Takahashi et al. (2017) on halite-muscovite mixture gouges at room
temperature (see their Figure 5). For carbonate gouge at the simulated
conditions, porosity is at a relatively high level, so that the a value is not
sensitive to velocity.
6.2.1.1. Evolution Effect (b Value)

0.014

1 a-value o
0,00 T TTTII R e

velocity

(a-b) value neutral

-0.01+

a, b and (a- b) values

-0.02

20

D_value

D, value (nm)
%
1

T T T T 1 + ~ 2
17 1E-6 1ES - dE4 1B 001 0.1 The b value in our model is expressed as b = b, (~7/lsf)2 where b,
Velocity (m/s) (1 — Hgeftgs
is the logarithmic rate dependence of the dilatant friction coefficient:
Figure 12. Values of (a) g, b, and (a — b) and (b) D, as a function of sliding velo- ot ) ) ) o

city. The results are calculated from parameters that are chosen for a carbonate wa W Again, the b value can be obtained by differentiating the
fault gouge and assuming pressure solution to be the contact creep mechanism.

In general, the same trends are expected to be applicable for any granular
material (e.g., calcite or quartz rich fault gouges) subjected to hydrothermal u u o (1 + 7‘552)

conditions. b= a(inv) |(v=v2) = 2a0(InV) ~ b, 0= g (45)

general friction law; that is,

The expressions for a and b are in the conjugated form (cf. equations (43) and (45)). Similarly, the evolution
effect is controlled by b,, and also affected by grain boundary sliding. The most distinct difference between
these two effects is that the evolution effect (b value) has variable, negative rate dependence while the direct
effect (a value) has a nearly constant rate dependence (Figure 12a). Moreover, with increasing slip rates, the
gouge will approach the critical state of granular flow (y = 0), at which the evolution effect would disappear.
6.2.1.2. Critical Slip Distance (D. Value)

One major difference between the RSF laws and our microphysical model involves the length scale for state
evolution D.. The length scale in RSF laws is interpreted to be related to the average lifetime of a population
of asperity sizes and as such has often been related to the size of asperities contacts (Dieterich, 1981; Sammis
& Biegel, 1989). This interpretation gives a D, that is independent of the slip rate unless velocity-dependent
grain size reduction and/or de/localization is invoked. The length scale in our model is defined as the critical
slip distance associated with the evolution of gouge state (i.e., porosity) in response to a small perturbation to
the system (e.g., Sleep, 1997). As given by the theoretical expression derived (equations (38a) and (38b)), D. is
proportional to the shear zone thickness (e.g., Marone & Kilgore, 1993) and varies only slightly with driving
velocity due to rate dependence of steady state porosity (Figure 12b).

6.2.1.3. Friction Rate Dependence (a — b)

The steady state friction rate dependence, (a — b), is given by the difference between the a and b values. The
sign of (@ — b) is determined by the competition between the velocity strengthening of grain boundary
sliding and velocity weakening of dilatant granular flow. Based on their distinct sensitivities to strain rate
as discussed above, our model would predict an increase of (a — b) with increasing velocity (Figure 12a).
Theoretically, this will lead to a transition from velocity-weakening (a < b), via neutral (a = b), to velocity-
strengthening (a > b) behavior as velocity increases, for any granular fault gouge. At relatively high slip rates
where y ~ 0, we have (a — b) x a = a. In this case, friction is entirely controlled by grain boundary sliding,

giving rise to a logarithmic rate-strengthening behavior (see the dashed line in Figure 4a).

The above interpretations of RSF parameters are based on the assumption of an infinitesimally small velocity
perturbation to a fault system. In fact, the apparent direct and evolution effects predicted by the CNS model
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Figure 13. Representative experimental data showing the variations of (a) a, b,
and (a — b) and (b) D, with sliding velocity. The results were obtained for the
principal slip zone gouge of the Alpine Fault that was sheared under hydro-
thermal conditions (150°C and 90 MPa effective normal stress, Niemeijer et al.,
2016). The RSF parameters were extracted by inverse RSF modeling of the
frictional curves with the slowness law. In some cases, two state variables
provide a better data fit, for which we report the summed values for b and D..
The solid lines give the interpreted trends of individual parameters. Results from
the slowest velocity step (3 x 10 °%>1x107° mm/s) are not shown due to the

for large perturbations (e.g., a large velocity step) depend not only on
sliding velocity but also on the size of the perturbation (Figure 7a).
The equivalent slip(-weakening) distances dy also show an increasing
trend with the magnitude of the velocity step (V'/VP) and differ
between upstep and downstep of the same size (Figures 9 and 10).

6.3. Comparison With Experiments and Implications for

Natural Faults

6.3.1. On the Friction Rate Dependence, a, b, and (a — b) Values
The transition from negative to positive rate dependence as shear
strain rate increases in the intermediate velocity regime (Crossover [ in
Figure 3) has been reported for a wide variation of granular materials
and conditions: (1) halite (Buijze et al.,, 2017; Shimamoto, 1986), clay-
rich gouges (Ferri et al., 2011), glass polymer (poly(methyl methacry-
late)), and glass beads (Bureau et al., 2002; Kuwano et al., 2013) at room
temperature and humidity conditions; (2) calcite (Weeks, 1993) at high
temperature and dry conditions; (3) carbonate slip surfaces and catacla-
sites at room temperature and fluid saturated conditions (Carpenter
et al, 2014); and (4) calcite or natural carbonate fault rocks (Chen
et al, 2015; Verberne et al., 2015), muscovite-quartz mixture (den
Hartog & Spiers, 2014), and natural clay-rich fault gouges (Niemeijer
et al, 2016; Niemeijer & Vissers, 2014) at hydrothermal conditions. All
of these studies suggest that this transition might be a generic feature
of granular friction. As addressed above, our model provides a sensible
rationale for this: the direct and evolution effects have varying shear
strain rate sensitivities with opposite signs.

Although the variations of (a — b) with shear strain rate have been well
documented in literature, rare studies have reported the full set of RSF
parameters, as a function of slip velocity (e.g., Carpenter et al., 2015,
2014; Niemeijer et al., 2016; Niemeijer & Vissers, 2014). Figure 13 pre-

poor quality.

sents the results for the principal-slip-zone gouge of the Alpine fault

(consisting of quartz, feldspar, and minor phyllosilicates and calcite)
sheared at 150°C and 90 MPa effective normal stress (Niemeijer et al., 2016). Under these conditions, the
gouge shows a transition from velocity weakening to velocity strengthening as sliding velocity increases over
4 orders of magnitude (see their Figure 7). The values of g, b, and D for all the velocity step tests are extracted
by inverse RSF modeling of the friction curve with the Slowness law. The trends of the variations of these
parameters with sliding velocity are at a satisfactory agreement with the model prediction (cf. Figures 12
and 13). Consistent, systematic variations of RSF parameters (g, b, and D,), as well as the transition in friction
rate dependence (a — b), with sliding velocity, were also observed on carbonate slip surfaces and cataclasites
(both wafers and powdered samples) at room temperature and fluid-saturated conditions (Carpenter et al.,
2014), on a simulated fault gouge derived from a natural evaporate formation (consisting of mainly anhydrite
and carbonates) at 100°C hydrothermal conditions (Hunfeld et al., 2017), and, of course, on simulated carbo-
nate fault gouge at 80°C hydrothermal conditions (Chen et al., 2015; Verberne et al., 2015), which are the basis
of all the numerical implementation in the present study.

Decreasing b value and nearly constant a value with increasing velocity (Figure 12a) have been widely
observed for various gouge materials, typically for synthetic and natural clay-rich fault gouges deformed at
low temperatures and wet conditions (e.g., the San Andreas Fault gouge, Carpenter et al., 2015, and the
Longmenshan fault gouge, Chen et al.,, 2015). Within the laboratory velocity range, these materials almost
exclusively show velocity-strengthening behavior (Ikari et al., 2011). However, as revealed by recent studies
(e.g., den Hartog & Spiers, 2014; Lu & He, 2014; Zhang & He, 2016), as temperature increases, the
phyllosilicate-rich gouge materials will undergo a transition from velocity strengthening to velocity weaken-
ing, at which point a similar transition with respect to varying velocity would also be observed (cf. Figure 13,
Niemeijer et al., 2016). Some of these aspects have already been predicted by the steady state model pro-
posed by den Hartog and Spiers (2014), but they need extending to the transient case.
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Trends in RSF parameters that seem to be not consistent with the CNS model have been quite often observed
as well. In many experiments, especially those performed on dry gouge materials or wet ones at low tempera-
tures (e.g., Marone, 1998; Rathbun & Marone, 2013), the frictional behavior observed commonly shows a posi-
tive rate dependence over a wide range of slip rates, and the RSF parameters derived do not show drastic
variations with slip rate where predicted by the CNS model (Figure 12). Some experiments even show the
evolution of RSF parameters with cumulative displacement (Beeler et al., 1996) or slip localization (Leeman
etal, 2016). It is noteworthy that the implementation of the CNS model in this study is based on the previous
model for a calcite gouge sheared at conditions where the creep rate is relatively fast (Chen & Spiers, 2016). In
principle, since independent experimental data suggest that similar elementary deformation processes will
be active then the present model should be applicable to quartz gouges under hydrothermal conditions.
One of the key issues in the model application lies in the kinetics of the contact creep mechanism for different
materials. For wet quartz, the pressure solution rate is much slower compared with calcite at otherwise the
same conditions (Spiers et al.,, 2004). According to the steady state solution (Table 1), lower tany would be
predicted, which will make the transition velocities, as now shown in Figures 3 and 4 for calcite, shift toward
lower values, as well as causing the transition from velocity strengthening to weakening with increasing tem-
perature to shift to a higher temperature. This prediction is consistent with existing laboratory data, that is,
the transition temperature is ~300°C for quartz-rich gouges versus ~80°C for calcite (Blanpied et al., 1995;
Chen et al,, 2015; Chester & Higgs, 1992; Verberne et al., 2015). It can also explain why wet quartz gouge
experiments predominantly show velocity-strengthening behavior at lower temperatures and laboratory slip
rates (i.e., <200°C and 10~ 7-=10"* m/s). For dry quartz, the CNS model would suffer more from uncertainties
since either the intergranular creep mechanism or the stress concentration at contacts (the M value) is poorly
constrained. Presumably, compaction in a dry gouge is much less efficient than in a wet one, such that even
smaller tany would be predicted, giving a steady state that is closer to the critical state of granular flow. In this
case, as predicted by the CNS model, the deformation will be well in the velocity-strengthening regime, with
RSF parameters that are insensitive to sliding velocity (see the inclined dash line in Figure 4). Albeit with the
fact that this is a broad expectation only and validation for these conditions is difficult at present, this predic-
tion is generally consistent with the common recognition of the rate dependence of dry (quartz) gouges in
previous experiments (Marone, 1998). Finally, in the present study, an invariant shear band is assumed (con-
stant A value). However, it is also possible to consider variable shear band thickness (slip de/localization) in the
CNS model. Based on the friction-velocity profile predicted (Figure 3), slip de/localization will cause variations
in the friction rate dependence, as observed in experiments (e.g., Beeler et al., 1996). Moreover, based on the
D, expression derived, slip localization will cause a decrease in D, and thus an increase in critical stiffness.
Consequently, this will potentially destabilize the frictional behavior according to the classical fault stability
theory (Scholz, 2002), which is consistent with experimental observations (e.g., Leeman et al., 2016).

In many experiments, varying a value with slip rate has been observed, which also can affect the overall pic-
ture of (a — b) (e.g., lkari et al., 2009; Takahashi et al., 2017). This is also inconsistent with the prediction by the
CNS model (Figure 12). Recall that in the present model, intergranular flow (slip) and contact creep are con-
sidered to be dominant deformation mechanisms and that the direct effect is explained as the positive rate
dependence of grain boundary friction. However, other micromechanical processes such as grain size reduc-
tion, cohesion, and slip de/localization can also contribute to or moderate the instantaneous response of a
fault, thereby changing the a value and the overall friction rate dependence. Moreover, from the derived
expression for a (equation (44)), the direct effect depends on local stress at contact asperities o; which

may also vary with the slip velocity (e.g., Takahashi et al., 2017). Another possibility to explain the inconsis-
tency is that the shear deformation is not in the intermediate-velocity friction regime such that the expres-
sions derived in the present study do not apply anymore (Figure 3). In other regimes, other effects such as
plastic flow and frictional heating need to be incorporated (Elbanna & Carlson, 2014; Noda, 2008).
Additional notes on these aspects will be addressed in section 6.4.

As applied to natural faults, the a value is expected to increase as temperature increases, being more or less
proportional to the absolute temperature. With increasing depth, the effective normal stresses acting on the
grain contacts are also expected to increase, which will exert an opposite effect on the a value. The b value,
being proportional to the average dilatancy angle, is controlled by the contact creep law and the slip rate
imposed on the fault (equation (13)). Generally, an increase in temperature will enhance creep and thus
the compaction process, leading to larger evolution effects. Due to the different sensitivities of a and b
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with respect to temperature (and pressure), their combination will give rise to a transition from velocity
strengthening to velocity weakening with increasing depth. As the fault goes deeper and enters the flow
regime, it will turn back to velocity strengthening. Unlike the classical RSF laws in which the parameters
are usually taken as constants, our model predicts the equivalent a and b values that vary with sliding velocity
(also with other factors such as temperature, depth, and fault zone structure). If we consider a dynamic
loading process within a seismic cycle, the slip velocity of a fault will fall in a broad range from plate velocity
(nm/s) to meters per second. According to our model, the seismogenic zone, with (a — b) < 0, would experi-
ence spatial and temporal variations within a seismic cycle. This warrants numerical simulations of earth-
quake cycles with our CNS model to be done in the future.

6.3.2. On the Critical and Equivalent Slip (-Weakening) Distance: D. Versus d,

Our results show that the critical slip distance D. depends weakly on slip rate due to the rate-dependent por-
osity but not on the size or the sign of velocity steps (Figures 7b and 12b). This is in general consistent with
the previous recognition in the framework of classical RSF laws or pure slip-weakening laws (Scholz, 2002).
Slight, systematic variations of critical slip distance with slip rate have been observed in previous experiments
involving granular fault gouges. Mair and Marone (1999) performed frictional experiments in quartz gouge
over a wide range of velocities and found a slight decrease in D, value with decreasing sliding velocity, con-
sistent with the prediction from our model. As addressed earlier in this section, similar changes in D, were
also seen in other granular gouge materials (e.g., Buijze et al., 2017; Carpenter et al., 2014; Hunfeld et al.,
2017; Niemeijer et al., 2016). Recently, large velocity step experiments have been performed on different
quartz gouges over a wide range of slip rates (Bhattacharya et al., 2015; Rathbun & Marone, 2013) and the
results showed that the Slip law can well explain the experiments across a few orders of magnitude variations
in slip rate and step size. By inversely fitting the frictional curves, these authors also found that D, is indeed a
characteristic distance that is independent of either the size or the sign of the velocity steps over a wide range
of slip rates.

Previous estimates of the critical displacement length for natural faults range over several orders of magni-
tude (e.g., Abercrombie & Rice, 2005). Measurements of D, in the lab are thought to scale up to natural seis-
mogenic faults, which usually have wider incohesive gouge zones and higher roughness. Abercrombie and
Rice (2005) argued that the D, values for local regions of a fault zone could be on the same scale as the mea-
surements from laboratories (0.01 to 0.1 mm), but thicker and rougher patches may require larger shear dis-
placement (0.5 mm) to instigate breakdown of strength. Ohnaka (2003) also proposed that D is associated
with the roughness of the fault plane (sliding surface), which to some extent suggests that the scale of the
macroscopic description of fault friction corresponds to the thickness of the principal slip zone. An estimate
of the D, value for a small fault in a deep gold mine in South Africa is 0.1 mm, and it was suggested that D,
scales with the thickness of the gouge zone (Richardson & Jordan, 2002). This argument is supported by the
laboratory study by Marone and Kilgore (1993), who observed a significant reduction in D, with shear locali-
zation. Based on their observations, an empirical formula that scales D, with shear band thickness (L,1) was
proposed; that is,

De = {-(Lid), (46)

where { is a constant factor inferred to be ~0.01 from their experiments. Here our theoretical analysis gives a
physics-based expression linking D, with shear band thickness (Table 2). This is consistent with the interpre-
tations from the previous experiments (Beeler et al., 1996; Dieterich, 1981; Ito & Ikari, 2015; Marone & Kilgore,
1993; Rathbun & Marone, 2013; Richardson & Jordan, 2002).

Since D, characterizes the length scale for a transient frictional behavior, it is expected to be related to the
geometric attributes of a fault system, such as gouge particle size and sliding surface roughness. Indeed, pre-
vious experiments revealed that the length of D, correlates with the average grain size for granular fault
gouges (Dieterich, 1981; Marone & Kilgore, 1993; Sammis & Biegel, 1989). It is hypothesized that in granular
materials, shear usually localizes into discrete zones that are typically several to 20 particles thick (e.g.,
Rathbun & Marone, 2010). This hypothesis was supported by the dilatation/compaction measurements that
revealed that for the same velocity step, greater changes in layer thickness occur in the larger grain-sized
gouge layers (e.g., Rathbun & Marone, 2013; Samuelson et al., 2011). In other words, the larger the grain size,
the more the absolute dilatation/compaction is, the thicker the actual slip zone will be. Therefore, the corre-
lation of D, with particle size is in some sense consistent with our scaling relation between D, with slip zone
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thickness. In addition, friction of simulated gouge layers generally exhibits larger D, values than that of initi-
ally bare surfaces (e.g., Marone et al.,, 1990; see a data set compiled by Paterson & Wong, 2005, referring to the
first length D, only). This difference can be explained by our model considering the fact that gouge material
is produced by wearing of bare rock surfaces and that a simulated gouge layer generally has a larger thick-
ness (>1 mm). The influence of roughness of the rock surfaces was demonstrated by Dieterich (1979) and
Okubo and Dieterich (1984) who observed an increase of the D, value with increasing roughness of the gran-
odiorite and granite surfaces. Again, this effect can be predicted by our model in view of the fact that shear is
prone to be localized along or near the boundary (Chester et al., 1993).

Overall, the predicted variations of D. with slip rate and slip zone thickness (gouge grain size and surface
roughness) by our model are consistent with previous laboratory results. This suggests that the microphysical
model may capture important behavior for gouge-filled faults, which is all absent in the RSF laws. Considering
the irregularity of natural slip surfaces and the fact that the displacement rates and accelerations involved in a
natural earthquake may vary over several orders of magnitude during nucleation, propagation, and arrest of
an earthquake rupture process, the critical slip distance can, therefore, vary significantly. The variable length
scale in the model thus has a potentially larger impact than in the RSF laws. Simply using parameters from our
lab experiments, our model, however, predicts a larger proportional factor in the scaling law of about 0.3
(equation (46), using H of 1 and ¢, of 0.18). Applying this to natural faults, for example, to the San Andreas
Fault, which has a slip band thickness of ~10 cm (Chester et al.,, 1993), our model predicts a minimum char-
acteristic slip distance of ~2.4 cm. In conclusion, we thus propose that our model might offer an alternative
explanation for the discrepancy between the lab- and field-based measurements of D, as well as a potential
method for scaling between the two.

In contrast with the critical slip distance, dy, the equivalent slip (-weakening) distance in response to large per-
turbations, as given in equation (38a) or (42a) or (B13) in supporting information, does depend on the velocity
perturbation size. Recall that Bhattacharya et al. (2015) found that the same D, value can apply to velocity
steps with varying slip rates and sizes over a few orders of magnitude, provided that a proper friction law
is used. However, without fitting the data, it is also apparent in their frictional curves that the slip-weakening
distance (dy values) increases drastically with the velocity perturbation sizes, and the upstep and downstep
behave roughly symmetrically (see their Figure 2, for instance). Van den Ende et al. (2015) have more recently
performed similar experiments on halite, and they also observed a systematic increase in dy with increasing
stepping size. Different from the quartz experiments, these authors found systematically larger slip distances
in the upsteps than the downsteps of the same size. Finally, a similar trend of D varying with the sign and size
of V'/V° was also observed for our carbonate fault gouge (Chen et al., 2015). All of these behaviors are gen-
erally consistent with the prediction by the CNS model (Figure 10), except the symmetric behavior observed
for dry quartz. We infer that this might be attributed to the fact that the RSF parameters of a dry gouge are
insensitive to slip rates, which, as addressed earlier, can also be promisingly predicted by the model.

6.4. Additional Notes, Limitations, and Future Work

One would like to use the lab-derived RSF parameters to model earthquake dynamics. However, without
being aware of the underlying physics, extrapolation of these empirical parameters to natural seismogenic
conditions should be done with caution. In this study, physical expressions for RSF parameters are derived
from a microphysical model, providing a more reliable basis to address this issue. In addition to the points
discussed above, we have the following notes on the general applicability of our model.

First, to derive these expressions, large wall rock stiffness has been assumed. This is plausible in dealing with
laboratory faults where the “wall rocks” are usually simulated by steel or intact rocks. However, the stiffness of
natural fault zones can vary by several orders of magnitude, which may play a significant role in determining
the frictional strength and stability of the fault. Second, the load point velocities in laboratory experiments are
usually in the order of um/s, which is 3-5 orders of magnitude higher than that in the nucleation phase of a
natural earthquake (of the order of typical plate velocity of 1072 m/s), such that the (a — b) values obtained
cannot be directly applied to natural fault zones. As the slip rate decreases, nondilatant plastic creep would
become dominant, leading to a transition in the steady state frictional/flow stress (Crossover Il in Figure 3). The
transition from friction to plastic flow as strain rate decreases has been reported in quartz (Chester & Higgs,
1992), halite (Buijze et al., 2017; Miao et al,, 2012; Shimamoto, 1986), halite-phyllosilicate (Bos & Spiers, 2002;
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Buijze et al., 2017), and serpentine gouges (Moore et al.,, 1997). Caution should also be taken when extrapo-
lating to high slip rates, where mechanisms activated by frictional heating are expected to be dominant,
causing a transition to dynamic slip weakening (Noda, 2008).

Second, our model, with porosity as the state variable, is consistent with the classical theory of RSF laws,
which infers that the change in contact area determines the evolutional frictional strength (Dieterich,
1979). As the shear velocity increases, the gouge must dilate, causing an increase in porosity and thus a
decrease in the contact area (Figure 2). Consequently, this will lead to lower frictional resistance to contact
sliding and hence a velocity-weakening process. In fact, this behavior is a reflection of the fact that contacts
do not have time to grow by contact creep as shear velocity increases, so in this sense, the evolution effect in
our model is related to contact lifetime similar to that proposed in the context of RSF laws.

We further note that in laboratory faults, velocity weakening is not usually observed until strain localizes
to a narrow shear band. In the present model, we prescribe a slip localization to the fault gouge layer and
do not allow it to evolve. We assume no inertia for the purpose to grasp the physics underpinning the
equations. All these effects need to be incorporated into the model (e.g., Rice & Tse, 1986; Sleep et al.,
2000). Our model can capture the friction behavior of a gouge-filled fault on the laboratory scale. At the
scale of natural faults, the friction laws control the complexity of individual ruptures. Therefore, applying
the CNS model in the context of the cycling of earthquake rupture can help determine how the macro-
scopic observations can be affected by the fault constitutive parameters as well as their temporal and
spatial variations.

Finally, having the expressions for (a — b) and D, we can calculate the critical stiffness K, that delineates the
slip stability fields of a potentially seismogenic fault, represented as a spring-slider system, which is given as
K.= (b — a)o,/D. (Rice & Ruina, 1983). Inserting our physical expressions for a, b, and D, into this equation, we
get a stability criterion that is identical to the one that we obtained independently using linear perturbation
analysis directly on the microphysical model (see the companion paper).

7. Conclusions

In a recent paper, a microphysical model was presented that describes the frictional behavior of a carbonate
fault gouge, with pressure solution and granular flow being the deformation mechanisms at the simulated
conditions of pressure and temperature (Chen & Spiers, 2016). The present work starts with a general model
of granular friction in which intergranular flow and creep on grain contacts are taken to be the dominant
mechanisms accommodating sample deformation. By analytically solving the constitutive equations, expres-
sions for the steady state frictional strength and standard RSF parameters, that is, g, b, and D, have been
obtained (summarized in Table 1).

1. The frictional strength of a granular material (x) consists of two components, namely, the grain boundary
frictional strength (%) and the frictional strength due to intergranular dilatation (&= tany).

2. The direct and evolutional parameters a and b can be expressed in a conjugate form, that is, a = a

~2 ~2

(22 g b, U
(1 —au) (1 —au)
respectively.

3. The model predicts a critical slip distance D, that scales with slip band thickness and varies only slightly
with slip velocity, while dy, the equivalent slip distance in response to large perturbations, increases with
the velocity perturbation size.

where a and b, are the logarithmic rate dependences of u and #,

The values of g, b, and D, predicted by these expressions agree well with the numerical modeling results and
reasonably well with those obtained from experiments performed at similar conditions. Using the parameters
obtained, the forward modeling employing classical RSF laws (Slowness and Slip laws) gives results that are
fully consistent with the predictions from the CNS model for small departures from steady state. The pre-
dicted scaling law for D, is in-line with previous lab experiments and geophysical observations in natural
faults, potentially explaining the discrepancies between seismological and experimental observations. In a
companion paper, we investigate the slip stability of the model, giving the microphysical interpretation of
critical stiffness, which is consistent with the result calculated from K. = (b — a)o,/D.. All of these testify to
the validity of the expressions obtained in the present study.
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Considering the consistency between these expressions and the previous interpretations of the parameters
obtained in the context of RSF laws, our mechanism-based model can provide a physical basis for
extrapolating the lab-derived parameters to natural seismogenic conditions. In future work, we plan to inves-
tigate the model under variable conditions, that is, variable normal stress, and also to apply the model to
earthquake rupture modeling.
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