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Abstract Classical rate-and-state friction (RSF) laws are widely applied in modeling earthquake dynamics
but generally using empirically determined parameters with little or no knowledge of, or quantitative
account for, the controlling physical mechanisms. Here a mechanism-based microphysical model is developed
for describing the frictional behavior of carbonate fault gouge, assuming that the frictional behavior seenin lab
experiments is controlled by competing processes of rate-strengthening intergranular sliding versus contact
creep by pressure solution. By solving the controlling equations, derived from kinematic and energy/entropy
balance considerations, and employing a microphysical model for rate-strengthening grain boundary friction
plus standard creep equations for pressure solution, we simulate typical lab-frictional tests, namely, “velocity
stepping” and “slide-hold-slide” test sequences, for velocity histories and environmental conditions employed
in previous experiments. The modeling results capture all of the main features and trends seen in the
experimental results, including both steady state and transient aspects of the observed behavior, with
reasonable quantitative agreement. To our knowledge, ours is the first mechanism-based model that can
reproduce RSF-like behavior in terms of microstructurally verifiable processes and state variables. Since it is
microphysically based, we believe that our modeling approach can provide an improved framework for
extrapolating friction data to natural conditions.

1. Introduction

Rock friction data have been widely used as input for modeling the dynamics of rupture nucleation, slip and
healing associated with natural earthquakes and with induced seismicity. Such data are usually described
using the so-called rate-and-state (RSF) friction law [Dieterich, 1979; Ruina, 1983], which expresses the rate
(V) and state (¢) dependence of friction coefficient (u), via the relation

Vv Vo
y:,uo—o—aln(w)-i-bln(D ) (1)

where yq is the steady state friction coefficient at a reference slip rate V', a and b are empirical (material)
constants specifying the magnitude of the so-called “direct” and “evolution” effects that follow a stepwise
increase in velocity from V" to V, and D, is the characteristic slip distance over which that evolution in u takes
place [Dieterich, 1979]. The dimensionless parameter (a-b) represents the difference in steady state friction
values resulting from such a step in velocity and is thus used to describe the velocity dependence of fault
frictional strength. Also embodied in the RSF constitutive framework is the concept that static fault
restrengthening, following an active slip event, is expected to increase linearly with the logarithm of the
healing or “hold” time [Dieterich, 1972, 1979], with the rate of restrengthening or healing (8) being expressed as
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where Auy, is the magnitude of frictional healing (the transient increase in frictional strength upon reshearing)
and ty, is the hold time over which healing occurs.

These equations were developed to provide a phenomenological description of the frictional and healing
behavior typically observed in lab experiments [Dieterich, 1979], the parameters contained within them
being generally obtained simply by fitting the equations to curves obtained from velocity stepping or
slide-hold-slide friction experiments [e.g., Marone, 1998b]. Though empirical in nature, it is widely agreed
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that RSF laws somehow reflect competition between contact creep versus contact destruction within the
relevant sliding interfaces [e.g., Dieterich, 1972]. In response to a reduced slip rate or to a stationary hold,
the contact area within the sliding surfaces is expected to increase owing to creep of the existing contacts.
When shearing switches to a faster rate or is resumed after a hold period, the contact area offers an
increased resistance to shear due to a positive rate dependence of contact strength (“the direct effect”).
After this transient response, the shear stress then evolves toward a new steady state value, corresponding
to a new population of contacts (“the evolution effect”) determined by the effects of contact growth versus
destruction. This evolution can lead either to an increase in steady state strength with increasing sliding
velocity (velocity strengthening) if the new contact population supports higher shear stress than the old
or to a decrease in strength (velocity weakening) if lower shear stress is supported.

The above RSF laws are widely used to model natural faulting phenomena, including earthquake nucleation
[e.g., Scholz, 2002], aftershock activity [Marone et al., 1995; Chen and Lapusta, 2009], slow slip [Ampuero and
Rubin, 2008], and postseismic/interseismic fault creep and healing [Marone, 1998a; Barbot et al., 2009;
Hetland et al., 2010]. However, there are several critical discrepancies between seismological constraints on
RSF behavior associated with earthquakes and lab-derived RSF parameters, in particular, regarding the static
stress drop and characteristic slip distance associated with seismic events [e.g., Scholz, 2002]. Moreover, lab
friction studies can address only limited fault topographies, displacements, experimental durations and
pressure-temperature (P-T) conditions, which means that scale issues, and especially processes like dilatation
and fluid-rock interaction, cannot be fully taken into account. Without a basis for accounting for such effects,
extrapolation of experimentally derived RSF data to nature, especially to coseismic slip, involves significant,
often unknown, uncertainties.

Besides these difficulties, it has been long recognized that the RSF laws have shortcomings in reproducing
laboratory results especially when extrapolating from one set of laboratory conditions to another [e.g., Beeler
et al., 1994; Chester, 1994; Marone et al., 1995]. For instance, at hydrothermal conditions where fluid-assisted
mass transfer processes are active, frictional healing may be strongly promoted, with the healing rates
measured being far higher than the log-linear model used in RSF descriptions obtained at dry or room tem-
perature conditions [Karner et al., 1997; Nakatani and Scholz, 2004; Yasuhara et al., 2005; Niemeijer et al., 2008].
One of the successes of RSF laws is that the rate dependence of steady state friction, typically expressed as
(a-b), can be taken as an indicator of the potential of a fault to exhibit unstable versus stable slip.
Numerical studies indicate that (a-b) or a/b are indeed key parameters in controlling both earthquake
nucleation and rupture propagation [e.g., Rice and Ruina, 1983; Tse and Rice, 1986; Rubin and Ampuero,
2005]. However, experiments are increasingly showing that (a-b) is far from being a material constant
and can change significantly not only with temperature but also with sliding rate, even in the low-velocity
regime relevant to earthquake nucleation [Shimamoto, 1986; Ikari et al., 2009; den Hartog and Spiers, 2013;
Carpenter et al., 2014; Niemeijer et al., 2016]. This rate dependence is not captured or explained by the
classical concepts underlying the RSF laws. Hence, major uncertainties exist when taking (a-b) as an
indicator of slip stability, especially considering the dynamic nature of rupture nucleation and load
evolution on a tectonically active fault.

We believe that the deficiencies stated above are at least in part due to the fact that previous microphysical
underpinning for RSF laws focus on sliding rock surfaces [Dieterich, 1979; Baumberger et al., 1999; Nakatani,
2001; Rice et al., 2001], that is based on a conceptual model of contact asperity growth and annihilation rather
than on a description of the grain boundary sliding and dilatation/compaction processes observed to operate
in fault gouges [e.g., Sleep et al., 2000; Bos and Spiers, 2002; Niemeijer and Spiers, 2006; Noda, 2008; Mitsui and
Vdn, 2014; Ikari et al., 2016]. In order to apply experimental results to natural fault zones more reliably, and, in
particular, to extrapolate lab data beyond laboratory pressure, temperature, and velocity conditions, an
understanding of the microphysical mechanisms governing fault frictional behavior is required. A better basis
is needed to assess reliability and to underpin modeling of earthquake phenomenon and induced seismicity.
Some earlier efforts have succeeded in predicting steady state frictional strengths of fault gouges, based on
realistic, physical processes identified by means of microstructural analysis [Bos and Spiers, 2002; Niemeijer
and Spiers, 2007; den Hartog and Spiers, 2014]. However, these models have, so far, addressed only steady
state friction, with transient frictional behavior, i.e, the response to a perturbation in sliding rate, not yet being
considered. An exception is the recent paper by Noda [2016], in which the model by den Hartog and Spiers
[2014] is augmented by adding an RSF description of intergranular friction. This addition itself, however, has
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Figure 1. Representative experimental data on carbonate gouge sheared at hydrothermal conditions (compiled from Chen
et al. [2015a]).

no microphysical basis but was introduced to avoid the ill posedness raised by purely rate-weakening friction.
Ideally, of course, a single model based on the physical processes operating should be sought, which describes
steady state, transient and healing behavior.

We recently reported frictional data on carbonate fault gouge [Chen et al., 2015a] that demonstrate healing
behavior characterized by a progressive increase in steady state friction after static hold periods. Similar beha-
vior has been reported by Yasuhara et al. [2005] for quartz gouge and Muhuri et al. [2003] for gypsum gouge.
This type of behavior cannot be explained by the transient healing effect embodied in classical RSF healing
theory (equation (2)). Our experimental data and microstructural observations point to granular/cataclastic
flow and pressure solution as the dominant deformation mechanisms, with slip localization occurring in
boundary shears. Crystal plasticity may also play a role in the cataclastic grain size reduction process
[Verberne et al., 2013a, 2013b]. In the present paper, we develop a model for friction and healing that is based
on the granular/cataclastic flow and pressure solution mechanisms. The modeled results capture all the main
features of the frictional behavior observed in our lab experiments on carbonate gouge, as well as key aspects
of the response expected using a classical RSF law. To the best of our knowledge, our model is the first friction
model that is (a) based on a microphysical description of mechanisms inferred to operate via microstructural
studies and (b) able to produce “RSF-like” behavior without resorting to the RSF equations.

2. Frictional Behavior of Carbonate Gouges Under Hydrothermal Conditions

We first summarize our previous friction experiments on carbonate fault gouge [Chen et al., 2015a]. In that
study, we employed a specially designed experimental strategy, consisting of sequential velocity stepping,
slide-hold-slide (SHS) and velocity stepping” stages. The samples were sheared in a direct shear setup located
in a triaxial testing machine at 20-140°C and 50 MPa (Terzaghi) effective normal stress. In experiments con-
ducted wet, a fully drained (sample saturated) pore fluid pressure was maintained at 15 MPa throughout the
experiments. As shown in Figure 1a, wet sample behavior at 80-140°C is characterized by macroscopic yield,
giving way to steady state frictional sliding with us ~ 0.65, plus unstable, velocity-weakening behavior in the
first velocity stepping sequence (VS-1). Subsequent SHS testing is characterized by a transient peak healing
effect (Aupi) but also by a permanent increase in steady state friction, referred to as the persistent strength-
ening (Ax,) (Figure 1c). A pronounced increase in (a-b) can be seen in the second VS sequence (VS-2) after the
SHS stage, leading, at 80°C and above to a transition from velocity weakening (seen in VS-seq1) to velocity
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Figure 2. (a) Representative microstructure of experimentally sheared carbonate gouge samples [Verberne et al., 2013b;
Chen et al,, 2015a] and (b) the idealized microstructural model employed here. Note the impression of the tooth grips in
the top surface of the experimentally sheared sample, immediately above the highly localized boundary shear in Figure 2a.

strengthening (seen in VS-seq2). All of these features were absent in identical tests performed on dry
samples. In the following, we focus on the results for wet samples.

Based on the microstructural observations and enhanced gouge compaction seen in wet versus dry samples
[Chen et al., 2015a], intergranular pressure solution (IPS) was inferred to be an important deformation mechan-
ism in our experiments. As shown in Figure 1b, marked gouge compaction was observed especially during the
longer hold periods. Mean compaction strain rates calculated over such periods displayed a negative tempera-
ture dependence [Chen et al., 2015b], in line with the decrease in solubility of calcite seen with increasing tem-
perature and suggesting that grain boundary diffusion is the process controlling the rate of IPS [Liteanu et al.,
2012]. The postdeformational gouge microstructure also revealed a well-developed cataclasite signature in
both the bulk gouge and prominently developed boundary shears (Figure 2), indicating that brittle grain failure
and granular flow were probably the most important shearing mechanisms in our experiments. For detailed
mechanical data and an analysis of the active deformation mechanisms, see Chen et al. [2015a].

3. Microphysical Model Development

To develop a microphysical model, we start by constructing a microstructural model, based on the micro-
structure observed in our experiments on carbonate gouge, and by defining related microstructural state
variables (i.e., porosity, average grain contact area, and dilatancy angle). We proceed to derive a kinematic
equation linking sample deformation/slip, machine distortion, and imposed displacement at the “load point”
(i.e., at the conceptual point of application of shear load to the apparatus or loading frame). Using an
energy/entropy balance approach, we subsequently establish a second equation relating shear stress
evolution to changing microstructure. Coupling these equations with an atomic to nanometer-scale model
for rate-strengthening grain boundary sliding friction leads to our final microphysical model, describing
the frictional behavior of a granular fault gouge in response to any boundary condition imposed on it,
including constant velocity sliding, velocity stepping, SHS testing or fixed boundary stresses.

3.1. Idealized Microstructural Model

Figure 2a shows a representative example of the microstructure exhibited by a wet carbonate gouge sheared
at 80-140°C and 50 MPa effective normal stress. A fine-grained boundary shear zone measuring 20-40 pm in
thickness is clearly developed at the upper sample interface [see also Verberne et al., 2013b; Chen et al.,
2015a]. The bulk of the gouge layer is less deformed and shows a chaotic microstructure, with a particle size
distribution similar to the starting material (average grain size 28 pm). Inclined Riedel shear bands (R1 shears,
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Figure 3. Conceptual model illustrating the evolution of the key microstructural state variables, i.e., dilatancy angle (),
porosity (p), and average contact area (a), with increasing sliding velocity (Vimp).

following the terminology of Logan et al. [1992]) can also be discerned locally. The boundary shear is
characterized by extreme grain size reduction compared with the gouge bulk. Particles within this
boundary shear band are poorly distinguishable with an optical microscope. However, scanning electron
microscope images show a chaotic, granular microstructure similar to the gouge bulk, with grain sizes
mainly in the range of 0.1-5um (Figure 2a) [see also Verberne et al., 2014]. On basis of the observed
microstructure, we adopt the idealized microstructural model shown in Figure 2b, featuring a localized
shear band developed at the margin of the bulk gouge. Both gouge zones are represented by densely
packed cylinders or spheres, with different mean diameters per zone, representing the constituent grains
[Niemeijer and Spiers, 2007]. Imposed shear displacement is assumed to be accommodated mostly by the
localized shear band, as observed in our experiments [Verberne et al, 2013b; Chen et al., 2015a]. The
thickness of the shear band is defined as AL, where L; is the total thickness of the gouge layer and 1 is taken
as a constant defining relative shear band thickness (1<1).

3.2. Microstructural State Variables and Associated Relationships

Following the approach used by Niemeijer and Spiers [2007], shear deformation of both gouge zones is
assumed to occur predominantly by granular flow with grain neighbor swapping occurring as grains slide
over each other. We accordingly assume that there is no contribution by grain fracturing such that the
grain size remains constant. Slip occurs on the inclined grain contacts, leading to dilatation with a dilatancy
angle (y) [Paterson, 1995]. Intergranular pressure solution (IPS) also occurs at grain contacts (each of area a.), in
response to the stresses transmitted across them, causing thermally activated (rate-dependent) deforma-
tion in both the normal and shear directions. We assume that grains do not roll but slide over each other
(on truncated pressure solution surfaces). Figure 3 shows snapshots of the evolution of the microstructural
model with increasing imposed sliding velocity. With increasing shear rate, y becomes progressively smaller
asdilatation becomesincreasingly dominant over compaction by pressure solution, generating higher porosity
@ and lower grain contact area a..

The microstructural state of the gouge material, in both gouge zones represented in Figure 2, is thus controlled
by competition between compaction by IPS and dilatation due to granular flow. As explained by Niemeijer and
Spiers [2007], this microstructural model is reasonable provided that competition between compaction and
dilatation ensures that the porosity remains below the maximum attainable (critical state) value.

To quantify the rate of change of volume due to the combined effects of granular flow and IPS during
shearing and/or static healing, relations are required that link the above state variables, i.e., v, ¢, and a..
Clearly, for any given grain packing geometry (e.g., a cubic pack of spherical grains of diameter d), v, a.,
and ¢ are interdependent on one another (Figures 3 and 4). Following Niemeijer and Spiers [2007], y can
be adequately related to ¢ by a function of the form

tany=~H(q — 2¢) (3)
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Figure 4. Schematic models showing grain contacts at the various scales considered in the present model development.
(a) The unit cell characterizing the grain pack in the present microstructural model; (b) schematic representation of a single
contact that consists of many small-scale solid-solid islands or contact points; and (c) 2-D and 3-D models showing that the
interaction of lattices in the atomic scale during the grain contact sliding process. Grain diameter is d, and grain-to-grain
contact area per unit cell is ac =2 x 2 a.. The atoms with large and small diameters in Figure 4c schematically represent
anions and cations in the lattice, respectively. See definitions and values for the parameters marked in text.

where H and g are geometric constants, with H lying in the range 1/v/3 to v/3 for a 2-D grain pack, and q being
2 times the critical state porosity ¢, for granular flow, which when ¢ = ¢, yields the extreme case that tan y
equals zero. This function describes a monotonic decrease in y with increasing g, in line with that observed
during purely granular flow of particulate materials with a porosity less than the critical state value [e.g.,
Campbell, 2006]. To describe how the mean grain-to-grain contact area a. depends on ¢, we assume that
a.is related to the surface area of a spherical grain via the average coordination number zand gouge porosity
¢ such that a.=rd?/z f(p), where d is grain diameter (Figure 4) [Spiers et al., 2004]. For this relation to be
accurate, the porosity function f(p) needs to be chosen such that (i) fly) — 1 when ¢—0 and (ii) flp) — 0 as
p—. (so that contacts possess negligible contact area when ¢ =¢.) [Pluymakers and Spiers, 2014]. Analysis
of the geometry of a simple cubic, or body-centered cubic pack of initially spherical grains compacted isotro-
pically by pressure solution [Renard et al., 1999; Niemeijer et al., 2002], shows that the relation between con-
tact area and porosity is well approximated using f(p) = (g-2¢) and hence by the relation

a. = nd*(q —2¢)/z 4)

for porosities from ~40% down to ~5%. Note, however, that equation (4) does not satisfy the condition that
a.=nd?/z when p—0, so that another function is required at porosities lower than ~5% [Pluymakers and
Spiers, 2014]. We use equation (4) here assuming that this relation holds for gouge material undergoing
deformation in both the normal and shear directions, at porosities > 5%. Hence, using (3) and (4), both a,
and y can be related to the key microstructural state variable ¢.
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3.3. Kinematic Relations for Gouge Deformation

3.3.1. Normal and Shear Strain Rate Components

In this analysis, we assume both the gouge bulk and boundary shear band deforms by two parallel processes,
i.e., granular flow and pressure solution. Elastic deformation of the gouge is neglected. This allows us to write
normal and shear strain rates (& and j,) in any representative volume of gouge as

€ = €ps + Egr (5a)
Ve = )}ps + ygr (5b)

Here compaction is taken as positive &, the subscript “t” indicates measured, total shear or compaction strain
rate, and “ps” and “gr” represent deformation attributed to pressure solution and granular flow, respectively.
Considering that compaction and shear deformation occur both within and outside the shear band (Figure 2),
we further have

bps = 28350 + (1 — A)épe (6a)
Tos = Mg + (1= 2)7pe™ (6b)

where the superscripts sb and bulk indicate the shear band and remaining bulk gouge, respectively. Since
shearing is concentrated in the shear band, we assume that significant granular flow and dilation only occur
in the shear band, so that gy = 0and 5% = 0. Following the classical soil mechanics approach to granular

flow [Paterson, 1995], dilatation due to granular flow in the shear band can be described using the relation
s';? = —(tany/))i;'?. Using these relations, the compaction strain rate within the shear band, the bulk, and

entire gouge layer (bulk plus shear band) can hence be written as

e’fb = e';ts’ — (tanz//);};'r’ (7a)
é?ulk _ é’}:J);Jlk (7b)
& = 2850 + (1 — D)épe™ — A(tany sy (7¢)

Similarly, the shear strain rate within the shear band, the bulk, and entire gouge layer are given as

P =R+ i (8a)
)};:)ulk — }}E;Hk (8b)
Be = Mg + (1 = )0 + gy 80)

3.3.2. Rate of Compaction/Dilatation

To quantify the transient evolution of gouge layer porosity and strength in response to deformation, we
now need a relation linking porosity of the material (») to normal strain rate (¢). Assuming a closed
elementary volume of gouge material with respect to solid species mass and volume, then the solid volume
(V) will be constant at all times. The dynamic porosity is therefore related to the total volume of the gouge
(V) via =1 — V/V. The time derivative of this then yields

._st_(1_¢)v
vy

(9a)

Here V/Vis the volumetric strain rate measured in terms of dilatation normal to the shear plane. This is equal
to the compaction strain rate but with the opposite sign, such that & = f\'//V. Hence, (9a) becomes

¢p=—(1—9)k (9b)
Allowing now for dilatation and/or compaction to occur both within a boundary shear band and within the

remainder of a bulk gouge layer, the porosity within the shear band (goSb) and the bulk gouge layer (gob“'k) can
be expressed as

9P = —(1—¢®)e> (10a)
Gouk — _(1 _ (pbulk)ét)ulk (10b)
CHEN AND SPIERS MICROPHYSICAL MODEL FOR FRICTION 8648
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By introducing (7a) into (10a), the dynamic porosity of the shear band can in turn be expressed as

g/ (1= ¢™) = (tanp)jy — &2 (1)
3.3.3. Relationship Between Gouge Shearing Rate and Load Point Velocity
To relate the instantaneous shear strain rate of the entire gouge layer (j,) to the shear velocity imposed upon

the loading system (Vinp), it is critical to note that Vi, is accommodated by (dynamic) elastic deformation of
the loading system and by deformation of the sample. This relation can be expressed as

Vimp - Vel + )}rLr (12)
where V, is the velocity due to elastic machine distortion caused by change in shear stress, given as
Ve =7/K (13)

Here K is the stiffness of the loading system, and 7 is the time derivative of shear stress. In this equation, we
neglect the elastic deformation of the gouge as well as the inertial term.

Combining equations (8c), (12), and (13) now yields the equation linking the imposed load point velocity,
machine distortion rate, and sample deformation rate as follows

Vimp — /K = Le 7738 + (1 = 2)72%] + Lo (14)

3.4. Energy Balance and Dynamic Gouge Strength

To formulate relations for the frictional resistance to sliding and the deformation rate accommodated by
intergranular pressure solution at grain contacts, in either a boundary shear or bulk gouge layer, we need
to quantify the stresses supported at grain-to-grain contacts. This can be easily done with reference to the
unit cell that describes (average) grain packing shown in Figure 4a. For given externally applied effective nor-
mal and shear stresses (o, and 7), the horizontal and vertical forces on the unit cell are F, = 7d® and F, = 6,,d*,
respectively. The force transmitted across grain contacts then requires that the intensified effective normal
and shear stresses acting on the contacts (¢,, 7) are given by the relations

Gn = (and*cosy + td’siny) /ac (15a)
7 = (vd*cosy — opd’siny) /ac (15b)

Now following Lehner [1990] [see also Lehner and Bataille, 1984], the combined energy/entropy balance plus
the second law of thermodynamics for unit volume of fault gouge undergoing direct shear deformation can
be written as

T+ Onée — f = A = TT>0 (16)

where f is the rate of change in Helmholtz free energy of the solid phase per unit volume of the gouge, A
= TT is the total dissipation per unit volume caused by the irreversible microscale processes operating, T is
absolute temperature and T is the total rate of internal entropy production. This equation (16) simply states
that the work done by mechanical deformation (first two terms), minus the free energy stored in the solid
framework (), is dissipated irreversibly as heat (A = TF), with the inequality expressing this irreversibility
via the second law (TT'>0). As a first approximation, it is reasonable to suppose that f~0, since frictional
shear stress changes typically associated with changes in slip velocity will generally cause negligible
changes in the thermodynamic state (elastic or defect-stored energy) of the solid, though we note that
extreme grain size reduction (surface area increase) through cataclasis may cause changes in f that cannot
be neglected. If the gouge deforms by frictional granular flow plus pressure solution, then assuming neg-
ligible f and negligible dissipation due to viscous flow of the pore fluid phase compared to deformation of
the gouge framework, the preinequality part of (16) can be rewritten as

T + Opér = Dg, + D;gmp 4 D';P;ear 1)

where Dgr is the dissipation or energy release rate due to frictional sliding on grain contacts and D;‘S’mp and
D';’S‘ea’ represent dissipation due to deformation by IPS normal and parallel to the shear plane, rgspectiyely.
Following Niemeijer and Spiers [2007], the dissipation due to contact friction can be written as Dy, = AcN,,
where A = 7a.v, is the dissipation rate per sliding contact, N, is the number of contacts per unit volume
of the deforming fault gouge, and Vv, is the average slip rate on the contacts. From the unit cell geometry
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(Figure 4a), it is apparent that N, = 1/(d® cos y). Also from the cell geometry, the horizontal shear displacement
rate due to intergranular sliding, measured across the unit cell, can be written as Vg, = hyg,~(dcosy)j,, where h
is the height of the unit cell, while the average slip rate on the contacts can be written asv, = Vg /cosy = g
Hence, the dissipation by granular flow is given as

TAcYge

Do, — (18a)
" dPeosy

The stresses acting on individual contacts must satisfy a grain boundary slip criterion, which we assume to be
of Coulomb type given7 = fig, + ¢, where 1 is the intrinsic friction coefficient for contact sliding and € is the
cohesive strength of contacts. Using the cohesion-free slip criterion for each contact (7 = ua,) and force
transmission relation (15b), we now get

Dy = finjy + fr(tany)jy, (18b)

Assuming that all mechanical work done in causing deformation by pressure solution is fully dissipated
through the microscale processes of mass dissolution, grain boundary diffusion and precipitation, and that
the gouge deforms as an isotropic material, we can also write

BEMP — gy and B = 1, (19

Substituting (18b) and (19) into (17) now yields
Tj¢ + Onée = ﬁan}jgr + ﬁr(tanW)J}gr + Onéps + Ujps (20)

where, by virtue of (16), the right-hand side = T7">0. Using the kinematic relation in the shear direction (5b),
i.e., the relation j, = j,; + Jq,, €quation (19) can now be rewritten as

Tygr“ — ptany) + opé = O'nlj)}gr + Onéps 1)

Similarly, using the kinematic relation in the normal direction (5a), namely, & = &ps + &g, €quation (20) can be
further reduced to

I+ tany
=

= 22
1— atany " (22)

This “friction law,” obtained from the energy balance approach, holds at all times for a granular fault gouge.
Note that in deriving it we have neglected dissipative processes associated with grain fracturing and elastic
wave radiation, as well as kinetic energy changes related to inertial effects. Work terms related to
dilatation/compaction associated with slip de/localization have also been neglected (4 is assumed constant).
Interestingly, the result is identical to that obtained by Niemeijer and Spiers [2007] using a stress balance
approach. Like their equation (19), equation (21) demonstrates that the frictional strength of a granular fault
gouge is determined by the grain boundary friction (1) and the microstructural state of the gouge, specifi-
cally the dilatation angle () and hence porosity (). However, the present derivation of (21) also makes clear
that the state of the gouge () is determined by pressure solution operating in competition with dilatant
intergranular sliding.

3.5. Rate-Strengthening Grain Boundary Friction

Previous microphysical modeling work following the above approach has assumed y to be a constant. This
means that equation (21) predicts steady state frictional behavior for given steady state values of porosity,
and dilatancy angle, achieved when dilatation due to granular flow, is balanced by compaction due to pres-
sure solution [Niemeijer and Spiers, 2007]. It also predicts an evolution effect when porosity and dilatancy
angle change due to a change in sliding velocity. For a stepwise increase in velocity from an initial steady
state, this evolution consists of a drop in frictional strength caused by dilatation due to granular flow transi-
ently outstripping compaction by pressure solution. It proceeds until the porosity, and hence, pressure solu-
tion rate becomes so high that the balance between dilatation and compaction is reestablished at a new,
lower steady state friction level [Niemeijer and Spiers, 2007]. However, in sharp contrast to most experiments,
including our previous work on carbonate fault gouge [Chen et al., 2015a], no direct effect is predicted when
the grain boundary friction u is assumed constant [see Noda, 2016].
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Significantly, a consensus has emerged in the past decade that grain boundary friction can be described as
logarithmically dependent on shear velocity, reflecting the operation of a thermally activated defect glide or
creep process at asperity contacts within grain boundaries [e.g., Tullis and Weeks, 1987; Beeler et al., 1996;
Nakatani, 2001; Rice et al., 2001]. Such a process operating within sliding grain contacts will impart a direct
effect tozand hence to 7 via equation (21). However, the mechanistic and theoretical basis for such a process
remains unclear. In the following, we revisit the grain boundary shearing process, for the case of intergranular
sliding in a calcite gouge, analyzing it at the atomic to nanometer scale.

Based on the porous microstructure of the shear band developed in our carbonate fault gouge samples, the
contact area of adjacent grains participating in a granular flow process will be much smaller than the cross
section of the grains themselves (cf. Figures 4a and 4b). If the grains are micron sized, the grain contacts will
be tens or at most hundreds of nanometers in diameter. Such a sliding contact will presumably have a rough
structure with islands of solid-solid contact (Figure 4b). Interacting “asperities” within such islands will
ultimately be at the lattice step or atomic scale and will likely be coated with adsorbed species such as water.
Frictional resistance to sliding on grain contacts at this scale must accordingly involve interactions on a length
scale about equal to the lattice spacing B (Figure 4c). At this scale, conventional asperity creep models for
contact friction [e.g., Baumberger et al., 1999; Berthoud et al., 1999; Nakatani, 2001] cannot be expected to apply.

To develop a model for grain boundary friction, we assume that the above interactions can be considered as
barriers to atomic scale jumps, or to defect motion, in contact zones of only a few atoms or tens of atoms, and
that an individual atomic or defect scale jump allows a sliding displacement increment equal (or proportional)
to the lattice spacing B. From the balance of shear and normal forces transmitted across contacts at the grain
scale and at the internal island/asperity or lattice contact scale, it is easily shown that the grain boundary
friction coefficient defined u =7/5, is independent of true load supporting contact area and is equal to
7/o0; where 7, and o, are the shear and normal stresses supported at the lattice contact scale [see also Rice
et al., 2001]. We now further assume that the elementary atomic or defect scale jump enabling lattice con-
tact sliding is characterized by a maximum energy barrier at zero normal stress of AF. Under the action of a
normal stress o; and a shear stress 7; at the lattice contact scale, this barrier will be modified by the mechan-
ical work terms associated with achieving both the normal and shear displacements involved in the elemen-
tary jump transition. The energy barrier in the stressed state is accordingly given as

AD = AF 4 6/LB*(1 — cosf) — 7,LB*sind (23)

where L, B, and 6 are geometric parameters associated with the barrier to lattice contact sliding, as defined in
Figure 4c. Here the second and third terms on the right, respectively, represent the normal and shear work
terms associated with the jump transition state. Employing the standard statistical mechanics approach,
the forward jump frequency with which the barrier to lattice contact sliding is overcome can now be
expressed as

201 -~ 2
AF + 6iLB*(1 — cosf) — 7/LB smtﬂ (243)

fi =vexp {f P

where v is the lattice vibration frequency, k the Boltzmann constant, and T the absolute temperature. The
exponential term in (23) expresses the jump success possibility, which for the forward jump is promoted
by the local shear stress 7. Conversely, the reverse jump frequency takes the form

201 2
f— pexp|— AF + o/LB*(1 — cosf) + 7/LB*sing (24b)
kT
whereby the jump process is impeded by z,. The resulting net jump frequency is
AF + oiLB*(1 — cos0)] . | (7lLB?sing
fr=f, —f_=20 - h(——— 24
R=1+ v EXp{ KT KT (240)

Therefore, assuming a jump distance B, the velocity of lattice contact sliding (v.) by direct jumping or by
migration of a contact defect is

- AF + o/LB*(1 — cosO LB%sing
Ve = Bfg = 2Bv-exp {— to k'f' cos )} sinh (T/ k;m ) (25)
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Taking logarithm of this equation leads to a full expression for the frictional coefficient describing the grain
boundary sliding [Rice et al., 2001] (see supporting information).

Consider, now, a contact velocity step from a reference value Vf. to V.. From (24c), we have

AF + oiLB*(1 — cosﬁ)} sinh <r,*Lstin:9)

v, = 2Bv-exp|— T T

(26a)

where 7, represents the shear stress supported at the lattice contact scale at the reference velocity V.
Dividing (25) over (24c) gives
Ve sinh[z/LB?sin6/ (KT)]

V. sinh[rjLB%sind/(kT)] (26b)

If the reverse jump frequency f.in (24a) is zero, due to wide barrier spacing, or if 7,LB>sin 6 > > kT (see details
in the supporting information), the hyperbolic sine functions in (26a) reduce to the exponential form, which

upon taking logarithms yields
v, — 7/ )kT
In Y—i) Gk /Dl 21.1) (27a)
v LB“sin0

c

The change in lattice-scale shear stress (shear resistance) at velocity V. relative to a reference velocity v can

thus be described as
kT 7
T — TI* = In <K—i) (27b)
LBsin@  \v,

By virtue of the definition 2 = 7;/¢ and the fact that V. = V /cosy = djzgr (see derivation of equation (18a)),
the rate-dependent grain boundary friction z can be expressed in terms of shear strain rate as

H=p"+ain (l*) (28)
Y

where i* is the reference grain boundary friction at a reference strain ratey* and a; = kT /(o/LB?sin0) is a rate-
dependent coefficient constituting a direct effect in RSF terminology. Equation (27b) implies that grain
boundary friction will show rate-strengthening behavior and a direct effect that increases proportionally with
absolute temperature.

Taking LB?sind as the activation volume € for the atomic scale jump process, (27b) is seen to be identical in
form to relations for grain contact friction obtained in previous conceptual models [e.g., Nakatani, 2001;
Rice et al.,, 2001]. In previous analyses, however, contact asperity shear strength has been assumed to be
controlled by an asperity creep law equivalent to a macroscopic dislocation glide flow law, neglecting
any effect of contact normal stress on the energy barrier for glide. Given the extremely small scale of the
lattice contact points within submicrometer-sized grain contacts observed in our experiments on calcite
gouge [Chen et al, 2015a, 2015b], we believe that the present analysis, which allows for the effect of
contact-normal displacements and associated mechanical work on the elementary energy barrier for contact
sliding, is physically more realistic. In previous models of contact asperity friction assuming macroscopic
creep behavior of asperity contacts, an evolution effect is generally incorporated, alongside a direct effect
similar to that seen in (27b), by allowing for dynamic competition between contact elimination, recreation,
and spreading by contact-normal creep [e.g., Dieterich, 1979; Berthoud et al., 1999; Nakatani, 2001; Rice et al.,
2001]. At the atomic step scale of our model for grain contact friction, we assume that the surface topography
and population of lattice contact points will be controlled by the combined processes of pressure solution and
grain neighbor swapping, which will ensure that sliding grain contact surfaces remain rough at the atomic scale
with little sensitivity to contact sliding velocity. Our model accordingly predicts only velocity-strengthening
behavior of grain contacts, with the grain contact friction coefficient z being given by equation (27b). This in
turn imparts a direct effect into our overall model.

3.6. Rate of Normal and Shear Deformation by IPS

Numerous authors [e.g., Rutter, 1976, 1983; Raj and Chyung, 1981; Lehner, 1990; Shimizu, 1995; Spiers et al.,
2004; Pluymakers and Spiers, 2014] have published theoretically derived rate equations for both deviatoric
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and compaction creep by IPS. Here we assume that the gouge behaves like an isotropic material with respect
to IPS, so that the effects of ,, and  on compaction and shear deformation can be treated separately [cf. Raj
and Chyung, 1981]. Against this background, compaction of the gouge normal to the shear plane can be
modeled using a standard 1-D or uniaxial creep law for a regular pack of spherical grains [e.g., De Meer and
Spiers, 1997; Spiers et al., 2004]. Assuming grain boundary diffusion controlled IPS, as reported in compaction
experiments on calcite by Zhang et al. [2010], the normal compaction strain rate under the effective normal
stress o, can hence be expressed as

DCSopQ
d® RT

éps =Aq fd((o) (29)
Here A4 is a geometric constant, D is the diffusivity of the dissolved solid within the grain boundary fluid (m?/s),
Cis the solubility of the solid in the fluid (m3/m?), S is the mean thickness of the grain boundary fluid phase
(m), Q is the molar volume of the solid phase (m*/mol), R is the universal gas constant (8.31 Jmol~' K™"), and
T is the absolute temperature (K). The term f () is a dimensionless function of porosity that accounts for
changes in grain contact area (hence contact stress magnitude) and transport path length, as porosity
evolves. Following Spiers et al. [2004] [see also Pluymakers and Spiers, 2014], for porosities in the range of
5-40%, the geometry of a regular grain pack allows the approximation

fa(p)=1/(q — 2¢)? (30)

Similarly, the shear strain rate accommodated by pressure solution can be expressed as

DCSzQ

d?ﬁfd((ﬂ) (31

}}ps =8
where By is the geometric constant appropriate for shear deformation [cf. Rutter, 1976; Raj and Chyung, 1981;
Shimizu, 1995]. Note that these IPS equations can be applied to both the shear band and bulk portions of the
gouge layer considered in our model.

3.7. Final Assembly of Controlling Equations

Coupling the full set of kinematic equations (11) and (14), energy/entropy equations (21), and rate-
strengthening grain-boundary friction (27b) given above allows us to describe the frictional behavior of
any granular fault gouge layer, either with a localized shear band (of relative thickness 1) or without a shear
band (1= 0). Here we rewrite the key results for a gouge with a localized shear band as follows:

Vimp — 7/K = L¢ [Ay';z +(1- A)y'gg"k} + Lidjg, (32a)
¢* /(1 — ) = (tany)jy, — &2 (32b)

= 117_+ ;f:annv;/ on (32¢)

7= +ain (y'g, /y';,) (32d)

Note that since the granular flow (grain boundary slip) process is assumed to occur in the shear band only, the
term j);"r’ in the above equations can be taken as equal to j,,. These equations ((32a), (32b), (32¢), (32d)), com-
bined with the compaction and shear creep laws for pressure solution ((29) and (31)), describe the frictional
behavior of the carbonate fault gouge as represented in Figure 2. For the special case that shear deformation
is uniformly distributed, one can simply put =1 in (31).

At steady state, the structure, hence porosity and dilatation angle, characterizing the granular gouge must be
constant, so that ¢ = 0 (32b). This means that the parallel processes of dilatation due to granular flow and
compaction by pressure solution exactly balance each other, such that &, = —&g. For a transient jump in
velocity at otherwise constant P-T conditions etc., let us say an upstep such as that imposed in a typical velo-
city stepping frictional test, equation (32a) implies that the shearing material will dilate (¢ > 0) instanta-
neously and continuously but at decreasing dilation rate. The shear stress supported will concomitantly
rise abruptly according to the direct effect associated with our grain contact sliding model expressed in equa-
tion (32¢) and subsequently decrease until a new steady state is reached (¢ = 0). By contrast, for an SHS test,
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when sliding is stopped, the gouge will compact immediately (¢ < 0) and will be accompanied by relaxation
in shear stress due to the operation of pressure solution at grain contacts. As sliding resumes, the gouge will
dilate, causing an instantaneous increase in strength determined by (32a) and (32c), followed by slip weak-
ening until a new steady state is achieved.

4, Model Implementation
4.1. Solution Method

In order to compute the frictional behavior implied by our model, the governing equations above must be
solved numerically. For easy programming, we rewrite (32a)-(32d) in the form of two coupled ordinary differ-
ential equations, specifying the rates of change of shear stress (z) and porosity (¢) (i.e., defining strength and
state changes) as follows:

e .sb .bulk - 7(1 —ﬁ*tany/) — Un(ﬁ* + tany)
T/K = Vimp — Le| Ay + (1 = A)j' ] - Lr/h’grEXP|: a- (o0 + rtany) (33a)
-sb 1— ~*t _ ~% t
@ _ tanl//))*rexp T( H anW) O-n(l"t + an(//) _ gskl) (33b)
(1—¢®) 9 a-(on + tany) P

We used the solvers embedded in the finite element analysis package COMSOL to do this. This package can
solve both ordinary and partial differential equations. We used COMSOL because in the future we expect to
need to incorporate partial differential equations describing other processes, such as pore fluid diffusion and
frictional heating, into the model. Shear stress (z) and porosity (¢) evolution were computed by numerical
integrating with respect to time. In each time step employed, all variables were iterated sequentially until
an accurate solution was found (within a relative tolerance of 1:10°). To simulate our lab experiments, which
consisted of sequential velocity stepping and SHS testing phases (Figure 1), we entered load point velocity at
fixed temperature (T=80°C) and constant effective normal stress (o, = 50 MPa) as input to our model, obtain-
ing shear strength and porosity as a function of time (or displacement) as output.

4.2, Input Parameters

The input parameters used in obtaining reference case solutions to our model are listed in Table 1 and
described below. Based on the microstructure observed in our experiments (Figure 2) [see also Chen et al.,
2015a], we use 1=0.0625 and L;=0.8 mm, implying a 50 um thick shear band. The average grain sizes in
the bulk gouge and shear band are taken as 20 pm and 2 pm, respectively. The initial porosity of the bulk
gouge is set to be 32%, as estimated from the mass and grain density of the experimental gouge (2.4 g with
a density of 2700 kg/m?3). For the shear band, we allow the model to find a steady state porosity for a given
imposed velocity and then use this porosity as the initial porosity for subsequent transient modeling. The
parameter g reflects the critical state porosity ¢, for pure granular flow and plays its role via the term
(@ — 2¢). Here we take g to be 0.8 for the bulk gouge, following the values used by Niemeijer and Spiers
[2007] and Pluymakers and Spiers [2014] for similar grain size material. To account for the effect of the wider
range in (log) grain size observed in the shear bands, which generally reduces g and hence dilatancy angle at
given porosity [e.g., Al Hattamleh et al., 2013], we use q = 0.4 for the shear band. Regarding the stiffness (K) of
the testing machine used in our experiments, this was calibrated at systematically varied confining pressures
and temperatures. For the experimental conditions modeled here (65 MPa confining pressure and 80°C), the
appropriate value of K is 5.993 x 10'° Pa/m. The grain contact friction coefficient for carbonate fault gouge is
set to be 0.60 at a reference sliding velocity of 1 um/s, consistent with the overall level of frictional strength
typically exhibited by calcite gouges [Verberne et al., 2013b]. Using values from our experiments and the pub-

lished data for calcite, we get the rate-dependent coefficient (a;) within a reasonable range (0.001-0.03, see
supporting information for details). In our modeling, the a;value is set to be 0.006, consistent with the direct
effects observed in the VS sequences of our experiments [Chen et al., 2015al.

Some parameters are poorly constrained in our model. The geometric parameter H falls in the range of 1/+/3
to V3 as specified earlier for a 2-D grain pack [Niemeijer and Spiers, 2007] but can be as low as 0.36 in a 3-D

model. For our reference case calculations, we used H=1/y/3 (Table 1). The geometric constants Ay and By
are taken to be equal, with values varying from 30.6 for uniaxial compaction to 183 for isotropic 3-D
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Table 1. List of Parameters and Reference Case Values Used in the Present Model®

Parameter Description (Unit) Value (Range) Data Source and Additional Informationb
@ effective normal stress (Pa) 5%107 experimentally applied value
T temperature (K) 353 experimental temperature
K machine stiffness (Pa/m) 5993 x 10'°¢ calibrated machine value
Vimp load point velocity (m/s) (0.1-10) x 1076 experimentally applied values
Le thickness of the gouge layer (m) 8x10 4 value from experiments
A localization degree 0.0625 (0.0125-0.188) value observed in experiments [Verberne et al., 2013b;
Chen et al., 2015a]
(oobUIk initial porosity of bulk gouge 0.32 experimentally observed value
dSb average grain size of shear band (m) 2x107° (1x 107 7-5x 1076) middle range of observed values
gl average grain size of the bulk gouge (m) 2x107° mean value of the observed range
qu 2 x critical porosity for shear band 04 assumed here
qbUIk 2 X critical porosity for bulk gouge 0.7 assumed here
z grain coordination number 6 Spiers et al. [2004]
H geometrical parameter 0.577 (0.36-1.73) assumed here following Niemeijer and Spiers [2007]
Agq geometric constant for compaction by IPS 100 value for uniaxial compaction [Pluymakers and Spiers, 2014]
By geometric constant for shear by IPS 100 as above
DS Product of diffusion coefficient D times 2x1072%° (10719—10720) Nakashima [1995], Renard et al. [1997], Zhang et al. [2010],
mean grain boundary fluid thickness S (m3/s) and Koelemeijer et al. [2012]
C solubility of the solute in fluid film (m3/m3) 395%x10°°°¢ Plummer and Busenberg [1982]
Q molar volume of solid phase (m3/mol) 369x107° Plummer and Busenberg [1982]
u* reference grain boundary friction coefficient for 0.6 assumed here
velocity of 1x 107% m/s
a coefficient for logarithmic rate dependence 0.006 (0.004-0.008) experimentally obtained [Chen et al., 2015a]

of grain boundary friction

@0ther symbols used are explained in the text.

All experimentally derived values were obtained from Chen et al. [2015a], except where stated.
“These parameters are temperature dependent, and here we use the values at 80°C.

compaction [Pluymakers and Spiers, 2014]. Lastly, compaction and shear strain rates due to diffusion-controlled
IPS are determined by the magnitude of DCS (see equations (21) and (24a)-(24c)). From the empirical equation
given by Plummer and Busenberg [1982], the solubility of calcite at the conditions modeled is 3.95 x 10~% m>/
m?3. Note that unlike most other minerals, the solubility of calcite (C) decreases with increasing temperature.
The product DS was estimated directly from pressure solution experiments on calcite ([Zhang et al., 2010];
see also halite [Koelemeijer et al, 2012]) but can also be evaluated from independent estimates of D
[Nakashima, 1995] and S [Renard et al., 1997], giving values in the range 10~ '°-1072° m3/s (Table 1).

5. Modeling Results and Comparison With Experiments

5.1. Steady state Shearing and Parametric Sensitivity Analysis

We start with modeling steady state shearing behavior of the shear band, in which the time derivatives of shear
stress (1) and porosity (¢*°) are zero. For the velocities investigated in this study (Vimp=0.1-10 pm/s), the

deformation accommodated by the shear component of pressure solution is negligible. As an approximation,
equations (32d) and (33a) accordingly become

Vimp = Lidége /tany (34a)
u + tan

e = u (34b)
1- :Utam//ss

These imply that at steady state, the sliding velocity and the IPS-induced compaction rate in the shear
band <e;'2> decide the state of the internal gouge material, measured in terms of y or ¢ and hence the

shear resistance (z) offered by the band. As sliding velocity increases, shear-induced dilatation occurs until
again balanced at steady state by pressure solution compaction, which increases in rate as the porosity (¢)
increases. This dilatation generates higher ¢, lower a., and lower y at steady state, which leads to lower
frictional strength as slip proceeds. At the same time, as sliding velocity increases, the grain boundary
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0.75 T T T

sliding rate and hence grain boundary
7000 friction (%) increase, leading to higher
frictional strength. The resulting
steady state frictional strength of the
material is determined by the compet-
ing influence of these two effects.

lab-derived (a-b)

0.70 -

lab-derived friction

(a-b)

0.65F
Using the reference case parameter
values given in Table 1, we calculated
the steady state friction coefficient
(uss=1ss/0,) as a function of load
B8 1B7  1B6 1B 1B4 point velocity (Vimp) from equations
Load point velocity or post-step velocity (m/s) (34a) and (34b). As shown in
Figure 5, uss decreases with increas-

Steady-state friction coefficient

0.60 - 1.0.06

Figur.e 5. Modeling results for stea(#y state. friction coefficient and (a-b) as a ing velocity, indicating velocity-
function of load point velocity, obtained using the reference state parameter . . .
values given in Table 1. The lab-derived data reported by Chen et al. [2015a] weakening behavior, and as velocity
for wet carbonate gouge sheared at the same T-g,, conditions (T=80°C and ~ continues to increase, ug starts to
on =50 MPa) are added for comparison. slightly increase, indicating weak

velocity-strengthening behavior. The
corresponding values of (a-b)=Aus/Aln(V) increase with increasing velocity, and lie between —0.017
and +0.001, for velocity steps imposed in the range of velocities investigated in our lab experiments
(0.1-10 um/s). All these features are consistent with the trends seen in our experimental data for carbonate
gouge sheared in VS mode at 80-140°C and o, =50 MPa [Verberne et al.,, 2013b; Chen et al., 2015a] and are
in order-of-magnitude agreement quantitatively (refer Figure 5). Given the straightforward basis for choosing
the values of the parameters used, we consider this to be acceptable agreement.

To gain insight into the properties of the model, we performed a parametric analysis to investigate the
sensitivity of the computed behavior to the parameters used (i.e., to H, 4, dSb, DS, u*,and qu and a;), varying

these parameters in realistic ranges. As shown in Figure 6, the modeling results indicate the steady state friction
strength exhibits a strong dependence on the geometric factor (H, Figure 6a), the grain size (d*®, Figure 6b), the
reference grain contact friction coefficient (z*, Figure 6c¢), the extent of slip localization (4, Figure 6d), and the
grain boundary diffusivity product (DS, Figure 6e), but little dependence on the geometric constant qu
(Figure 6c), which determines the reference porosity level of the shear band. In particular, variations in
vertically translate the model predictions of steady state strength (Figure 6c). The model also predicts
significantly lower steady state strength for larger grain size (Figure 6b) and more localized slip (Figure 6d),
with these effects becoming more pronounced at lower velocities. Changing the a value only slightly

changes the slope of the curves (Figure 6f). As shown later, this parameter has a significant effect on the tran-
sient behavior when subjected to an abrupt change in velocity boundary conditions. By adjusting z* and other
parameter(s) such as d°® within small, reasonable ranges, the modeled frictional strength can be fitted quanti-
tatively to the experimental results (Figure 7). Good agreement between modeled and measured frictional
strength and (a-b) values can be obtained, for example, by choosing an intrinsic grain contact friction coeffi-
cient 71 of 0.64-0.67 (specifically 0.655) and a shear band grain size d*® of 4 um (see Figure 7). Purely varying
Hor A cannot predict the observed frictional strength. However, doing so in combination with small variations
in DS and/or d*° yields close agreement between the model- and lab-derived u¢s and (a-b) values, within the
sliding velocity investigated (0.1-10 um/s) (Figure 7). We note, however, that manipulating these (or the many
other) parameters to produce a good fit has little value other than to demonstrate that the model offers a viable
(but not necessarily unique) explanation for the steady state frictional behavior observed in our experiments.

5.2. Transient Response to Velocity Stepping

For comparison with our lab experiments (VS-seq1, Figure 1), we modeled a velocity stepping sequence
employing individual velocity steps of 1—10—1—0.1—1pum/s, taking T=80°C and o¢,=50MPa
(Figure 8a), and using the reference case parameter values employed in the steady state calculations
presented in Figure 5. The results show a transient frictional strength response that is closely similar to the
experimental observations for VS-seq1 (see Figures 1a and 8b) and consistent with the type of response
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Figure 8. Modeling results for velocity stepping sequences, replicating the conditions of our VS experiments (VS-seq1)
performed on wet carbonate gouge at T=80°C and o, =50 MPa [see Chen et al., 2015a]. (a) Velocity step sequence
entered as input to the model, (b) frictional response, (c) shear band porosity, and (d) total compaction of the gouge layer.
Typical experimental data are added to Figures 8b and 8d for comparison (VS-seq1, Figure 1). Note that for sake of
comparison, the curves of experimental data versus displacement are laid out with breaks, since the displacements of
individual V-steps imposed in our experiments are smaller than those of the modeled steps.

obtained using a classical RSF law. For each velocity step, the frictional strength exhibits first a direct effect and
then evolves to a new steady state, consistent with velocity-weakening behavior (Figure 8b). The characteris-
tic displacement associated with the modeled evolution effectis around 0.15 mm compared with ~0.18 mm in
our experiments. For downsteps in sliding velocity from 1 to 0.1 um/s, small fluctuations occur before
attaining the new steady state. All of these features are seen in our lab experiments (Figures 1a and 8b).
Moreover, alongside the transient changes in shear strength toward lower and higher values, our model
results show that the active shear band dilates or compacts respectively, causing small increases and
decreases in porosity of the shear band (Figure 8c). To compare with the macroscopic volumetric changes
measured in our experiments, we calculate the total compaction of the sample, with the rate being
expressed as & = A& + (1 — 2)&PUk_ Integration of this expression gives the net cumulative compaction
for the whole sample as a function of time or displacement. As shown in Figure 8d, the predicted gouge
compaction exhibits stepped variations between adjacent V steps, with trends similar to that observed for
the whole gouge layer in our experiments, though the magnitude is smaller. The discrepancy can be
attributed either to the underestimate of shear band thickness in our reference modeling case (50 um
and can be as wide as 150 um, Table 1) or to the dilatant response of the bulk gouge which is inhibited
in the present model.
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Figure 9. Modeling results for a slide-hold-slide testing sequence as executed in our experiments on carbonate gouge at
T=80°C and o, = 50 MPa [see Chen et al., 2015a]. (a) Input sliding velocities and hold times. (b) Friction coefficient versus
displacement. (c) Shear band porosity versus displacement. (d) Cumulative hold-time compaction of the whole sample.
Experimental results from Figure 1 are added to Figures 9b and 9d for comparison.

5.3. Response to Slide-Hold-Slide Testing

Again, replicating the procedure and conditions employed in our lab experiments (Figures 1a and 1b), we
modeled a SHS test sequence consisting of eight individual SHS events with hold times increasing from 3
to 27005 in threefold jumps (Figure 9a), again using the reference case parameter values given in Table 1.
Plots showing the evolution of frictional strength, shear band porosity, and total compaction predicted by
our model are shown in Figures 9b-9d. The following main features of the computed friction-displacement
curve are consistent with classic SHS test results [e.g., Marone, 1998a] and with our lab data (Figure 1b). First,
our model predicts stress relaxation during hold periods, followed by an instantaneous increase in shear
resistance on reloading and by a subsequent gradual decay to steady state. Second, the magnitudes of each
stress relaxation event and of each subsequent transient peak healing (Aupi) event increase with hold time.
Our model predicts that the shear band will compact during individual hold periods and dilate upon reshear,
especially after long hold periods (Figure 9¢). The predicted cumulative sample compaction (bulk plus shear
band) during the hold time is qualitatively consistent with our lab data (Figure 9d).

Despite this broad agreement between our model and experimental results on SHS response, a clear difference
is also visible, namely, in relation to the stepwise increase in steady state friction coefficient that occurs after
each reshearing event in our experiments. In our modeling results, no such increase in steady state friction
occurs. Rather, the steady state frictional strength before and after each SHS event remains the same
(Figure 9b), while the shear band porosity returns to the original steady state level upon reshearing
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Figure 10. Modeling results for slide-hold-slide testing allowing for grain size reduction Ad/d during each hold-reshearing
event, occurring in proportion to the compactional strain (A) accumulated in the shear band during the hold period
(i.e., such that Ad/d = cA¢ where ¢~ 1). (a) Input sliding velocity and hold times. (b) Calculated friction coefficient versus
displacement (note the gradual increase in steady state friction after reshear). (c) Calculated shear band porosity versus
displacement. (d) Calculated normalized grain size (Ad/d) versus displacement. Lab-derived friction coefficients are added
to Figure 10b for comparison (see Figure 1 and Chen et al. [2015a]).

(Figure 9c). As shown in Figure 9d, our model predicts that progressive compaction of the whole sample
during hold periods causes a reduction in total porosity. However, in the present model this is not expected
to affect shear strength, as that is determined by the shear band. It follows, then, from our parametric analysis
(Figure 6) that the increase in steady state friction seen in our SHS sequence can likely be attributed to
stepwise changes in shear band grain size (dSb), shear localization degree (1), or the sensitivity of shear band
dilatation to porosity (H) occurring during relaxation or upon reshearing during SHS testing.

On the basis of microstructural examination of our experimental samples, we can immediately eliminate
changes in the degree of shear localization at the sample boundary from the above list of possibilities. This
is because our model shows that a broadening of 10 times would be needed to account for the observed
increases in steady state friction coefficient per SHS event. No such broadening is seen in experimentally
deformed samples subjected to SHS testing compared to velocity stepping only [Chen et al., 2015a]. We like-
wise eliminate purely packing-related changes in the parameter H as causing the observed increase in steady
state strength, because the compaction strains (porosity reduction) occurring in the shear band, as predicted
by our model for stress relaxation during hold periods, are far too small to significantly change the granular
packing microstructure (Figure 9c).
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Let us therefore consider the possibility of a reduction in the mean, shear band grain size (d*®) in more detail.
Feasible mechanisms for this include cataclasis occurring within the boundary shear band during reshearing, or
perhaps mass removal from the shear band by diffusion as the shear band compacts by IPS during relaxation.
Such effects could conceivably also lead to a permanent increase in H in active shear bands. To crudely incor-
porate grain size reduction within the shear band into our model, we make the assumption that the extent of
grain size reduction (Ad/d) by either cataclasis (due to restrengthening) or mass removal (by diffusion during
relaxation) will be directly related to the extent of IPS compaction occurring during relaxation. To capture such
arelation in the simplest possible way, we assume that Ad/d = cA&*®, where £ is the compaction strain predic-
tion predicted to occur in the shear band by our model in each hold period and where cis a constant of order 1.
Including this in our model calculation (measuring AP with respect to shear band thickness before SHS
testing) produces the results shown in Figure 10. These agree more favorably with our experimental data,
supporting grain size reduction as a possible explanation of the increase in uss seen our SHS tests (Figure 10b).

Making use of the modeling results plotted in Figure 10, i.e., incorporating the grain size reduction effect on
reshearing, we now examine the predicted shear stress relaxation results for different SHS events (Figure 11a).
These show that the average modeled relaxation and hence creep rate is much higher in the early, shorter
hold periods than that in the later, longer holds. This reflects a systematic decrease in evolution effect with
increasing hold time and relaxation strain. In our model, this is caused by the decrease in porosity that occurs
due to compaction of the static shear band by IPS during each hold (refer equations (28) and (30)). Similar
results have been observed in our experiments (Figure 11b) and in other studies where pressure solution
was thought to be active [e.g., Niemeijer et al., 2008].

Finally, we derive the frictional healing parameters (Figure 1c) from our modeling predictions of Figure 10, for
SHS behavior with grain size reduction upon reshearing. The results (Figure 12) indicate a nonlinear increase
in transient restrengthening or peak healing (Aup,) with logarithm of hold time. Similar “non-Dieterich type”
frictional healing behavior (i.e., not fitting equation (2)) occurred in our experiments (Figure 1) and has also
been observed in SHS experiments on both quartz and halite, where it was attributed to contact area growth
through pressure solution [Nakatani and Scholz, 2004; Yasuhara et al., 2005; Niemeijer et al., 2008]. In our
model, the effect is due to shear band compaction by pressure solution during hold periods, resulting in
an increase in dilation angle (refer equation (3)). Our modeling results allowing for grain size reduction upon
reshearing also show a nonlinear increase in residual, persistent strengthening (Ax,) with log(ty) (Figure 12).
However, in our lab experiments, the Au, showed this increase only after the early holds and then leveled off
after longer, later holds (Figure 1b) [see also Chen et al., 2015al. In our modeling to date, the maximum hold
time investigated is 2700, so that the effect of long hold times has not yet been explored.

6. Discussion and Conclusions

Building upon the microphysical modeling work of Niemeijer and Spiers [2007] and den Hartog and Spiers
[2014], who addressed steady state friction, we have established a microphysical theory and numerical model
describing both the transient and steady state frictional behavior of a monomineralic, velocity weakening,
granular fault gouge composed of a solid phase capable of undergoing IPS. We have compared the
predictions of this model with lab experiments on wet carbonate gouge as reported by Chen et al. [2015al.
As demonstrated by this comparison (Figures 5-12), our modeling results successfully capture all of the main
features and trends by our lab experiments, by rock friction experiments in general, and by classical RSF
models, including the “direct effect,” “evolution effect,” “stress relaxation,” and “restrengthening.”

" ou

In a broader sense, our theoretical analysis provides governing equations ((32a)-(32d) or (33a) and (33b))
that describe the frictional behavior of any granular fault gouge deforming by granular flow plus a grain
scale creep mechanism. A key condition required for the model to be applied is that a finite amount of
porosity must exist in the gouge material or can be created and modified by dilatation due to shearing.
The present model predicts velocity-weakening behavior at the slip rates investigated (0.1-10 um/s), which
originates from competition between shear-induced dilatancy and compaction by pressure solution.
Velocity-strengthening behavior is predicted by the model at high sliding velocity where critical state
granular flow occurs, due to the rate dependence of grain boundary friction implied by our model for the
atomic-scale interactions occurring within sliding grain contacts (Figure 7). Note that in the extreme case that
porosity is near zero, our model will translate into a velocity-strengthening flow law for grain-scale creep,
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though this has not been explicitly
addressed in the present paper.
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[also, see Chen et al., 2015a].
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halite [Shimamoto, 1986], halite-phyllosilicate [Bos and Spiers, 2002] and serpentine [Moore et al., 1997] gouges,
and the resultant change in (apparent) frictional rate dependence (i.e., from velocity weakening to velocity
strengthening) has also been more recently observed and predicted by Niemeijer and Spiers [2006] and by
den Hartog and Spiers [2014]. This reminds us that caution is needed when extrapolating lab-derived (a-b) values
to natural seismogenic zones, where the fault slip rates are of the order of typical plate velocities of ~107° m/s
or even less and are thus 3-5 orders of magnitude lower than typically imposed in lab experiments. Besides
changes in velocity, it is also important to mention that if the ambient P-T conditions or specific fault rock
composition favor plastic deformation (e.g., by pressure solution), velocity strengthening will be also
predicted [Verberne et al., 2014].

Besides carbonate fault rocks, our model can be applied to a wide variety of materials sheared under a broad
range of conditions with the operation of different deformation mechanisms. To address such situations,
information is needed on the most appropriate deformation mechanism and corresponding creep law to
describe grain-scale creep, especially if pressure solution is not dominant. More robust information and
preferably direct experimental measurements on grain contact frictional strength (u) are also needed to
underpin our grain boundary friction model or to provide an alternative. We can then apply the overall model
to predict the steady state frictional strength and transient evolution thereof for any fault material in response
to any imposed boundary conditions. Recognizing that other grain-scale deformation mechanisms can be
incorporated in the model as an alternative creep process, we believe that our model embodies the key
physics underlying the RSF-type behavior and the RSF law.

To our knowledge, our theory is the first to be able to model full RSF-type behavior in terms of realistic,
microstructurally verifiable processes and state variables (such as porosity), without using the RSF law (note
that Sleep et al.[2000] incorporated the strain delocalization/localization hence porosity changes into a classical
RSF law, in a phenomenological sense, in order to describe the evolution of the state variable but with no
mechanistic basis). It can accordingly provide a significantly improved basis for extrapolation of lab-derived
friction data to natural conditions. However, many further improvements still need to be made. These include
(1) analytical derivation of the RSF parameters g, b, (a-b), D, and f; (2) a linear stability analysis to obtain slip
instability parameters such as critical stiffness K. and the critical recurrence wavelength W, for unstable growth
from small perturbations to steady sliding [cf., Scholz, 2002]; (3) incorporation of other creep mechanisms for
grain-scale creep besides pressure solution and incorporation of time-/rate-dependent grain contact cemen-
tation or cohesion effects; (4) application of the model to variable normal stress conditions; (5) including the
effect of dilatation associated with activation of granular flow, for example, during the formation of new shear
bands [cf. Marone, 1990]; (6) incorporation of the effects of increasingly important shear creep behavior at low
or zero porosity, resulting in velocity strengthening at high-temperature and/or low load point velocity.
Moreover, the present model only applies to grain-supported granular materials and needs further modifica-
tion to be applicable to matrix-supported materials. Some of these advances have already been initiated in
steady state models [den Hartog and Spiers, 2014], but they need extending to the transient case. In a future
paper, we will derive analytical expressions for g, b, (a-b), D., and 8 in terms of evolving state variables from
the present model, and we will apply our model to extrapolate our lab data on carbonate gouge to examine
the implications for the seismic cycle on active faults in limestone terrains, including the middle-northern
portion of the Longmenshan fault.
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