
1. Introduction
Following the highly destructive earthquakes in carbonate-dominated terrains such as the 2009 Mw 6.1 L’Aquila 
earthquake, and the 2008 Mw 7.9 Wenchuan earthquake, the frictional behavior of carbonate-hosted faults has 
attracted much attention, providing data for models of earthquake rupture nucleation and propagation in such 
terrains. The fault dynamics of carbonates are now recognized to include a spectrum of fault slip styles ranging 
from slow-slip events, slow earthquakes, and fast ruptures (Amorus et al., 2002; Chiaraluce, 2012; Crescentini 
et al., 1999; Valoroso et al., 2013). Experiments on carbonate friction have been accordingly performed under 
a wide range of slip velocities. At low sliding velocities characteristic of earthquake nucleation (∼1  μm/s), 
carbonates show high, rate-and-state dependent friction (Scuderi et  al.,  2013; Verberne et  al.,  2015,  2014; 
Weeks, 1983; Weeks & Tullis, 1985) and fast healing (Carpenter et al., 2014; Chen et al., 2015), while at higher 
velocities rapid dynamic weakening occurs as expected during rupture propagation (v  =  ∼1  m/s, Demurtas, 
Smith, Prior, Brenker, & Di Toro, 2019; De Paola et al., 2011, 2015; Green et al., 2015; Han et al., 2007; Ohl 
et  al.,  2020; Pozzi et  al.,  2018; Rempe et  al.,  2017; Siman-Tov et  al.,  2015,  2013; Smith et  al.,  2013,  2015; 
Spagnuolo et al., 2015; Tisato et al., 2012).

Building insights into the earthquake hazards should benefit from concerted efforts in structural observation of 
natural fault zones, laboratory experiments, and theoretical developments. Ideally, a theoretical model needs to 
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seismogenic rupture on faults in carbonate terrains can be explained by a transition from high friction at low 
initial sliding velocities (V) to low friction at seismic slip velocities, that is, by rapid dynamic weakening. 
One proposed explanation for this weakening, invokes frictional heating resulting in deformation by grain 
boundary sliding accommodated by solid-state diffusion (sometimes referred to as “viscous” or “superplastic” 
flow). We recently added this dynamic weakening mechanism to a microphysically based model addressing 
the (rate-and-state) frictional behavior of granular gouges undergoing low V shear characteristic of rupture 
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accounting for grain size evolution with velocity and temperature, the model reproduces the frictional, thermal 
and (micro-)structural evolution observed during seismic slip experiments. In particular, it predicts spatial and 
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Plain Language Summary Improving the basis for earthquake hazard assessment relies in part 
on structural observation of natural fault zones, on laboratory experiments, and on theoretical developments. 
While quantitative models that reproduce the laboratory data on frictional slip on faults is the minimum 
necessary to simulate their mechanical behavior in nature, convincing models must ultimately also account for 
all key fault zone observations. Taking a fault in carbonate rock as an example, and using fundamental data on 
the microscale processes that lead to fault friction, this study takes a first step toward simulating the dynamic 
evolution and self-organization of internal fault zone (micro)structure, processes and properties during a 
seismic slip event. The results show that the model captures many key observations on seismic fault behavior, 
paving the way for still further improvements in developing a physics-based understanding of earthquake 
rupture in future.
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describe the friction behavior over the full velocity spectrum and essentially should incorporate key information 
of local conditions, for example, internal fault structure and in situ pressure, temperature and fluid conditions 
Aharonov & Scholz, 2018; Barbot, 2019; Beeler, 2009; Bizzarri, 2012; Harbord et al., 2021). While many aspects 
of the frictional behavior can be captured by the constitutive framework of rate-and-state friction or micro-
physically based models for the low velocities (e.g., Dieterich, 1979; Niemeijer & Spiers, 2007; Sleep, 1995), 
mechanistically based models addressing the full range of slip rates encountered in progressing from rupture 
nucleation to seismic slip are rare (Aharonov & Scholz, 2018). From the modeling perspective, this has been 
limited to combining the RSF descriptions at low velocities with flash heating/melting or thermal pressurization 
in the dynamic weakening range (Bizzarri, 2012; Noda et al., 2009; Noda & Lapusta, 2010; Thomas et al., 2014).

In a recent study (Chen et al., 2021), we have incorporated superplastic flow (i.e., grain boundary sliding with 
solid-state diffusion accommodation) activated by frictional heating into a microphysically based model (the 
“Chen-Niemeijer-Spiers” model, Chen & Spiers, 2016; Niemeijer & Spiers, 2007) that originally accounts for 
the (rate-and-state) frictional behavior of carbonate fault gouges at low velocities. The extended CNS model now 
covers the full spectrum of slip velocities from earthquake nucleation to seismic slip rates. The model results 
capture the main mechanical behavior seen in high-velocity friction experiments on room-dry calcite-rich rocks, 
including steady state and transient aspects, with a reasonable quantitative agreement but without the need to 
invoke thermal decomposition or pressurization effects. Beyond an agreement with the mechanical behavior, 
in this study, we aim to test our model against the microstructural observations of carbonate faults after seismic 
slip. To circumvent circular argumentation, we prescribe the initial microstructure of the fault zone (i.e., grain 
size and porosity), and the predicted evolution of microstructure and operating mechanisms will be compared 
with the observations and interpretations from experiments that were stopped at different shear displacements 
(Demurtas, Smith, Prior, Spagnuolo, & Di Toro, 2019; Pozzi et al., 2019, 2018; Smith et al., 2015). In all, we 
provide the first model that integrates different fault zone observations rather than using (empirical) friction 
parameters (i.e., rate-and-state dependent friction) and which predicts the frictional behavior, microstructural 
evolution, and dominant deformation mechanisms (DDMs).

2. Carbonate Slip Surface During Seismic Slip: Microstructure and Interpretation
Let us recap the microstructure evolution of a carbonate slip surface undergoing seismic slip, mainly based on 
laboratory high-velocity friction (HVF) studies that have systematically stopped experiments at different shear 
displacements. To avoid complexity, we will focus on the relatively short-displacement ones (<1 m) in which 
superplastic flow was generally interpreted to be the dominating weakening mechanism, at least during the nomi-
nal steady state (Demurtas, Smith, Prior, Spagnuolo, et al., 2019; Pozzi et al., 2019, 2018; Smith et al., 2015).

Typically, the evolution of shear strength in these experiments follows a characteristic weakening profile featured 
by four distinct phases (Figure 1a). Dynamic weakening is observed following a transient strengthening (Stage 
I and II); the lowered friction continues to decrease, reaching a nominal steady state, which is followed by a 
re-strengthening upon deceleration (Stage IΙΙ and IV). Microstructural analyses of samples that have gone through 
the full given stages revealed the presence of a central layer of a few tens of micrometers in thickness (c., 25 μm), 
surrounded by well-sintered zones on both sides (SGZ, Figure 1b). This central layer, which is inferred to be the 
principal slip zone (PSZ), consists of a continuous layer of nano-calcite grains with a nominal grain size (d) of 
10–700 nm in diameter, showing polygonal grain boundaries and high-angle junctions. Field studies of natu-
ral carbonate faults also found the existence of well-polished, glossy surfaces, usually termed “fault mirrors”, 
consisting of tightly packed nanoparticles, with grain and grain boundary structures similar to those seen in the 
experiments (Fondriest et al., 2013; Ohl et al., 2020; Siman-Tov et al., 2013; Smith et al., 2013). As proposed by 
De Paola et al. (2015) and Green et al. (2015), the mechanism accommodating the high strain rate in the PSZ (𝐴𝐴 𝐴𝐴𝐴 
>10 3 s −1, inset of Figure 1b) is most likely “superplastic flow”, which forms the basis of our extended model.

As revealed by the experiments that stopped at different stages, the thickness, nominal grain size, and porosity of 
both the PSZ and the adjacent layers (e.g., SGZs) are continuously evolving (Demurtas, Smith, Prior, Spagnuolo, 
et al., 2019; Pozzi et al., 2019, 2018; Smith et al., 2015). At Stage I, the gouge layer is characterized by a brittle, 
cataclastic structure with the presence of Riedel and shear-parallel bands (Pozzi et al., 2018), and the PSZ starts 
to develop, with angular (sub)micron grains, high porosity, and relatively large thickness (∼100 micron). From 
Stage I to II, the grains in the PSZ shown a remarkable reduction in size from (sub)micron to nanograins and the 
PSZ becomes increasingly more narrow as v approaches the seismic range (i.e., 0.1 m/s). By Stage III, the gouge 
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strength has reached a nominal steady state and the PSZ is characterized by low porosity and nearly uniform 
nanocrystalline grain size, with polygonal grain boundaries and high-angle junctions, suggesting a viscous flow 
process as described above. Occasionally, the grains in the PSZ after the experiments display weak elongation 
and minor oblique foliation (e.g., Pozzi et al., 2018), which was interpreted as the result of dynamic crystalliza-
tion of nanoparticles and passive rotation of the grains. As demonstrated by Green et al. (2015), after the exper-
iments, nanoparticles still survived on some patches of the slip surface, while the “pavement” structure covered 
a large portion as the result of the coalescence of growing nanocrystals, indicating that crystallization is most 
likely occurring during the annealing stage of the experiment (Stage IV and after). The PSZs after the experiment 
also show a crystallographic-preferred orientation and the presence of high dislocation density, indicating the 
operation of a dislocation-driven process (e.g., Pozzi et al., 2021; Smith et al., 2013). This is supported by a recent 
study of a natural carbonate slip surface, which reveals the coalescence of nanocrystalline (sub)grains featured by 
the high junction and small misorientation angles (Ohl et al., 2020). Individual subgrains typically possess high 
densities of dislocations, while locally, they are healed completely, showing a dislocation-free structure.

One interesting result of Pozzi et al. (2018) is that the mean grain size in the PSZ after 90 cm's slip is larger than 
that after 25 cm's slip at otherwise the same experimental conditions (700 vs. 300 nm); both are larger than the 
nominal grain size during steady state sliding (10–100 nm). On either side of the PSZ, the fault material (e.g., 
SGZ) may have experienced high temperatures and undergone crystal-plastic deformation, as manifested by 
microstructural evidence such as preferred grain elongation, a preferred crystallographic orientation, and grain 
growth (Demurtas, Smith, Prior, Spagnuolo, & Di Toro, 2019; Ohl et al., 2020; Siman-Tov et al., 2015; Smith 
et  al.,  2013), similar to the annealed portion on the slip surface. Characterized by nearly uniform grain size 
and low porosity, the SGZs show an increase in grain size and thickness with shear displacement (Demurtas, 
Smith, Prior, Spagnuolo, et al., 2019; Pozzi et al., 2019). The evolution of the microstructures during seismic 
slip suggests that there could have been transitions in DDM in both the PSZ and the adjacent layers (e.g., SGZ). 
The present study will test the microphysical model against the microstructural observations and interpretations 
summarized above.

Figure 1. (a) Typical results from high-velocity friction (HVF) experiments on calcite gouge sheared at 1.4 m/s and 25 MPa 
normal stress with 0.9 m shear displacement (Pozzi et al., 2018). (b) A typical microstructure after 0.26 m displacement 
showing the principal slip zone (PSZ) and the surroundings sintering gradient zone (SGZ), as well as their interfaces which 
are interpreted as “mirror surfaces” (MS). The inset image in (a), which was derived from a sample sheared at 18 MPa normal 
stress (De Paola et al., 2015), shows that the PSZ consists of foam-textured nanocrystalline calcite, pointing to deformation by 
GBS with diffusional accommodation.
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3. The CNS Model: From Earthquake Nucleation to Seismic Slip Rates
The CNS model considers the broad observation in both natural and laboratory fault zones that deformation 
tends to localize into a thin, finer-grained shear band developed within or at the boundary of the gouge layer 
(Figure 2a). The shear band and bulk gouge layer are composed of grains represented by spheres with the same 
packing pattern but with different mean diameters. Here we summarize the key relations or equations of the 
model.

1.  In a 2-D geometry, the microstructure of the shear band is idealized using a four-grain unit cell. Porosity (φ), 
average dilatancy angle (ψ), and average contact area (ac) form a set of three geometrically interrelated vari-
ables characterizing the microstructural state of the shear band. These are given by the approximate relations 
(Niemeijer & Spiers, 2007):

tan𝜓𝜓 = 2𝐻𝐻 (𝜑𝜑𝑐𝑐 − 𝜑𝜑) , and (1a)

𝑎𝑎𝑐𝑐 = 2𝜋𝜋𝜋𝜋2 (𝜑𝜑𝑐𝑐 − 𝜑𝜑) ∕𝑧𝑧 (1b)

 where 𝐴𝐴 𝐴𝐴𝑐𝑐 is the critical-state porosity for granular flow, H is a constant related to the grain packing geometry, 
d is nominal grain diameter, and z is the average coordination number. The equation for the dilatancy angle 
(Equation 1a) is simply a functional form that roughly mimics the dependence of dilatancy angle on porosity 

Figure 2. Schematic diagrams showing (a) the idealized microstructure and grain pack, and (b) the prediction of fault 
strength, slip zone porosity, and deformation regimes as a function of slip rate, as embodied in the CNS model (Chen 
et al., 2021). The typical microstructure shows slip localization into a shear band, where a four-grained unit cell is used to 
characterize the grain pack under active simple-shear deformation. As the slip rate increases, the unit strain deformation, as 
illustrated by the insets, undergoes a continuous transition in the dominant deformation mechanisms.
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seen in experiments on granular materials such as sands and soils in the over-consolidated (sub-critical state 
porosity) regime (e.g., Bouckovalas et al., 2003). Both the shear band and the bulk layer are involved in the 
present model. In the following 𝐴𝐴 𝐴𝐴 refers to the porosity in the shear band (𝐴𝐴 𝐴𝐴 = 𝐴𝐴𝑠𝑠𝑠𝑠 ), except when indicated 
otherwise.

2.  The governing equations of the model were derived by applying a unified approach to a kinematic, 
energy-dissipating sliding system, that is, via the conservation of momentum and energy/entropy balance (or 
force balance) in a shearing gouge layer (Chen & Spiers, 2016; Niemeijer & Spiers, 2007). As given in detail 
by Chen and Spiers (2016), the constitutive equations governing the microstructural state and shear strength 
of the shear band are:

1

(1 − 𝜑𝜑)

𝑑𝑑𝜑𝜑

𝑑𝑑𝑑𝑑
= �̇�𝛾𝑔𝑔𝑔𝑔 tan𝜓𝜓 − �̇�𝜀𝑝𝑝𝑝𝑝 (2a)

𝜇𝜇 ≡
𝜏𝜏

𝜎𝜎𝑛𝑛

=
�̃�𝜇 + tan𝜓𝜓

1 − �̃�𝜇 tan𝜓𝜓
 (2b)

 In these equations, 𝐴𝐴 𝐴𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝐴 indicate strain rates in the normal and shear directions, respectively. Subscript 
“pl” indicates strain rates due to a general “plastic” creep process, while “gr” indicates contributions by 
rate-independent granular flow. Grain boundary friction is assumed to be cohesion free and hence given by 

𝐴𝐴 𝐴𝐴𝐴 = 𝐴𝜏𝜏∕ 𝐴𝜎𝜎𝑛𝑛 , where 𝐴𝐴 𝐴𝐴𝐴𝑛𝑛 and 𝐴𝐴 𝐴𝐴𝐴 are the normal and shear stresses acting on sliding contacts, respectively. Based 
on analyses of the lattice scale frictional interactions on individual grain contacts involving both shear and 
normal components (Chen & Spiers, 2016), 𝐴𝐴 𝐴𝐴𝐴 is expected to be intrinsically rate strengthening and can be 
reformulated in terms of the strain rate by granular flow (𝐴𝐴 𝐴𝐴𝐴𝑔𝑔𝑔𝑔 ) as follows:

�̃�𝜇 = �̃�𝜇∗ + 𝑎𝑎�̃�𝜇𝑙𝑙𝑙𝑙
(

�̇�𝛾𝑔𝑔𝑔𝑔∕�̇�𝛾
∗
𝑔𝑔𝑔𝑔

)

. (3)

 Here 𝐴𝐴 𝐴𝐴𝐴∗ is a reference 𝐴𝐴 𝐴𝐴𝐴 -value measured at a reference shear strain rate 𝐴𝐴 𝐴𝐴𝐴∗𝑔𝑔𝑔𝑔 . The sensitivity parameter 𝐴𝐴 𝐴𝐴�̃�𝜇 is 
given as 𝐴𝐴 𝐴𝐴�̃�𝜇 = 𝑘𝑘𝑘𝑘 ∕𝜎𝜎𝑙𝑙Ω , where k the Boltzmann constant, T is temperature, 𝐴𝐴 Ω the activation volume, and 𝐴𝐴 𝐴𝐴𝑙𝑙 the 
local normal stress supported by asperity contacts. This form of velocity-dependence of 𝐴𝐴 𝐴𝐴𝐴 closely resembles 
the direct effect in the classical rate-and-state law (Nakatani, 2001; Rice, 2001). Notwithstanding this resem-
blance, the approach for deriving this relation is somewhat different, in that an atomic-scale jump process is 
considered to constitute the frictional slip at the nanometer scale of two grain contact asperities, rather than 
assuming deformation of an asperity through a dislocation glide or creep mechanism.

3.  Incorporating the effect of porosity, the equations for a thermally activated creep mechanism are regularized 
as follows:

�̇��(�, �, �, � ) = ��exp
(

− ��

��

) [���(�)]�

��
. (4a)

�̇��(�, �, � ) = ��exp
(

− ��

��

) [����(�)]�

��
. (4b)

 which describe the shear and normal strain rates as a function of grain size (d), temperature (T), porosity (φ), 
and shear stresses (𝐴𝐴 𝐴𝐴 ), assuming an isotropic creep process. Parameters 𝐴𝐴 𝐴𝐴𝑡𝑡 and 𝐴𝐴 𝐴𝐴𝑛𝑛 are pre-exponential geomet-
rical factors in the shear and normal directions, respectively; 𝐴𝐴 𝐴𝐴𝑎𝑎 is the apparent activation energy, and n and m 
are the power exponents of stress and grain size, respectively. At a fixed porosity, the two geometrical factors 
are approximately related as 𝐴𝐴 𝐴𝐴𝑡𝑡 ≈ 𝐴𝐴𝑛𝑛∕ tan𝜓𝜓 . Other parameters (𝐴𝐴 𝐴𝐴𝑎𝑎 , m, and n) follow the conventional creep 
laws and are assumed to be the same in both directions (Paterson & Olgaard, 2000). Without the porosity 
functions, 𝐴𝐴 𝐴𝐴𝑡𝑡(𝜑𝜑) and 𝐴𝐴 𝐴𝐴𝑛𝑛(𝜑𝜑) , the above equations will reduce to the classical creep laws which are commonly 
derived from rheological experiments run at high temperature and pressure conditions, where the deforming 
material tends to have a low porosity. However, during a friction process, a granular gouge tends to be porous 
and can dilate to allow particles to roll, slide, and rearrange and thus accommodate displacement. Conse-
quently, the local stresses transmitted across the grain contacts could be much higher than the macroscopic 
stresses (Figure 2b). Following our previous study (Chen et al., 2017), the porosity function in Equation 4a 
can be written as:

𝑓𝑓𝑡𝑡(𝜑𝜑) =

(

1 −
𝜑𝜑

𝜑𝜑𝑐𝑐

)−𝑝𝑝

. (5a)
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 Here p is a sensitivity factor accounting for the contact area changes (hence contact stress magnitude) and 
the diffusion path length (if the grain boundary is involved), with porosity. To avoid negative porosity in the 
numerical computation, the porosity function in the normal direction is modified to

𝑓𝑓𝑛𝑛(𝜑𝜑) =

(

𝜑𝜑𝑐𝑐 − 𝜑𝜑

𝜑𝜑 − 𝜑𝜑0

)−𝑝𝑝

. (5b)

 In this formula, 𝐴𝐴 𝐴𝐴0 is the limiting porosity (2%), below which compaction cannot occur (while shear creep still 
can, cf. Equation 5a, Chen et al., 2021). Note that the above creep equations (Equations 4 and 5) apply to both 
the shear band and the bulk layer.

4.  Macroscopic shear rate of the sample deformation is rewritten as:

𝑉𝑉 = 𝑉𝑉𝑔𝑔𝑔𝑔 + 𝑉𝑉𝑝𝑝𝑝𝑝 = 𝑊𝑊𝑠𝑠𝑠𝑠�̇�𝛾𝑔𝑔𝑔𝑔 +
∫

𝑊𝑊𝑠𝑠𝑏𝑏𝑝𝑝𝑏𝑏

0

�̇�𝛾𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑑 (6)

 Here 𝐴𝐴 𝐴𝐴  is the thickness and the subscripts “sb” and “bulk” represent the shear band and bulk layer, respec-
tively. Granular flow is assumed to occur in the shear band, and multiple “plastic” creep processes can operate 
in the shear band and the bulk layer. 𝐴𝐴 𝐴𝐴𝐴𝑔𝑔𝑔𝑔 can be calculated by combining Equations 2b and 3, that is,

�̇�𝛾𝑔𝑔𝑔𝑔 = �̇�𝛾∗𝑔𝑔𝑔𝑔exp

[

𝜏𝜏 (1 − �̃�𝜇∗ tan𝜓𝜓) − 𝜎𝜎𝑛𝑛 (�̃�𝜇
∗ + tan𝜓𝜓)

𝑎𝑎�̃�𝜇 (𝜎𝜎𝑛𝑛 + 𝜏𝜏 tan𝜓𝜓)

]

. (7)

 The creep processes are treated as operating in parallel, and the total shear strain rate is the summation of the 
individual process (i), they are,

�̇�𝛾𝑝𝑝𝑝𝑝 =
∑

�̇�𝛾 𝑖𝑖
𝑝𝑝𝑝𝑝
(𝜏𝜏𝜏 𝜏𝜏𝜏 𝜏𝜏𝜏 𝜏𝜏 ). (8a)

 Similarly, the rate of compaction, which enters. Equation 2a, can be written as

�̇�𝜀𝑝𝑝𝑝𝑝 =
∑

�̇�𝜀𝑖𝑖
𝑝𝑝𝑝𝑝
(𝜎𝜎𝑛𝑛, 𝜑𝜑, 𝜑𝜑, 𝜑𝜑 ) . (8b)

5.  Massive nanocrystalline calcite is reported to be produced in both laboratory and natural faults after seismic 
slips (e.g., De Paola et al., 2015; Ohl et al., 2020). Based on the theoretical work of Sammis and Ben-Zion (2008) 
and Sleep (1995), we assumed the grain size to be strain rate dependent. Following our previous work (Chen 
et al., 2021), we applied the following empirical error function to allow d in the PSZ to decrease from d0 to d1 
as V accelerates to ∼0.1 m/s (or shear strain rate reaches ∼5e3 s −1, given a 20 μm thick PSZ):

𝑑𝑑(𝑉𝑉 ) = 𝑑𝑑0 + (𝑑𝑑1 − 𝑑𝑑0)

[

1

2
+

1

2
𝑒𝑒𝑒𝑒𝑒𝑒

(

log𝑉𝑉 − log(0.1)

Δ

)]

. (9)

Adopting an error function, 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴 (𝑥𝑥) =
2

√

𝜋𝜋
∫
𝑥𝑥

0
exp(−𝑡𝑡2)𝑑𝑑𝑡𝑡 , and using Δ = 0.25, Equation 9 yields a smooth change 

in grain size from d0 to d1 over a 10-fold increase in velocity, that is, from 0.03  to 0.3 m/s, roughly consistent with 
the experimental observations (e.g., Smith et al., 2015).

Figure 2b shows a total of five steady state deformation regimes predicted by the CNS model as a function of 
velocity at constant (effective) normal stress and (ambient) temperature (Chen et al., 2021), based on the above 
model description and with frictional heating incorporated using a continuum framework. The transitions in 
deformation regime at the low velocities (Regime 1–2 and Regime 2–3) have been observed in many materials 
at varied temperature and pressure conditions such as calcite, quartz, halite, gypsum, serpentine, and natural 
and synthetic phyllosilicate-bearing gouges (Aharonov & Scholz,  2018; Chen et  al.,  2017). The transition in 
the high-velocity regimes (Regime 3–4 and Regime 4–5), which is presently limited to room temperature, have 
been observed in glass beads, serpentine, granite, calcite, and phyllosilicate-bearing gouges (e.g., Reches & 
Lockner, 2010; see a review in Bar-Sinai et al., 2014). Our model suggests that for carbonate rocks, the evolution 
of porosity is the key factor that bridges the transition in deformation mechanisms from Regime 4 to 5, namely, 
from granular flow involving (frictional) granular sliding to high-temperature GBS accommodated by diffu-
sion creep (Ashby & Verrall, 1973; De Paola et al., 2015). Recently, the typical microstructure supporting GBS 
has been observed in other minerals or fault rocks under seismic slips (Pozzi et al., 2021). A final note is that 
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Figure 2b is a general prediction. Some regimes could be missing for different materials or the same material but 
at other ambient conditions (e.g., higher temperature). As demonstrated by Chen et al. (2021), the main mechani-
cal trends seen in HVF experiments on room-dry carbonate rocks (Stages I–IV, Figure 1a) roughly correspond to 
the velocity and temperature dependence of steady state friction shown in Figure 2b, that is, the high-V regimes, 
Regimes 4–5.

3.1. Grain Growth Activated by Frictional Heating

As addressed earlier, microstructural observations showed evidence for grain growth in both the PSZ and the 
surrounding zones after the high-V friction experiments (Figures 1b, Demurtas, Smith, Prior, Brenker, et al., 2019; 
Green et al., 2015; Pozzi et al., 2019, 2018; Smith et al., 2013) or in natural seismic faults (Ohl et al., 2020; Smith 
et al., 2013). Using the well-known equation in a generalized Arrhenius form (e.g., Covey-Crump, 1997), the 
grain growth from the reduced size d1 to a new size d can be described as:

𝑑𝑑(𝑡𝑡)
1

𝑛𝑛 − 𝑑𝑑1

1

𝑛𝑛 = 𝑘𝑘 × exp

(

−𝐸𝐸𝑑𝑑

𝑅𝑅𝑅𝑅

)

× 𝑡𝑡𝑡 (10a)

where n is a dimensionless constant (not the stress exponent in the creep law), k is the pre-exponential rate 
constant, 𝐴𝐴 𝐴𝐴𝑑𝑑 is the apparent activation enthalpy of the process controlling the grain growth (note that 𝐴𝐴 𝐴𝐴𝑑𝑑 is differ-
ent from the activity energy of a specific creep mechanism, cf. Equation 4), and t is the duration of the grain 
growth. As temperature (T) is evolving during an experiment, to use Covey-Crump's equation, we rewrite the 
equation into a differential form:

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝑛𝑛𝑛𝑛𝜕𝜕

(

1−
1

𝑛𝑛

)

𝑒𝑒𝑒𝑒𝑒𝑒

(

−
𝐸𝐸𝜕𝜕

𝑅𝑅𝑅𝑅

)

. (10b)

To avoid confusion, “𝐴𝐴 𝐴𝐴 ” is used for differentiation while “𝐴𝐴 𝐴𝐴 ” for grain size.

The parameter values (n and k) given by Covey-Crump were obtained for calcite aggregates with porosity of less 
than 5% and might not be directly applicable to an actively shearing gouge, especially at the earlier stages where 
brittle, cataclastic deformation is dominating in the experiments. To explore this, we performed two control 
numerical simulations: the grains are allowed to grow only if the porosity is below a low level (5%) while there is 
no limit in the other case. The results showed that the predicted porosity evolution is essentially the same in the 
PSZ for both cases, while the porosity distribution in the bulk layer shows a minor difference. This seems intuitive 
since, as given by Equations 4 and 10, respectively, both the compaction rate and grain growth rate are tied to 
temperature following the Arrhenius law. At high porosities where Covey-Crump's equation may not apply, and 
granular flow dominates the deformation, the temperature is low, resulting in a low grain growth rate anyway. 
In other words, the grain growth rate only becomes significant at low porosity when the temperature becomes 
higher. Therefore, we applied the grain growth equation (Equation 10b) to the bulk gouge layer for simplicity. 
Gaining insight from the microstructure given by Green et al. (2015) (i.e., “pavement” structure and nanoparticle 
survivals), we expect that grains in the PSZ can not grow extensively on the slip surface while they are actively 
sliding, rolling, or neighbor swapping. For this reason, we assumed that grains in the PSZ start to grow from the 
deceleration stage.

3.2. Model Implementation

We will implement the above model into a continuum model of laboratory fault zones. A finite element model 
(FEM) is set up to calculate the temperature (𝐴𝐴 𝐴𝐴  ) evolution using the 1-D heat diffusion equation, 𝐴𝐴 𝐴𝐴𝐴𝐴

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝑘𝑘

𝜕𝜕2𝜕𝜕

𝜕𝜕𝜕𝜕2
 , 

where 𝐴𝐴 𝐴𝐴 is local gouge density, 𝐴𝐴 𝐴𝐴 is specific heat capacity, and 𝐴𝐴 𝐴𝐴 is thermal conductivity. We employed a 
one-dimensional (1-D), cross-fault model for simplicity, where x is the distance measured normal to the fault 
taking the center of the shear band (PSZ) as the origin (Figure 3c). Each component of the sample assembly used 
in the experiment (i.e., the gouge layer and adjacent loading blocks) has thermal properties shown in Table S1 in 
Supporting Information S1). To mimic the microstructure of a laboratory fault zone (Figure 2, Pozzi et al., 2018), 
the heat source is assumed to be localized at one of the boundaries of the gouge layer and was specified in terms 
of an internal boundary condition, 𝐴𝐴 𝐴𝐴 = 𝜏𝜏𝜏𝜏  (i.e., assigned to one of the gouge-loading block interfaces, Figure 3c). 
Calculated temperatures from the FEM model were used to calculate the creep (Equation 4) and grain growth 

 21699356, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

024530 by U
trecht U

niversity L
ibrary, W

iley O
nline L

ibrary on [18/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

CHEN ET AL.

10.1029/2022JB024530

8 of 19

rates (Equation 10). Since nearly uniform grain size and homogeneous deformation were observed in the PSZ 
(Figures 1b, Pozzi et al., 2018), we used the average temperature in the shear band to compute the average strain 
rates and grain growth rate (Chen et al., 2021).

The experimental fault is represented as a spring-slider system composed of a spring of stiffness K, activated 
by imposing a velocity at the load point (𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 ). Neglecting inertia, the shear stress evolution can be written in a 
time-derivative form as:

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= 𝐾𝐾(𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑉𝑉 ). (11)

The final issue that remains is the compaction of the bulk layer. This does not affect stress evolution in the simu-
lated fault zone. Since granular flow is assumed to be negligible in this layer, the governing equation for the bulk 
can accordingly be written as (cf. Equation 2a)

1

(1 − 𝜑𝜑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)

𝑑𝑑𝜑𝜑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑑𝑑𝑑𝑑
= −�̇�𝜀𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑝𝑝𝑏𝑏
. (12)

Combination of the controlling equations for the evolution of shear stress (Equation 11), grain size (Equation 10b) 
and porosity (Equations 2a and 12), constitutes the governing ordinary differential equations (ODEs) of the pres-
ent model. These ODEs, coupled with a 1-D FEM for temperature evolution, together with other relations, were 
solved simultaneously using the finite element package Comsol (see the couplings of differential equations and 
relations in Figure 3).

Figure 3. Coupled differential equations (a) and kinematic/geometric relations (b) used in the extended CNS model, plus (c) 
the finite element model (FEM) model configuration used to determine temperature (T) evolution normal to the principal slip 
zone (shear band) in a simulated high-velocity friction (HVF) experiment. The symbols shown in black are either independent 
variables (i.e., shear stress, porosity, grain size, and temperature) or functions thereof. Note that for some variables, here 
we insert the superscript “sb” and/or “bulk” to indicate where they apply (i.e., the shear band, bulk layer, or both), different 
from in the main text where they apply to the shear band in default except when indicated otherwise. Constants and 
material parameters are denoted in blue. “Rheology” refers to a collection of kinetic parameters characterizing the rheology 
associated with the assumed (inferred) deformation mechanism(s), such as those in Equation 4. Note that (c) illustrates the 
one-dimensional (1-D) FEM configuration and boundary conditions employed for simulating the 1-D temperature evolution 
in an experimental gouge layer and surrounding loading blocks. We assume that localized slip at the early stage of the 
simulated experiment produces a shear band and an adjacent damage/gouge zone characterized by a gradient in grain size 
distribution (see the text for detailed description).
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4. Numerical Simulation of Fault Behavior and Structural Evolution in HVF 
Experiments
In this section, using the early stage microstructure as the input to our model, we aim to produce the friction 
evolution and the (micro)structural evolution during typical HVF experiments. We mainly refer to the experimen-
tal work by Pozzi et al. (2019, 2018).

4.1. Model Settings and Parameters

We constructed a thermal structure based on the typical sample assembly used in the HVF experiments to simu-
late the temperature evolution. We assumed that the gouge layer of 800 μm in thickness is sandwiched between 
two 50 mm long host blocks made of Ti-alloy and further between a pair of 50 mm long loading columns made of 
stainless steel (e.g., Pozzi et al., 2018, Figure 3c). We assume an ambient temperature T0 = 20°C and the densi-
ties and thermal properties of the different components are given in Table S1 in Supporting Information S1. To 
represent the typical microstructure of the gouge observed in the experiments (e.g., Figure 1), we considered a 20 
μm thick PSZ developed at one margin of the gouge layer. Here we ignored the early cataclasis and localization 
processes that produce the shear band (or PSZ) and assumed a uniform grain size of 1 and 5 μm for the PSZ and 
the bulk layer, respectively. For both zones, we adopted an initial porosity of 18%. Following our previous study 
(Chen et al., 2021), the mean grain size in the PSZ was forced to decrease from 1 μm to 10 nm or 100 nm as V 
approaches ∼0.1 m/s, following Equation 9. Note that such a prescribed change in grain size completes at a very 
short displacement (<5 mm). With continued sliding and temperature increase, the grains in both zones grow 
following Equation 10.

Parameter values for the grain growth were taken from Covey-Crump (1997) for fluid-absent conditions (Table 1). 
To allow static grain growth during cooling, our numerical simulations continued for another 10 s after terminat-
ing the slip. Following our previous study, we took the grain size-sensitive creep law to represent GBS accommo-
dated by diffusion creep (Schmid et al., 1977), and the grain size-insensitive, dislocation creep law to represent 
the dislocation creep (Schmid et al., 1980; see parameter value in Table 1 of Chen et al., 2021). Other material 
parameters for a calcite fault gouge (H, 𝐴𝐴 𝐴𝐴�̃�𝜇 , 𝐴𝐴 𝐴𝐴𝐴∗ , φ0, φc, and p) also follow the previous study (see Table S1 in 
Supporting Information S1). For all the simulations, we used a normal stress of 25 MPa. To be compatible with 
the initial microstructure assumed, we used an initial shear stress of 10 MPa (corresponding to a friction coeffi-
cient of 0.4) to ignore the early stage deformation processes. In this study, only stable behavior was simulated; 
therefore, a relatively stiff fault was assumed (300 MPa/mm).

Para Definition Value or function Source

Prescribed grain size reduction in the shear band: 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠(𝑉𝑉 ) = 𝐴𝐴0 + (𝐴𝐴1 − 𝐴𝐴0)

[

1

2
+

1

2
𝑒𝑒𝑒𝑒𝑒𝑒 (

log𝑉𝑉 −log(0.1)

Δ
)

]

 𝐴𝐴 𝐴𝐴0
 Grain size during low-V slip 1 μm V < 0.06 m/s

 𝐴𝐴 𝐴𝐴1
 Minimum grain size during high-V slip 10–100 nm V > 0.18 m/s

 𝐴𝐴 Δ Factor for grain size reduction 0.25

Grain size growth in the bulk layer, and in shear band during deceleration: 𝐴𝐴 𝐴𝐴
1

𝑛𝑛 − 𝐴𝐴0

1

𝑛𝑛 = 𝑘𝑘 × exp

(

−𝐸𝐸𝐴𝐴

𝑅𝑅𝑅𝑅

)

× 𝑡𝑡

 𝐴𝐴 𝐴𝐴 Pre-exponential growth rate constant 3.55 × 10 −2 m 1/ns −1 Covey-Crump (1997)

 𝐴𝐴 𝐴𝐴 A dimensionless constant 0.5 Covey-Crump (1997)

 𝐴𝐴 𝐴𝐴𝑑𝑑 Activation enthalpy for grain growth 240 kJmol −1 Covey-Crump (1997)

 𝐴𝐴 𝐴𝐴 Pre-growth grain size in the PSZ a 10–100 nm Microstructure

Pre-growth grain size in the “damage” zone With a (log-)linear gradient Microstructure

Truly initial grain size in the bulk layer 5–10 μm Microstructure

 aSince grains in the PSZ are not allowed to grow until the deceleration, the grain size will grow from the “initial” minimum grain size (𝐴𝐴 𝐴𝐴1
 ) after the prescribed reduction.

Table 1 
Parameter Values Used for the Grain Size Evolution in Simulating the Lab Experiments
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4.2. Prediction of Friction Vs. Displacement Curve

The experiments were typically performed at pre-determined slip rates and displacements. The input V-profiles 
in our simulations mimicked those imposed in the experiments, including an acceleration, a period of constant-V 
sliding at 1.4 m/s, and deceleration, generating a total displacement (umax) of 0.85 m. With the parameters given 
above, our model predicts the apparent friction coefficient curves with an initial value of 0.7 at short displace-
ment, followed by a strong transient strengthening to a peak friction (μpk) of ∼0.8, and then a sharp dynamic 
weakening to nominal steady state friction (μnss, Figure 4a). As slip continues at nearly constant V, μnss slightly 
decreases, followed by re-strengthening along with the deceleration. These results are generally consistent with 
the experimental results (cf. Figure 1a). The ability of the extended CNS model to reproduce experimental results 
has been demonstrated in our previous work (Chen et al., 2021) and includes reproduction of (a) steady state 

Figure 4. Reproducing the high-velocity friction (HVF) experiment by Pozzi et al. (2018). Predicted results for the evolution 
of (a), friction coefficient, and the spatial distribution of (b) temperature, (c) porosity, and (d) grain size over the gouge 
thickness, along with shear displacement. PSZ, principal slip zone (only half is presented); SGZ, sintering gradient zone; LDZ, 
less damage zone. Note that position in the gouge (thickness-vertical axis) is measured in terms of the log of distance from the 
center of the principal slip zone (PSZ), along with shear displacement. The grain size in (d) is color coded in the logarithmic 
scale, 𝐴𝐴 log(𝑑𝑑) , and porosity in (c) with respect to the two limit values and in the logarithmic scale, 𝐴𝐴 log ((𝜑𝜑 − 𝜑𝜑0) ∕ (𝜑𝜑𝑐𝑐 − 𝜑𝜑)) .
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friction as a function of slip rate (and temperature, cf. Figure 2b), and (b) transient friction as a function of 
displacement, both under varied experimental conditions of normal stress, maximum slip rate, and acceleration.

4.3. Predicted Spatial Distribution of T, φ, d: Evolution With Displacement

In the above simulations, we assumed a uniform initial grain size of 5 μm in the bulk layer. However, the micro-
structures of samples after short displacements (u ≤ 20 mm) showed that a shear band never appear on its own 
but was (gradually) developed from a “damaged” zone, where the grain sizes increase as moving away from the 
shear band (Smith et al., 2013, 2015). To account for this observation, in our model, a 90 μm thick “damage” zone 
was set adjacent to the PSZ, where the initial grain sizes were assumed to have a log-linear gradient, that is, from 
10 nm to 1 μm as moving away from the PSZ (Figure 3c). The remainder of the bulk layer was considered to be 
weakly affected by shear, with a uniform initial grain size of 5 μm.

For the assumed initial microstructure (i.e., in terms of grain size and porosity), the predicted friction curve as a 
function of shear displacement (u) is identical to the simulation reported above assuming a homogeneous bulk 
layer (Figure 4a). This is because the bulk layer contributes negligibly to the shear deformation. Since we have 
prescribed a reduction in grain size in the PSZ (from 1 μm to 10 nm), introducing a “damage” zone with no such 
evolution causes a sudden jump in the grain size distribution in the earliest stages of shearing. A more complex 
model, in which the grain size in the damage zone also evolves such that the grain size in the PSZ is always 
smaller, yielded identical results. Once again, this is because the damage zone contributes negligibly to the total 
shear deformation. In the present work, we, therefore, chose to use the simpler model without prescribing a 
grain  size evolution in the damage zone. Figures 4b–4d further present the evolution of the spatial distributions 
of temperature, porosity, and grain size over the entire gouge layer thickness (0 ≤ x ≤ 800 μm), in the logarithmic 
scale. Defining x = 0 as the middle of the 20 μm thick PSZ, less than half of it (x = 1–10 μm) is presented and 
the adjacent layer includes a “damage” zone (x = 10–100 μm and the weakly deformed zone (x = 100–800 μm). 
The predicted temperature in the PSZ increases rapidly to ∼600°C in a short displacement (u ≤ 3 cm) after which 
temperature increases more slowly with the occurrence of dynamic weakening, reaching a maximum tempera-
ture of ∼900°C just before deceleration (Figure 4b). The porosities in the PSZ remain at a high level at short 
displacement (>17% at u ≤ 3 cm) and then collapse rapidly to a low value (∼2.4%), slightly above the prescribed 
minimum (φ0 = 2%, Figure 4c). The fast changes in T and φ in the PSZ are associated with transient strengthening 
and dynamic weakening (cf. Figure 4a).

As temperature increases with displacement, the damage zone (x = 10–100 μm) also shows a reduction in poros-
ity and a growth in grain size, especially in the vicinity of the PSZ where the temperature reaches high levels 
(>800°C, Figures 4c and 4d). As given by Equations 8 and 10, respectively, the rates of compaction and grain 
growth depend not only on temperature but also on the (concurrent) grain size. Recall that the initial grain sizes 
were set to increase log-linearly with distance to the PSZ in the damage zone. This gradient, together with 
T-dependent compaction and grain-growth rates, results in a special layer adjacent to the PSZ, characterized by 
close grain packing (φ = ∼φ0) and nearly uniform grain size (10 μm ≤ x ≤ 50 μm), which is consistent with the 
“sintering-gradient zone” (SGZ) defined by Pozzi et al. (2018). By contrast, in the remainder of the gouge layer 
(x = 50–800 μm), the porosity and grain sizes do not change much over the entire numerical experiment, which 
is hereafter referred to as the “less-damaged zone” (LDZ).

Figure 5 plots the across-fault profiles of porosity and grain size at different stages of the numerical experiments 
(refer to the stars in Figure 4a). The SGZ, characterized by low porosity and nearly uniform grain size, mainly 
develops during the dynamic weakening (from Points 2 to 5). Its thickness also increases with displacement, 
reaching ∼40 μm by the end of the experiment (see the areas between the two vertical dashed lines). In the LDZ, 
the grain sizes barely change, but there is quite some compaction adjacent to the SGZ. The deformation map in 
the following section reveals that this is mainly caused by (grain size insensitive) dislocation creep as the temper-
ature rises. To extract the overall features of different zones, the SGZ is defined as a portion of the bulk layer 
where the porosity has compacted to less than 3% (recall φ0 = 2%). The result shows that the SGZ starts to form 
with the onset of dynamic weakening (u ∼ 3 cm) and grows to ∼42 μm in thickness after the numerical experi-
ment (Figure 6a). Interestingly, the (mean) porosities in the SGZ and PSZ cross over two times over the experi-
ment (Figure 6b); namely, the SGZ has lower porosity than the PSZ except during the rapid dynamic weakening 
(3 cm < u < 10 cm). Note that the initial porosities were assumed to be the same in both zones (18%). However, 
by imposing slip at the prescribed velocity, localized shearing in the PSZ will cause it to dilate and quickly reach 

 21699356, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

024530 by U
trecht U

niversity L
ibrary, W

iley O
nline L

ibrary on [18/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

CHEN ET AL.

10.1029/2022JB024530

12 of 19

a quasi-static porosity of ∼20% (close to the critical value, Figure 6b). By contrast, the non-shearing SGZ can 
only compact from 18% to lower porosity values, due to compaction creep enhanced by frictional heating. This, 
combined with much rapider compaction in the PSZ than in the SGZ due to the higher temperature (Figure 6), 
causes the first crossover. The second crossover, namely, to the slightly higher porosity in the PSZ than the SGZ 
at large displacement, is due to the operation of the dilatancy mechanism (i.e., granular flow) in the PSZ. As the 
SGZ widens, its mean grain size also increases from 40 to 200 nm, while in the PSZ, the grain size is only allowed 
to grow after deceleration, reaching 40 nm by the end of the numerical experiment (Figure 6c).

To explore the effects of the initial grain size and its distribution, we performed one simulation using 100 nm 
as the PSZ nominal grain size. In this case, grain sizes in the “damage zone” were set to increase log-linearly 
(from 100 nm to 4 μm), as the reference case, with the remainder of the bulk layer uniform at 10 μm. Using a 
larger minimum grain size, the friction peak is achieved at larger shear displacement (𝐴𝐴 𝐴𝐴  = 45 vs. 28 mm in the 

𝐴𝐴 𝐴𝐴  = 10 nm case). The peak is then followed by rapid slip weakening at similar weakening rates, finally reaching 
a slightly higher nominal steady state friction before the deceleration phase (𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛  = 0.15 vs. 0.1, Figure 7a). The 
general features in the spatiotemporal evolution of temperature, porosity, and grain size are similar to the refer-
ence case (Figures 6d–7b). Specifically, with larger grain sizes, a higher temperature (𝐴𝐴 𝐴𝐴  ) is produced across the 
simulated gouge layer, with a maximum value of 1,210°C being reached in the PSZ before the deceleration phase 
(Figure 7b). The associated dynamic weakening occurs when 𝐴𝐴 𝐴𝐴  in the PSZ reaches ∼800°C, which is higher 
than that in the 10 nm case (600°C). Using the same definition for SGZ (𝐴𝐴 𝐴𝐴  ≤ 3%), the thickness of SGZ grows 
to a maximum value of 43 μm (Figure S1 in Supporting Information S1). After the same shear displacement 
(u = 0.85 m), the final grain size in the PSZ increases from 100 nm to 1.8 μm, and that in the SGZ increases to 
∼6 μm (Figure 7c and Figure S1 in Supporting Information S1). The porosities in the PSZ and SGZ display much 
slower compaction compared to that in the 10 nm case (Figure 7c). Note that the PSZ has larger porosity than the 
adjacent SGZ, as in the 10 nm case (cf. Figure 4c). As explained earlier, this is due to the parallel operation of 
dilatant granular shear flow in the PSZ but not in the SGZ.

Figure 5. The predicted spatial distribution of (a) porosity and (b) grain size at a selection of shear displacements (see the 
stars in Figure 4a). Note that porosity and grain size continue to change after sliding stops (see the difference between Figures 
5 and 6).
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We further performed one simulation using 10 nm as the nominal grain size in the PSZ as the above reference 
case, but for the damage zone, we use a linear gradient, instead of a log-linear one, to represent the increase 
in grain size. The simulation results are given in Figures S2 and S3 in Supporting Information S1. Compared 
with the reference simulation, the results, including the evolution of friction, the porosity and grain size in the 
PSZ, are almost identical, except that a lightly narrower SGZ is produced (28 vs. 40 μm), with a slightly gentler 
compaction rate.

4.4. Predicted Spatial Distribution of Deformation Mechanisms: Evolution With Displacement

We next explored the spatial distribution of deformation mechanisms and how this varies in the simulated labora-
tory experiment. Since shear stress, porosity, temperature, and grain size are continuously evolving, the dominant 
(rate-controlling) deformation mechanism in the individual zones (i.e., PSZ, SGZ, and LDZ) may switch from 
one to another depending on their relative ease, that is, granular flow, dislocation creep, and GBS with accommo-
dation by diffusion (or “diffusion creep” for expressing convenience).

We construct the DDMs for the 10 and 100 nm PSZ grain size cases. Figure 8 presents the evolution of friction 
coefficient and the contour maps for temperature and the DDM, using 100 nm as the PSZ grain size. As expected, 
most of the shear strain is accommodated by the PSZ (>99%). In this zone, there is a transition in the DDM from 
granular flow (u ≤ 3 cm), via a short period of dislocation creep, to diffusion creep (Figure 8c). The deforma-
tion rate in the LDZ simply transitions from a negligible low level (𝐴𝐴 𝐴𝐴𝐴  ≤ 1 × 10 −9 s −1) to dislocation creep (e.g., 

𝐴𝐴 𝐴𝐴𝐴  ≤ 0.07 s −1 at x = 200 μm), however, due to the large grain size, its contribution to the total shear strain rate is still 
negligible (∼0.0005%). Complex transitions in DDM are involved in the damage zone or the SGZ in particular. 

Figure 6. The predicted evolution of (a) friction, (b) the mean porosity, and (c) grain size in the principal slip zone (PSZ) and 
surrounding sintering gradient zone (SGZ), with shear displacement. The extracted SGZ thickness is also added in (a).
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The DDM switches from granular flow at a short distance (u ≤ 3 cm), via dislocation creep (3 cm ≤ u ≤ 10 cm), 
to diffusion creep (10 cm ≤ u ≤ 60 cm, or during nominal steady state sliding), and back to dislocation creep 
as V decelerates (60 cm ≤ u ≤ 85 cm). Therefore, in the SGZ, one could expect low porosity, uniform grain 
size, and features for dislocation creep after the experiment. Related microstructural evidence, such as preferred 
grain elongation and CPO, was indeed reported in the postmortem microstructures (e.g., Demurtas, Smith, Prior, 
Spagnuolo, et al., 2019; Pozzi et al., 2019; Smith et al., 2013). Although the strain rate by dislocation creep in the 
SGZ can be as high as 0.9 s −1 (evaluated at 5 μm away from the PSZ), it is only dominant during the deceleration 
phase (Figure 8c). Due to the limited shear strain accommodated by dislocation creep (<0.4), any CPO would not 
be very strong (Demurtas, Smith, Prior, Spagnuolo, et al., 2019).

We also constructed the DDM map for the 10 nm case (Figure S4 in Supporting Information S1). In general, 
smaller grain sizes cause shorter uw, lower μnss, and lower temperatures; the deformation is more favorable for 
the diffusion-accommodated mechanisms. Except at the early stage where granular flow dominates, in the PSZ 
and SGZ, the deformation is dominated by grain boundary sliding with diffusion accommodation. In the LDZ, 
dislocation creep is the only deformation mechanism operating throughout the experiment, although the corre-
sponding strain rates are extremely low (<10 −8 s −1).

To compare with the laboratory experiments that were stopped at different stages and revealed distinct micro-
structures, we next simulated a laboratory experiment with a shorter displacement (umax = 0.27 m). Other settings 

Figure 7. The evolution of (a) friction coefficient, as well as the spatial distribution of (b) temperature, (c) porosity, and (d) 
grain size over the logarithmic gouge thickness, along with shear displacement. Same simulation as shown in Figure 4 but 
using larger minimum grain sizes in the principal slip zone (PSZ) and the damage zone (100 nm). The friction curve from the 
reference case using 10 nm PSZ grain size is added for comparison (in dashed gray line).
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follow the case using a nominal grain size of 100 nm in the PSZ. As shown in Figure S5 in Supporting Infor-
mation S1, the final grain sizes in the PSZ and SGZ are ∼300 nm and 2 μm, respectively, which are smaller 
than those after 0.85 m of slip, where the final grain sizes are 1.8 and 6 μm, respectively. With a short displace-
ment,  the SGZ just started to develop after the experiment (4 μm in thickness), while after a long slip, the SGZ 
becomes 10 times wider (∼40 μm). This growing feature in the PSZ and SGZ is consistent with the microstruc-
tures after the laboratory experiments (cf. Figure 3 of Pozzi et al., 2019). In terms of deformation mechanisms, 
with shorter displacement, granular flow contributes largely to the deformation during the deceleration stage, 
with shear strain rates up to 10 s −1 (Figure 9). This is because with a shorter displacement a more pronounced 
re-strengthening occurs (Figure 9a), which is favorable for the operation of granular flow (due to its higher stress 
sensitivity than a diffusion process), and also because the maximum temperature reached in the PSZ is lower so 
that as the temperature decreases during deceleration any diffusion process would easily lose its advantage. This 
prediction is again consistent with the observation that the PSZ sometimes loses its integrity after a laboratory 
experiment (see Figure 2 of Pozzi et al., 2018).

5. Capabilities and Limitations of the Extended CNS Model
5.1. Integration of Fault Zone Observations Using a Physics-Based Model

The microphysical model proposed in this study facilitates the integration of laboratory rheology data, fault 
structure, and geophysical observations to predict the frictional properties of a fault. Starting from the observa-
tions that similar (micro-)structures were observed in the PSZs representative of seismic slip, we extended an 
existing microphysically based friction model from low-velocities characteristic of earthquake nucleation to the 
high-V deformation regime by incorporating the DDM (superplastic flow) and grain growth recognized from 

Figure 8. Constructed dominant deformation mechanism (DDM) map for a high-velocity friction (HVF) experiment. The 
evolution of (a) friction coefficient, as well as the spatial distribution of (b) temperature and (c) DDM over the logarithmic 
gouge thickness. All the results are derived from the simulation using 100 nm principal slip zone (PSZ) grain size. In (a), the 
friction curve from the reference case using 10 nm minimum PSZ grain size is added for comparison (in dashed gray line).
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microstructural analyses (Chen et al., 2021). The model was then incorpo-
rated into the continuum framework of a spring-slider fault analog, simulat-
ing the evolution of shear stress, grain size, and porosity. The across-fault 
initial structure and thermal properties followed the laboratory or natural 
fault zones. The rheological parameters for the candidate deformation mech-
anisms and grain growth were obtained from independent (previous) labora-
tory work. The in situ normal pressures, ambient temperature, and far-field 
driven (boundary) conditions of the fault could be obtained from geological 
investigation and/or geophysical inversions. Incorporating these data, we 
have shown that the model results can nicely reproduce the transient fric-
tional behavior observed in a typical HVF experiment. Remarkably, by the 
microphysically based nature, the model also predicts the evolution of fault 
(micro)structure (from a prescribed initial microstructure) and the crossovers 
of the DDMs across the fault zone (i.e., within and outside the PSZ), which 
are generally consistent with the interpretations from laboratory experi-
ments that were stopped at different displacements (Figure 10). This is the 
first time that a friction model uses integrated observations from other fields 
than (empirical) friction parameters and predicts frictional behavior and the 
(self-choice) DDM by minimization of shear strain energy.

Technically, the model can be refined from experiments where most of the 
parameters are well known. The refined model can simulate the process on 
a natural fault plane filled with similar material. Practically, applying the 
model to nature requires a combination of the data mentioned above, includ-
ing fault (micro)structure, rheological parameters of the candidate defor-
mation mechanisms, and in situ P-T-fluid and loading conditions. Despite 
the uncertainties in some parameters, the model provides a physical basis 
that can bridge our knowledge and existing data from various aspects into a 
complete picture, with predictions for the microstructure that can be verified 
with observations from exhumed fault zones.

5.2. Limitation and Future Developments

Recently, Pozzi et al. (2021) have shown that superplastic (or viscous) flow 
might apply to a broad range of minerals other than calcite under room-dry 

conditions to accommodate the ultra-high strain rate during seismic slip (up to 10 5 s −1) and therefore account for 
the dynamic weakening observed. Nonetheless, other dynamic mechanisms could also play a role in the dynamic 
weakening. First, the rate-dependent parameter of grain boundary friction 𝐴𝐴 𝐴𝐴�̃�𝜇 depends on the contact stress and 
temperature. In the present work, we keep 𝐴𝐴 𝐴𝐴�̃�𝜇 as a constant, however, during high-V sliding, the microscopic 
temperature on the asperities could be much higher than the macroscopic temperature due to processes such as 
flash heating (Harbord et al., 2021). Meanwhile, grain contacts will deform plastically and therefore change the 
local stresses. Aharonov and Scholz (2018) have considered the effects of temperature and local stress evolu-
tion on the direct rate-dependent parameter (a-value) in the framework of RSF theory. Their results showed 
incorporating these effects, together with the occurrence of flash melting, can cause a dramatic weakening of a 
quartz gouge. These factors need to be incorporated into the microphysical model. Another mechanism would 
be carbonate decomposition (Han et al., 2007). Although this reaction has an equivalent activation temperature 
(∼600°C), due to the large mass loss in solid (∼47%) it can exert a strong effect on reducing the effective pressure 
due to the released CO2, which can even probably dominate the dynamic weakening, especially for the later stage 
of a seismic event.

It would be interesting to investigate the fault behavior at initially unstable conditions (e.g., at higher temperatures 
or lower stiffness), where carbonate fault gouges display V-weakening behavior so that fault instability and the 
runaway process can occur spontaneously. In Figure S6 in Supporting Information S1, we illustrate that a simu-
lated laboratory fault can undergo a transition from stable to unstable (stick) slips as temperature increases due 
to frictional heating as higher normal stress (50 MPa) is applied. To further examine this, numerical simulations 

Figure 9. Numerical experiment with a short slip distance (0.27 m). (a) The 
time evolution of friction, slip distance, imposed velocity, and shear strain 
rate in the principal slip zone (PSZ). (b) Contribution of different (candidate) 
deformation mechanisms to shear strain rates in the PSZ. The thick gray line 
indicates the dominant mechanisms.
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are planned in the future by implementing the present model into an earthquake cycle simulator (Lapusta & 
Rice,  2003; Noda et  al.,  2009; van den Ende et  al.,  2018). To produce cyclic fault behavior, we also need a 
rigorous governing equation for the grain size evolution (Barbot, 2019). Similar improvement is further needed 
for the evolution of (principal) slip zone thickness. Previous experiments suggested that dynamic weakening 
occurs in association with the spontaneous development of localized slip zones (Smith et al., 2015). Hypotheses 
of self-localization such as the competition between v-strengthening friction and a slip weakening mechanism 
need to be incorporated (Platt et al., 2014; Sleep et al., 2000). Finally, the present work only explored the HVF 
behavior of carbonate rocks under nominally dry conditions. One important effort would be to apply the model 
to other materials and fluid conditions (e.g., presence of pore water), accordingly incorporating other deforma-
tion mechanisms, such as pressure solution, as well as coupling pore fluid flow and pressure diffusion into the 
continuum model framework.

6. Conclusions
We have recently extended a microphysically based model (the “Chen-Niemeijer-Spiers”) that originally accounts 
for the (rate-and-state) frictional behavior at low velocities, to high velocities where the operation of GBS with 
accommodation by solid-state diffusion within the PSZ, enabled by frictional heating, dominates the dynamic 
weakening. In this study, we applied the model that covers the full velocity spectrum to simulate seismic slip in 
the laboratory carbonate faults, focusing on the spatiotemporal evolution of fault (micro-)structure and deforma-
tion mechanisms.

Assuming that the grain size evolves with temperature following an Arrhenius dependence, we applied the model 
within the framework of a continuum model that represents typical high-V friction experiments. The model 
results capture the main trends of the mechanical data seen in the experiments; meanwhile, the model predicts 
an evolving spatial evolution of grain size, porosity, and DDMs, within and outside the shear band, which is 
consistent with the trends identified in the laboratory and in natural fault zones. In particular, the model predicts 

Figure 10. Internal microstructural evolution predicted by a microphysical model for seismic slip in a carbonate fault zone. 
The results agree well with the evolution of shear strength, microstructure, and dominant deformation mechanism seen in 
seismic slip experiments (PSZ, principal slip zone; SGZ, sintering gradient zone). Different stages (Stage I–IV) are defined by 
comparison with such experiments (e.g., Pozzi et al., 2018).
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a “sintering gradient zone” extending beyond the PSZ, characterized by low porosity and nearly uniform grain 
size. As velocity and hence temperature increase, the present model also predicts a continuous transition in DDM, 
from granular flow with partial accommodation by plasticity at low velocities and temperatures, to superplastic 
flow at high velocities and temperatures. Future work will consider implementing the extended model into earth-
quake cycle simulations.

Data Availability Statement
This is a theoretical work, and the codes and numerical data produced are all freely available online (https://doi.
org/10.4121/20469435.v1).
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