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Abstract

The overwhelming amount of seismic, geodesic and in-situ observations accumulated over the last 30 years clearly indicate that,

from a mechanical point of view, faults should be considered as both damageable elastic solids in which highly localized features

emerge as a result of very short-term brittle processes and materials experiencing ductile strains distributed in large volumes

and over long time scales. The interplay of both deformation mechanisms, brittle and ductile, give rise to transient phenomena

associating slow slip and tremors, known as slow earthquakes, which dissipate a significant amount of stress in the fault system.

The physically-based numerical models developed to improve our comprehension of the mechanical and dynamical behaviour of

faults must therefore have the capacity to treat simultaneously both deformation mechanisms and to cover a wide range of time

scales in a numerically efficient manner. This capability is essential, both for simulating accurately their deformation cycles

and for improving our interpretation of the available observations.

In this paper, we present a numerically efficient visco-elasto-brittle numerical framework that can simulate transient deformations

akin to that observed in the context of subduction zones, over the wide range of time scales relevant for slow earthquakes. We

implement the model in idealized simple shear simulations and explore the sensitivity of its behavior to the value of its main

mechanical parameters.
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Véronique Dansereau 1, Nikolai Shapiro1, Michel Campillo1, Jérôme Weiss14
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Key Points:6

• We present a continuum model for the deformation of faults in which the mechan-7

ical strength vary continuously as a function of the damage.8

• The model’s numerical scheme allows covering the very short and very long time9

scale processes involved in the slow earthquake phenomenon.10

• The model reproduces different types of transient deformations, akin to slow and11

classical earthquakes in subduction zones.12
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Abstract13

The overwhelming amount of seismic, geodesic and in-situ observations accumulated over14

the last 30 years clearly indicate that, from a mechanical point of view, faults should be15

considered as both damageable elastic solids in which highly localized features emerge16

as a result of very short-term brittle processes and materials experiencing ductile strains17

distributed in large volumes and over long time scales. The interplay of both deforma-18

tion mechanisms, brittle and ductile, give rise to transient phenomena associating slow19

slip and tremors, known as slow earthquakes, which dissipate a significant amount of stress20

in the fault system. The physically-based numerical models developed to improve our21

comprehension of the mechanical and dynamical behaviour of faults must therefore have22

the capacity to treat simultaneously both deformation mechanisms and to cover a wide23

range of time scales in a numerically efficient manner. This capability is essential, both24

for simulating accurately their deformation cycles and for improving our interpretation25

of the available observations.26

In this paper, we present a numerically efficient visco-elasto-brittle numerical frame-27

work that can simulate transient deformations akin to that observed in the context of28

subduction zones, over the wide range of time scales relevant for slow earthquakes. We29

implement the model in idealized simple shear simulations and explore the sensitivity30

of its behaviour to the value of its main mechanical parameters.31

Plain Language Summary32

The outer part of the Earth, called the lithosphere, is a complex object that de-33

forms both in a solid and a fluid manner. Where tectonic plates meet, such as in fault34

zones, this duality gives rise to a variety of phenomena. The solid behaviour is associ-35

ated with earthquakes and very sudden slip movements of the fault that we feel at the36

surface. The fluid behaviour translates into a slow and steady slip at depth. In between,37

the mixed solid-fluid behaviour results in progressive accelerations and decelerations of38

the fault slip accompanied with very weak quakes, which are called slow earthquakes. These39

slow earthquakes modulate the deformation cycle of faults and most probably impact40

the occurrence of ”real”, or classical, earthquakes. It is therefore important to account41

for them in numerical models that aim to help us understand this cycle better. In this42

paper we present a model of the deformation of fault zones that we have developed with43

the particular goal of representing slow earthquakes and that allows the lithosphere to44

behave sometimes like a solid, sometimes like a fluid.45

1 Introduction46

Earth’s materials are known to exhibit a variety of deformation mechanisms de-47

pending on temperature, pressure and loading conditions as well as on the time and spa-48

tial scales at which they are observed (e.g., Burov, 2011). In the most dynamic parts of49

the Earth’s lithosphere, such as plate boundaries and fault zones, volcanic systems and50

landslides, the interplay between different mechanisms can result in a strong strain lo-51

calization and a complex temporal behaviour. The slow deformation occurring over ge-52

ological time scales can indeed be suddenly accelerated and give rise to catastrophic events53

(earthquakes, eruptions, landslides) that release huge amounts of energy in a very short54

time.55

Historically, the deformation of the lithosphere has been studied either at the short56

time scales (seconds to minutes) of these catastrophic events or at the very large time57

scales (years to millions of years) of plate tectonic motion. However, the technological58

progresses in observational systems over the last 30 years has brought about a revolu-59

tion in the comprehension of its dynamical behaviour, by allowing to explore the time60

scales in between. Global Positioning System (GPS), radar interferometry (Synthetic Aper-61
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ture Radar, InSAR) and satellite gravimetry data have indeed driven a huge leap for-62

ward in terms of measuring the deformation of the Earth surface continuously in time63

and space and at high resolution. These new geodetic observations have been accompa-64

nied by rapid deployments of dense seismic networks and by the emergence of novel meth-65

ods of analysis of continuous seismic data that allow exploring deformation mechanisms66

over a significantly wider range of time scales.67

In the case of earthquakes, the occurrence of co-seismic rupture processes that re-68

distribute Coulomb stresses over short time scales (on the order of seconds) and the as-69

sociated scaling properties have been established for a long time (Omori, 1894; Gutem-70

berg & Richter, 1949; Turcotte, 1992). However, the recent advances in the observational71

systems and data analysis methods have profoundly modified our vision of how plate tec-72

tonic motions are accommodated and how stresses are dissipated along faults. In par-73

ticular, the combination of high resolution geodetic and seismic data has resulted in im-74

proved tracking of co-, post- and inter-seismic deformation patterns (e.g., K. Wang et75

al., 2012) and in the discovery of new types of transient phenomena designated as “slow76

earthquakes”. These slow earthquakes, associated because of their triggering depth with77

the so-called brittle-ductile transition comprised between the brittle, seismic zone near78

the surface and the ductile, aseismic zone below (e.g., Dragert et al., 2004; Peng & Gomberg,79

2010; Obara & Kato, 2016, and many others), combine periodic accelerations of the fault80

slip with weak seismic radiations known as tectonic tremors (e.g., Dragert et al., 2001;81

Obara, 2002; Peng & Gomberg, 2010). Analyses based on the cross-correlations of am-82

bient seismic noise have demonstrated that the transient deformations accompanying both83

slow and major earthquakes are associated with changes in elastic properties of the ma-84

terial in the vicinity of the fault, reminiscent of damaging processes and of a non-elastic,85

or at least nonlinear elastic behaviour (e.g., Brenguier et al., 2008; Rivet et al., 2011; Q.-86

Y. Wang et al., 2019). Seismic data (e.g., Audet et al., 2009), along with other sources87

such as tomographic imagery (Shelly et al., 2006) and the observation of exhumed sub-88

duction zones (Angiboust et al., 2015), have also allowed identifying fluids as another89

major player in the transient deformation of faults. In the context of slow earthquakes90

in particular, the increased pore-pressure from fluids trapped in the fault zone and as-91

sociated pore-pressure variations and diffusion are indeed believed to partially control92

the seismic and slow slip activity via the weakening and fracturing of the host rock, the93

local reduction of the effective stress and friction along the shearing plane and the trig-94

gering and migration of tremors (e.g., Brown et al., 2005; Frank, Shapiro, et al., 2015;95

Shapiro et al., 2018; Cruz-Atienza et al., 2018; Dublanchet, 2019; Luo & Liu, 2019, 2021,96

and many others).97

1.1 Existing Modelling Approaches98

The direct modelling approaches that exist to model the deformation of the Earth’s99

lithosphere and faults in particular can be divided in several categories.100

The first includes continuum frameworks based on a fluid mechanics approach, namely101

viscous, visco-elastic, visco-plastic or elasto-visco-plastic models. Such models have been102

developed to represent the diffuse, ductile and potentially large deformations associated103

with plate tectonics motion, for instance the formation of mountain ranges and conti-104

nental rifts (e.g., Royden et al., 1997; Frederiksen & Braun, 2001; Popov & Sobolev, 2008).105

They can reproduce strain localization by including strain-weakening mechanisms, such106

as a non-linear dependence of the viscous strain rate on the stress and thermo-mechanical107

feedbacks. However, their applications are restricted to ductile deformations on geolog-108

ical time scales. In the context of faults, visco-elastic models of the Maxwell or Burg-109

ers type (see figure 1) have also been often used to represent the mechanical behaviour110

of the combined Earth’s crust and mantle system (e.g. Nur & Mavko, 1974; Pollitz et111

al., 2001; Pollitz, 2003, 2005; Hetland & Hager, 2005, 2006; K. Wang et al., 2012; Sun112

& Wang, 2015). In such frameworks, the Maxwell component represents the lithosphere,113
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which can elastically transmit stresses over short time scales, while relaxing stresses in114

an exponential manner over very long time scales. The Kelvin component is added to115

represents the more ductile asthenosphere, which hosts mantle convection and is thought116

to cause a delayed elastic response, measurable in the reversal of surface velocities af-117

ter a major earthquake (e.g., Sun & Wang, 2015). However, with constant mechanical118

parameters (elastic moduli and viscosities), these models cannot by themselves account119

for the rheological stratification of fault zones, nor for the presence of a relatively local-120

ized shearing zone that concentrates the deformation. They are therefore usually imple-121

mented in ”layered” frameworks (e.g., Hetland & Hager, 2005, 2006; K. Wang et al., 2012;122

Sun & Wang, 2015), in which the structure of the system is prescribed and divided in123

multiple pre-determined layers with different rheologies (e.g., an elastic layer of crust em-124

bedded in a visco-elastic mantle) and is thus not allowed to evolve in time. With con-125

stant mechanical parameters also, neither the Maxwell nor the Burgers model can re-126

produce the transient deformations of fault systems over a wide enough range of time127

scales (Ingleby & Wright, 2017; Periollat et al., 2022): deformations which translate for128

instance in an Omori-like decay of post-seismic surface velocity (velocity inversely pro-129

portional to the time since the earthquake), observed hours to ten of years after mod-130

erate to large continental earthquakes (Ingleby & Wright, 2017).131

A second category of models aim to represent the transition between stable and132

unstable deformation regimes within the Earth crust by assimilating brittle and frictional133

processes to the problem of friction on a material interface. This is the case for the well-134

known block-slider framework, a parametric model stemming from experimental stud-135

ies of the frictional behaviour of various materials including rocks, which combines the136

principle of linear elasticity and non-linear stick-slip friction between a sliding block and137

an underlying surface. Purely conceptual models including these basic ingredients have138

first been used to explain the statistical properties associated with major earthquakes,139

such as the Gutemberg-Richter law (e.g., Burridge & Knopoff, 1967; Carlson & Langer,140

1989). The rheology of frictional interfaces has been later formulated as a constitutive141

law known as ”rate-and-state friction” (Dieterich, 1978, 1979a, 1979b) which has been142

widely used to model fault instabilities and earthquakes (e.g., Liu & Rice, 2005; Segall143

& Bradley, 2012, and many others). This law establishes the following relation between144

the measured friction coefficient, µ, the sliding velocity, V , and the state of the slip plane,145

θ:146

µ(θ, V ) = µ∗ + a ln
V

V ∗ + b ln
V ∗θ
Dc

147

where µ∗ is a friction coefficient at a reference sliding velocity, V ∗, a and b are propor-148

tionality constants for the magnitude of instantaneous and time-dependant displacements149

respectively and Dc is a characteristic slip distance for the evolution of the system to-150

wards a new stable state. It is often coupled to an evolution equation for the state pa-151

rameter, θ, which describes aging effects (Dieterich, 1979a; Ruina, 1983). For negative152

values of (a−b), the model describes a decrease of the friction coefficient with increas-153

ing sliding velocity and hence an unstable, velocity-weakening state, assimilated to a brit-154

tle, seismic behaviour. For positive values of (a−b), it describes an increase of the fric-155

tion coefficient with the slip velocity, therefore a state of stable, velocity-hardening slip,156

assimilated to an aseismic, ductile behaviour. By including additional levels of complex-157

ity relevant to faults, which allow a change of sign of (a−b) along the interface (for in-158

stance, a dependence of a and b on the temperature), this model can also reproduce tran-159

sitions between a brittle and a ductile behaviour and transient slip events (Liu & Rice,160

2005, 2007; Segall & Bradley, 2012). Its main limitation, however, is that it is empirically-161

based. As such, its extrapolation to the temporal and spatial scales of geophysical sys-162

tems such as faults on the basis of the results obtained in the laboratory is not trivial163

and questionable (e.g., Chen et al., 2017; van den Ende et al., 2018). A second impor-164

tant limitation is that it is an interface rheology, which implies a prescribed, non-evolving165

location of the sliding plane and which does not take into account its microstructure or166

its volumetric deformation. By this fact, it presents a limit to which it can be enriched167
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to include the highly relevant physico-chemical, mineralogical and hydro-mechanical pro-168

cesses involved in the fault deformation cycle. It is also important to note that a ”fault169

plane” approach is in contradiction with seismic data and geological observations of ex-170

humed faults, which suggest that the deformation occurs within a core zone made of gouge,171

sandwiched between a metric to kilometric-scale zone of damaged rocks (Caine et al.,172

1996; Angiboust et al., 2015; Hayman & Lavier, 2014; Gao & Wang, 2017).173

Another category of models include continuum mechanics damage frameworks (e.g.,174

Ashby & Sammis, 1990; Lyakhovsky, Reches, et al., 1997; Tang, 1997; Amitrano et al.,175

1999; Bhat et al., 2012, and many others). So-called elasto-brittle schemes, which cou-176

ple a damage variable to an elastic constitutive law, has indeed been used to represent177

the fracturing processes and the associated strong localization of the deformation in faults178

(e.g. Lyakhovsky, Ben-Zion, & Agnon, 1997; Lyakhovsky et al., 2001; Ben-Zion & Lyakhovsky,179

2002, and later papers). Without accounting for the dynamic propagation of fractures180

nor the generation of seismic waves, these models represent the redistribution of elas-181

tic stresses caused by the generation and coalescence of micro-fractures and the complex182

mechanical interactions in the material that stem from its micro-structural heterogene-183

ity. They thereby present the advantage of simulating the emergence of a damaged shear-184

ing or sliding zone (without the need to prescribe its location or geometry), the stable185

to unstable transition of the system that precedes the macroscopic rupture as well as the186

scaling laws associated with the localization of the deformation and the spatio-temporal187

clustering of the seismic activity (e.g., Ben-Zion & Lyakhovsky, 2002; Turcotte et al.,188

2003; Shcherbakov et al., 2005). An intrinsic limitation of such schemes, however, is that189

they are based on an elastic constitutive law and as such, they cannot simulate any pre-190

or post-rupture permanent deformation in the material. By this fact, it cannot repro-191

duce the entire deformation cycle of faults. Hamiel et al., (Hamiel et al., 2004) and Dansereau192

et al., (Dansereau et al., 2016a) therefore elaborated from elasto-brittle frameworks by193

adding a viscous relaxation term that is coupled to the local level of damage in order to194

represent, respectively, the small irreversible deformation that accumulate towards the195

macro-rupture and the permanent and potentially large post-rupture deformation of the196

fractured material. Their visco-elasto-brittle models have been shown to successfully sim-197

ulate the scaling laws associated with brittle deformations in faults (e.g., Ben-Zion & Lyakhovsky,198

2006) and a mechanically similar system: sea ice (Dansereau et al., 2016a; Rampal et199

al., 2019; Ólason et al., 2021). However, in the context of faults, the numerically-coupled200

treatment of damage propagation and viscous relaxation in these models makes them201

too computationally expensive to cover the very long time scales associated with duc-202

tile deformations and hence reproduce multiple deformation cycles.203

Finally, other models have been developed to help understanding the dynamics of204

fluids and its role in the deformation of faults (e.g. Segall & Rice, 1995, and many oth-205

ers). In particular, recent idealized models of pressure diffusion in the host rock with rapidly206

varying permeability have been able to explain the observed rapid tremor migrations and207

their reversals (Cruz-Atienza et al., 2018; Farge et al., 2021). However, a very impor-208

tant challenge remains to day: to couple these models with the two- or three-dimensional209

deformation of the solid matrix and other near-fault processes to allow assessing their210

impact on the geodetically observed strains.211

1.2 Focus on the Slow Earthquake Phenomenon212

Developing a single numerical modeling framework suitable for all of the above men-213

tioned physical processes and that can cover the entire spectrum of associated time scales214

is a very ambitious, perhaps unachievable, goal. Therefore, in this paper, we focus on215

modelling the mechanical behaviour and deformation of fault zones, leaving aside for the216

moment the role of fluids. We also concentrate over time scales intermediate between217

those characterizing the cycle of major, or ”classical”, earthquakes (from decades to thou-218
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sands of years) and the one of dynamic rupture (faster than hundreds of seconds). Within219

this range, the deformation of faults is often controlled by slow earthquakes.220

The slowest temporal scale associated with the slow earthquake phenomenon is re-221

vealed by geodetic observations of the accompanied slow and diffuse surface deforma-222

tion, with typical event durations between weeks and months and inter-events gaps of223

the order of a few years (e.g., Dragert et al., 2001; Kostoglodov et al., 2003; Radiguet224

et al., 2012). The fastest temporal scale is related to seismic radiations, observed at fre-225

quencies above 1 Hz in the form of tectonic tremors (e.g., Obara, 2002; Payero et al., 2008)226

or low-frequency earthquakes (LFEs) (e.g., Shelly et al., 2006; Bostock et al., 2012; Frank227

et al., 2014) and which imply localized, brittle deformations and associated elastic strain228

variations in the source region on the order of fractions of a second. Therefore, even if229

ignoring the second-order effect of the long-term deformation of the system attributable230

to mantle relaxation, convection and delayed elastic deformations, as done in this pa-231

per, building a model for slow earthquakes entails dealing with localized, brittle defor-232

mations and diffuse, ductile deformations that are separated by about 8 orders of mag-233

nitudes of time scales. This huge separation requires developing a numerical scheme that234

allows simulating the relevant processes in reasonable simulation times.235

This is the aim of the current work : developing a physically sound and numeri-236

cally efficient continuum rheological framework for slow earthquakes. It is important to237

note however that doing so, we also keep in mind a future application to a wider range238

of time scales relevant to the entire seismic cycle. Another objective is that this frame-239

work be simple and versatile, so that to give valuable insights and eventually be trans-240

ferable in the context of other geophysical systems that are characterized by a similar241

dynamics, that is, a dynamics comprised of mixed brittle/ductile and transient defor-242

mations, such as landslides and volcanic edifices (e.g., Peng & Gomberg, 2010; Lacroix243

et al., 2014; Carrier et al., 2015; Got et al., 2017; Handwerger et al., 2016; Poli, 2017;244

Parisio et al., 2019; Seydoux et al., 2020, and many others). A very important feature245

of the proposed modelling approach is that it accounts for rock fracturing processes via246

a progressive damage mechanism that is coupled to the mechanical strength of the ma-247

terial, which is described not only by an elastic modulii but also an apparent viscosity.248

As such, in addition to the long-term evolving strain of the system (observed with GPS,249

tiltmeters, strainmeters) the model represents the short-term temporal evolution of the250

averaged energy of seismic radiations (observed as tremors and LFEs).251

The rheological model is presented in section 2, together with its numerical scheme.252

Its implementation in an idealized shearing experiment that is relevant in the context253

of subduction zones is described in section 3. The main characteristic numbers and times254

describing this experiment are described in section 4. Section 5 presents a demonstra-255

tion of its mechanical and numerical behaviour, with a sensitivity analysis on the value256

of its main parameters. This analysis demonstrates its capability to simulate the wide257

separation of scales between the brittle and ductile processes and transient deformations258

at the intermediate time scales.259

2 The Physical Model260

The model builds on the Burgers framework, which combines the Maxwell (an elas-261

tic and a viscous component in series) and the Kelvin-Voigt (an elastic and a viscous com-262

ponent in parallel) visco-elastic models (see figure 1). As mentioned in section 1.2, for263

the sake of the current paper we neglect the effect of the delayed elasticity of the man-264

tle, which is responsible for instance for the reversal of surface velocities following ma-265

jor earthquakes but is probably of second-order in the context of slow earthquakes. In266

the following description, the model is therefore reduced to the Maxwell component. In267

particular, we focus on testing the capability of this component to reproduce transient268

–6–



manuscript submitted to JGR: Solid Earth

<latexit sha1_base64="VvXZuUfWEFjaZGNQb7BVudAn9rE=">AAAB/XicbVDJSgNBEO2JW4xbXG5eBoPgxTAjQT0GvQheIpgFkiH0dGqSJj09Q3dNMA7BX/HiQRGv/oc3/8bOctDEBwWP96qoqufHgmt0nG8rs7S8srqWXc9tbG5t7+R392o6ShSDKotEpBo+1SC4hCpyFNCIFdDQF1D3+9djvz4ApXkk73EYgxfSruQBZxSN1M4ftBAeML0FMeDytBbxLvZG7XzBKToT2IvEnZECmaHSzn+1OhFLQpDIBNW66ToxeilVyJmAUa6VaIgp69MuNA2VNATtpZPrR/axUTp2EClTEu2J+nsipaHWw9A3nSHFnp73xuJ/XjPB4NJLuYwTBMmmi4JE2BjZ4yjsDlfAUAwNoUxxc6vNelRRhiawnAnBnX95kdTOiu55sXRXKpSvZnFkySE5IifEJRekTG5IhVQJI4/kmbySN+vJerHerY9pa8aazeyTP7A+fwAIf5Wc</latexit>

Kelvin-Voigth

<latexit sha1_base64="47/NCxSzsjK4iA4j/4XvwusCx/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQBI8JmAckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHskHM47RD+lA8j5n1FipdtctltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1m+qJ2XKjdZHHk4gmM4BQ+uoAL3UIU6MEB4hld4cx6dF+fd+Zi35pxs5hD+wPn8AZwtjNM=</latexit>

E
<latexit sha1_base64="NwTVhUwpMxoGcj0+kwjDlfTQ8uE=">AAAB63icbVBNS8NAEN3Ur1q/qh69BIvgqSTi17HoxWMFawttKJvtpF26uwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvTAQ36HnfTmlldW19o7xZ2dre2d2r7h88mjjVDFosFrHuhNSA4ApayFFAJ9FAZSigHY5vc7/9BNrwWD3gJIFA0qHiEWcUc6kHSPvVmlf3ZnCXiV+QGinQ7Fe/eoOYpRIUMkGN6fpegkFGNXImYFrppQYSysZ0CF1LFZVggmx269Q9scrAjWJtS6E7U39PZFQaM5Gh7ZQUR2bRy8X/vG6K0XWQcZWkCIrNF0WpcDF288fdAdfAUEwsoUxze6vLRlRThjaeig3BX3x5mTye1f3L+sX9ea1xU8RRJkfkmJwSn1yRBrkjTdIijIzIM3klb450Xpx352PeWnKKmUPyB87nDwwijkI=</latexit>⌘

<latexit sha1_base64="JP1hJpezPr/d9L1FWBzJ/sGSgqo=">AAACAXicbVDJSgNBEO2JW4xb1IvgpTEInsJMwOUY9OJFiGAWSELo6VSSJj0L3TWaMMSLv+LFgyJe/Qtv/o2dyRw08UHB472qrq7nhlJotO1vK7O0vLK6ll3PbWxube/kd/dqOogUhyoPZKAaLtMghQ9VFCihESpgniuh7g6vpn79HpQWgX+H4xDaHuv7oic4QyN18gcthBEm78QKupP4ho0eQMpJJ1+wi3YCukiclBRIikon/9XqBjzywEcumdZNxw6xHTOFgkuY5FqRhpDxIetD01CfeaDbcbJ5Qo+N0qW9QJnykSbq74mYeVqPPdd0egwHet6biv95zQh7F+1Y+GGE4PPZol4kKQZ0GgftCgUc5dgQxpUwf6V8wBTjaELLmRCc+ZMXSa1UdM6Kp7elQvkyjSNLDskROSEOOSdlck0qpEo4eSTP5JW8WU/Wi/VufcxaM1Y6s0/+wPr8AQVpl+g=</latexit>

Maxwell

Figure 1. Schematic representation of the Burgers model. When loaded with a constant

deformation, the Maxwell component undergoes a relaxation (exponential decay) of the stress.

When unloaded, the part of the deformation associated to the viscous element is non-recoverable.

When loaded with a constant stress, the Kelvin component leads to an exponential decay of the

deformation. When unloaded, this deformation is fully recoverable. The implementation of the

model described in this paper neglects the Kelvin component.

deformations and a deformation cycle akin slow earthquakes when E and η are not con-269

stant but allowed to evolve in both space and time, according to the local degree of frac-270

turing of the material at the sub-grid scale, the so-called level of damage. The develop-271

ment of the current visco-elastic framework therefore lies crucially on the formulation272

of a coupling between E and η and this level of damage. The starting point of this cou-273

pling follows the simple formulation suggested by (Dansereau et al., 2016a), which was274

shown to successfully reproduce the spatial localization and intermittency of the dam-275

age and deformation and associated scaling laws in another quasi-brittle material that276

undergoes permanent deformations partially dissipating stresses when fractured; sea ice.277

Another particularity of our approach is that, contrary to existing visco-elastic lay-278

ered models (e.g., K. Wang et al., 2012; Sun & Wang, 2015), here a unique rheology is279

applied to the entire system (see figure 2). Its component are differentiated solely on the280

basis of the bulk elastic modulus and on the local level of damage.281

2.1 Constitutive Equation282

The Maxwell model is applied here in the context of an elastic, compressible solid.283

Its constitutive law reads284

Dσ

Dt
+

1

λ
σ = EK : ε̇, (1)285

where K is the elastic stiffness tensor, defined in terms of Poisson’s ratio, 0 ≤ ν < 0.5,286

and from which the elastic modulus, E, is factored out. For any three-dimensional sym-287

metric tensor ϵ = ϵij ∈ i, j; 1 ≤ i, j ≤ 3, (K : ϵ)ij = ν
(1+ν)(1−2ν) tr(ϵ)δij + 2 1

2(1+ν)ϵij .288

The strain rate tensor, ε̇ is taken equivalent to the rate of strain tensor and is given by289

D(u) = ∇u+∇uT

2 where u is the velocity. The ratio of the material’s apparent viscos-290

ity and elastic modulus, λ = η/E, hereinafter referred to as the relaxation time, sets291

the mesoscopic rate of dissipation of the stresses through permanent deformations.292

Following Kachanov (1958) and previous isotropic damage models (e.g., Tang, 1997;293

Lyakhovsky, Ben-Zion, & Agnon, 1997; Amitrano et al., 1999) the density of cracks at294

the sub-grid scale is described by a mesoscopic scalar damage variable, d, the value of295

which evolves between 0 for an undamaged and 1 for a totally damaged material (see296
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U

Figure 2. Schematic representation of the model and simulations, which represent a vertical

(x, z) cross-section of two layers of host rock sheared by applying a constant velocity at the bot-

tom of the lower layer, in the x-direction. A unique visco-elasto-brittle constitutive law is applied

to the entire system. The two layers are differentiated only on the basis of the undamaged value

of their elastic modulus. The expected mechanical behaviour is one in which the bulk of both

layers is quasi-elastic, since damage there is expected to be almost zero and the effective viscosity

is high, and visco-elastic at the interface of the two layers, where the deformation and damage

are localized and potentially high and the elastic modulus and apparent viscosity much reduced.

figure 2). In the case of the elastic modulus, the coupling to d is based on the principle297

of effective stress (Kachanov, 1958) and reads298

E = E0(1− d), (2)299

where E0 is the undamaged elastic modulus of the material. In the case of the effective300

viscosity, η, the coupling reads:301

η = η0(1− d)α, (3)302

where η0 is the bulk viscosity of the material, i.e., its viscosity in its undamaged state,303

and α is an exponent > 1 such that the relaxation time, λ, setting the rate of dissipa-304

tion of the stresses, decreases with the degree of fracturing of the material. This ad-hoc305

but simple coupling allows, on the one hand, the dissipation of the stress through per-306

manent deformations where the material is damaged and, on the other hand, the con-307

servation of the stress associated to elastic deformations where the material is relatively308

undamaged (Dansereau et al., 2016a; Weiss & Dansereau, 2017).309

2.2 Progressive Damage Mechanism310

The level of damage in the model evolves due to both fracturing and healing pro-311

cesses. The first of these processes translates into an increase in d and its occurrence is312

determined at any given model iteration by comparing the local state of stress to a crit-313

ical stress value, set by a chosen damage criterion. The present implementation uses the314

Mohr–Coulomb criterion315

σ1 = qσ2 + σc, (4)316

where σ1 and σ2 are the principal stresses, q =
[
(µ2 + 1)1/2 + µ

]2
, µ is the internal fric-317

tion coefficient and σc = 2C

[(µ2+1)1/2−µ]
, where C is a non-zero cohesion (resistance of318

the material to pure shear). No truncation is applied here to this criterion in the case319
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of σ1, σ2 < 0 : hence it includes tensile stresses. In a manner similar to other damage320

modelling frameworks, some noise is introduced in this criterion, by drawing the value321

of C over each element of the discretized domain from a uniform distribution, to repre-322

sent the heterogeneity of natural materials and insure progressive failure even under per-323

fectly homogeneous forcing conditions.324

As in the elasto-brittle model of (Amitrano et al., 1999), d evolves due to damag-325

ing following326

1− d′ = δd (1− d) , (5)327

where d′ is the post-damaging value of damage, d, the pre-damaging value and δd, a con-328

stant multiplication factor such that δd = 0 when and where the state of stress is sub-329

critical and 0 < δd ≤ 1 when and where it is over-critical with respect to the damage330

criterion. According to equations (2) and (3), each damage event implies that the local331

elastic modulus and apparent viscosity decrease respectively as332

E′ = δdE (6)333

η′ = δdαη (7)334

where the superscript ′ is hereinafter used to denote the post-damage strength, stress335

and deformation. This local decrease in mechanical strength leads to an elastic redis-336

tribution of the stresses from the over- to the sub-critical areas of the material, which337

allows for the triggering of avalanches of damaging events, representing the propagation338

of cracks at the mesoscale, as long as the elastic modulus (or relaxation time) or the ma-339

terial remains significant. It is important to note that, as other damage frameworks, the340

current model is not dynamic and as such, is not meant to capture the propagation of341

the rupture that generates seismic waves. Instead, it aims at representing the effect of342

such rupture processes on the deformation of the material.343

In developing the model, we take advantage of the very large separation of scales344

between the brittle and ductile deformations in faults to make the assumption that the345

first type of deformation is quasi-instantaneous relative to the second type. As such, we346

treat the evolution of the level of damage as independent of time. The same approxima-347

tion is implicitly made in the time-independent (linear) elasto-brittle brittle model of (e.g.,348

Amitrano et al., 1999). Here, we therefore follow a similar approach and formulate a steady-349

state, iterative scheme for the stress redistribution associated with micro-fracturing and350

fracture coalescence at the sub-grid scale. This formulation relies on two hypotheses:351

1. the immediate effect of damage is to redistribute the local stresses, not strains.352

In the following, this immediate post-damage state is referred to using the ”*” su-353

perscript,354

2. as the propagation of damage is quasi-instantaneous compared to viscous relax-355

ation processes in the material considered, the viscous stress dissipation term in356

equation (1) can be neglected when solving for the damage propagation. The con-357

stitutive equation therefore reduces to that of a linear-elastic material:358

σ = EK : ε,359

where ε is the deformation (as opposed to the deformation rate) tensor.360

The following constitutive equations thereby define respectively the pre- and immedi-361

ate post-damage states:362

σ = EK : ε,363

σ∗ = E∗K : ε∗,364

Using the first hypothesis laid above, the following equality relating the pre-damage and365

the immediate post-damage elastic modulus (respectively E and E∗) and stresses (σ and366
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σ∗) can be written367

σ∗

E∗ =
σ

E
.368

Using equation (6), the immediate post-damage stress adjustment is therefore given by369

σ∗ = σδd.370

Considering further that this local stress adjustment induced by the damage event will371

lead, in a second time, to an adjustment in the neighbouring deformation and so, stress,372

the new state of equilibrium between the post-damage stress, σ′, and the post-damage373

deformation, ε′, is given by374

σ′ − σδd = E0(1− d′)K : ε′. (8)375

2.3 Healing Mechanism376

Healing is another essential ingredient for the reproduction of the deformation of377

fault zones (e.g., Bos & Spiers, 2002; Renard et al., 2000, and many others). In the case378

of damaged rocks and rock gouges, it can include various processes, like sintering (e.g.,379

Hirono et al., 2020), cementing and sealing from dissolution-precipitation processes (e.g.,380

Sibson, 1992; R. T. Williams, Mozley, et al., 2019), motion/diffusion of asperities and381

dislocations (e.g., Dieterich, 1979a, 1979b, and many others) and compaction (e.g., Hun-382

feld et al., 2020). In the current model, the respective effects of all of these processes are383

not differentiated but rather encapsulated into a single healing law that prescribes a de-384

crease in the level of damage at a constant rate such that:385

Dd

Dt
= − 1

th
d, 0 ≤ d < 1, (9)386

where th the healing time. Through their respective coupling to d, both the elastic mod-387

ulus and apparent viscosity are therefore allowed to re-increase towards their bulk value388

after damage events : a behaviour that is consistent with observations of the evolution389

of seismic velocities (Li & Vidale, 2001; Brenguier et al., 2008). This very simple law,390

used here for the purpose of demonstrating the general impact of healing on the mod-391

elled mechanical behaviour, could be refined in more realistic implementations of the model392

(see section 11).393

2.4 The Coupled Visco-Elasto-Brittle Model394

The proposed model couples the time-independent treatment of the damage prop-395

agation with the time-dependant, visco-elastic Maxwell constitutive equation and the396

time-dependant evolution equation for healing. To do so, the complete system of equa-397

tions is solved in three steps or subproblems (P):398

(P1) The full constitutive equation (1) is first solved together with the full momentum399

equation, boundary and forcing conditions (see section 3) and using the field of400

damage at the previous time step for a first estimate of the field of velocity and401

stress at the current time step. The field of stress is then compared to the local402

damage criterion.403

(P2) If and only if the stress locally exceeds the damage criterion, the forcing is paused404

and the macroscopic deformation of the simulated material is held constant. The405

model enters a steady-state subiteration in which (i) the level of damage, d, is ad-406

justed to its post-damage value, d′, (ii) equation (8) is solved for the adjusted state407

of stress, σ′. These two steps are carried iteratively until all states of stresses be-408

come sub-critical, at which point the stress state at the current time is set to the409

adjusted stress at the final subiteration.410
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(P3) The healing equation (9) is solved for the field of damage at the current time step,411

using the post-damaging level of damage, d′.412

This scheme is illustrated schematically in figure 3 and presented in full details in Ap-413

pendix B.414

Linear elastic stress redistribution + zero forcing
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MEB + forcing

<latexit sha1_base64="a/+r11pxJ5Ih3jyxRlYiDEeR0Tc="></latexit>

@�

@t
+

1

De0(1 � d)↵�1
� = (1 � d)K : "̇

<latexit sha1_base64="a1sqSR1w9h/98RvwuTj71mL8EDw=">AAACHnicbVDLSgNBEJz1GeMr6tHLYFbwIGE3+DoGvQheFEwiJCH0zs4mg7Ozy0yvEpZ8iRd/xYsHRQRP+jdOYg6+CgZqqrrp7gpSKQx63oczNT0zOzdfWCguLi2vrJbW1hsmyTTjdZbIRF8FYLgUitdRoORXqeYQB5I3g+uTkd+84dqIRF3iIOWdGHpKRIIBWqlb2j9Tya1QPeqG7i6NhAqp2zaiF4NLYfyJAftBlGdDl5qM9Sn2AbulslfxxqB/iT8hZTLBebf01g4TlsVcIZNgTMv3UuzkoFEwyYfFdmZ4CuwaerxlqYKYm04+Pm9It60S0ijR9imkY/V7Rw6xMYM4sJWjZc1vbyT+57UyjI46uVBphlyxr0FRJikmdJQVDYXmDOXAEmBa2F0p64MGhjbRog3B/33yX9KoVvyDyt5FtVw7nsRRIJtki+wQnxySGjkl56ROGLkjD+SJPDv3zqPz4rx+lU45k54N8gPO+ydPIKDJ</latexit>

Knowing d, find � and u such that

<latexit sha1_base64="ckGhhwP1lDosTPl9cgiNqZ1ast8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4Kok4msjFN24rGAf0IRyM5m0QyeTMDMRSujGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r0nSDlT2nG+rdLS8srqWnm9srG5tb1j7+61VJJJQpsk4YnsBKAoZ4I2NdOcdlJJIQ44bQfD24nffqRSsUQ86FFK/Rj6gkWMgDZSzz7wBAQcsEfCRGNPsX4M+Bo7Pbvq1Jwp8CJxC1JFBRo9+8sLE5LFVGjCQamu66Taz0FqRjgdV7xM0RTIEPq0a6iAmCo/nz4wxsdGCXGUSFNC46n6eyKHWKlRHJjOGPRAzXsT8T+vm+noys+ZSDNNBZktijKOdYInaeCQSUo0HxkCRDJzKyYDkEC0yaxiQnDnX14krdOae1E7vz+r1m+KOMroEB2hE+SiS1RHd6iBmoigMXpGr+jNerJerHfrY9ZasoqZffQH1ucP7FSVVQ==</latexit>r · � = 0

Healing

<latexit sha1_base64="D3OjbmAnym3fHNQqpH+i5ll+z2c=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2BbEIQyU0RdSVEQ3VWwF2iHIZNm2tAkMyYZoZQ+gRtfxY0LRdy6dufbmLYjaOsPgS//OYfk/EHMqNKO82VlFhaXlleyq7m19Y3NLXt7p66iRGJSwxGLZDNAijAqSE1TzUgzlgTxgJFG0L8Y1xv3RCoaiVs9iInHUVfQkGKkjeXbxetLWGgr2uXId+EZvIPppQwPfxAXfDvvlJyJ4Dy4KeRBqqpvf7Y7EU44ERozpFTLdWLtDZHUFDMyyrUTRWKE+6hLWgYF4kR5w8k6I1g0TgeGkTRHaDhxf08MEVdqwAPTyZHuqdna2Pyv1kp0eOoNqYgTTQSePhQmDOoIjrOBHSoJ1mxgAGFJzV8h7iGJsDYJ5kwI7uzK81Avl9zj0tFNOV85T+PIgj2wDw6AC05ABVyBKqgBDB7AE3gBr9aj9Wy9We/T1oyVzuyCP7I+vgFF9pm/</latexit>

IF �1 > q�2 + �c

<latexit sha1_base64="CufCQgvCHEtWV7kqV/6Rp/IZ+80=">AAAB/3icbVDLSsNAFJ3UV62vquDGzWArugpJEXVZFMRlBfuANpTJZNIMnUzCzI1Qahf+ihsXirj1N9z5N04fC209cOFwzr3ce4+fCq7Bcb6t3NLyyupafr2wsbm1vVPc3WvoJFOU1WkiEtXyiWaCS1YHDoK1UsVI7AvW9PvXY7/5wJTmibyHQcq8mPQkDzklYKRu8cC18Q2XAS4HJ2WsMxphiAh0iyXHdibAi8SdkRKaodYtfnWChGYxk0AF0brtOil4Q6KAU8FGhU6mWUpon/RY21BJYqa94eT+ET42SoDDRJmSgCfq74khibUexL7pjAlEet4bi/957QzCS2/IZZoBk3S6KMwEhgSPw8ABV4yCGBhCqOLmVkwjoggFE1nBhODOv7xIGhXbPbfP7iql6tUsjjw6REfoFLnoAlXRLaqhOqLoET2jV/RmPVkv1rv1MW3NWbOZffQH1ucP7nWUJQ==</latexit>

1. Find d0 such that
<latexit sha1_base64="XTnUo75fx6XHMwCxQg2mpCAxTiA=">AAACDnicbVDJSgNBEO1xjXEb9eilMRH1YJgJol6EoBePEcwCmRB6emqSJj0L3TVCCPkCL/6KFw+KePXszb+xsxzcHhQ83quiqp6fSqHRcT6tufmFxaXl3Ep+dW19Y9Pe2q7rJFMcajyRiWr6TIMUMdRQoIRmqoBFvoSG378a+407UFok8S0OUmhHrBuLUHCGRurY+0X3ODigF9QLQCKjAfUkhHhIjUw9Jbo9PCrmO3bBKTkT0L/EnZECmaHasT+8IOFZBDFyybRuuU6K7SFTKLiEUd7LNKSM91kXWobGLALdHk7eGdF9owQ0TJSpGOlE/T4xZJHWg8g3nRHDnv7tjcX/vFaG4Xl7KOI0Q4j5dFGYSYoJHWdDA6GAoxwYwrgS5lbKe0wxjibBcQju75f/knq55J6WTm7KhcrlLI4c2SV75JC45IxUyDWpkhrh5J48kmfyYj1YT9ar9TZtnbNmMzvkB6z3L6iJmLo=</latexit>

1 � d0 = �d (1 � d)

<latexit sha1_base64="R3+39WCdvcwD+qo5VLCQu6aCDhs="></latexit>

2. Knowing d0, find � and u such that

<latexit sha1_base64="yYUDCUOqR67VCkufZLLuvIHyCko="></latexit>

�0 � �d� = E0(1 � d0)K : "0.

<latexit sha1_base64="/tv06vNWwVXSYh0mQ0MCpihtbDA=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GWxFVyUpoi6LgrisYB/QhjKZTJqhk0mYuRFqKP6KGxeKuPU/3Pk3Th8LbT1w4XDOvdx7j5cIrsG2v63c0vLK6lp+vbCxubW9U9zda+o4VZQ1aCxi1faIZoJL1gAOgrUTxUjkCdbyBtdjv/XAlOaxvIdhwtyI9CUPOCVgpF7x4IZLH5f9kzLWKQ0xhARwr1iyK/YEeJE4M1JCM9R7xa+uH9M0YhKoIFp3HDsBNyMKOBVsVOimmiWEDkifdQyVJGLazSbXj/CxUXwcxMqUBDxRf09kJNJ6GHmmMyIQ6nlvLP7ndVIILt2MyyQFJul0UZAKDDEeR4F9rhgFMTSEUMXNrZiGRBEKJrCCCcGZf3mRNKsV57xydlct1a5mceTRITpCp8hBF6iGblEdNRBFj+gZvaI368l6sd6tj2lrzprN7KM/sD5/ABBAk7I=</latexit>

Find d0 such that
<latexit sha1_base64="K0xsrmE3sWrKL9GNEIGgbkuP+Z0="></latexit>

@d0

@t
= � 1

Th
d0, 0  d0 < 1

<latexit sha1_base64="epNaHtLsOfGs67rGbz6uH8oG2cA=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUqS6LbtxZsS9oB8mkmTY0yQxJRihDf8GNC0Xc+kPu/Bsz7Sy09UDgcM655N4TxJxp47rfTmFtfWNzq7hd2tnd2z8oHx51dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g0mN5nffaJKs0i2zDSmvsAjyUJGsMmkh9Zd87FccavuHGiVeDmpQA6b/xoMI5IIKg3hWOu+58bGT7EyjHA6Kw0STWNMJnhE+5ZKLKj20/muM3RmlSEKI2WfNGiu/p5IsdB6KgKbFNiM9bKXif95/cSEV37KZJwYKsniozDhyEQoOxwNmaLE8KklmChmd0VkjBUmxtZTsiV4yyevkk6t6tWrF/e1SuM6r6MIJ3AK5+DBJTTgFprQBgJjeIZXeHOE8+K8Ox+LaMHJZ47hD5zPH5F/je8=</latexit>

STOP

<latexit sha1_base64="J11OaXq6jIWbx473QT0//J3cRwg=">AAACE3icbZDLSsNAFIYn9VbrLerSzWArFYWSFFGXRUF0V8FeoAlhMp22Q2eSdGYilNB3cOOruHGhiFs37nwbp20Ebf1h4OM/53Dm/H7EqFSW9WVkFhaXlleyq7m19Y3NLXN7py7DWGBSwyELRdNHkjAakJqiipFmJAjiPiMNv385rjfuiZA0DO7UMCIuR92AdihGSlueeXRzBQuOpF2OPLsIHUYGcABTo1yExz+MC56Zt0rWRHAe7BTyIFXVMz+ddohjTgKFGZKyZVuRchMkFMWMjHJOLEmEcB91SUtjgDiRbjK5aQQPtNOGnVDoFyg4cX9PJIhLOeS+7uRI9eRsbWz+V2vFqnPuJjSIYkUCPF3UiRlUIRwHBNtUEKzYUAPCguq/QtxDAmGlY8zpEOzZk+ehXi7Zp6WT23K+cpHGkQV7YB8cAhucgQq4BlVQAxg8gCfwAl6NR+PZeDPep60ZI53ZBX9kfHwDzXObnw==</latexit>

IF �0
1  q�0

2 + �c

<latexit sha1_base64="V8z8pPhXy14OY/rSIV939fHqy0U=">AAAB/3icbVA9SwNBEN3zM8avqGBjs5iIFhLugqiNEJSAhUVE8wHJEfb2JsmSvb1jd08IMYV/xcZCEVv/hp3/xk1yhSY+GHi8N8PMPC/iTGnb/rbm5hcWl5ZTK+nVtfWNzczWdlWFsaRQoSEPZd0jCjgTUNFMc6hHEkjgcah5vauRX3sAqVgo7nU/AjcgHcHajBJtpFZmt3RzVzrGCjTO+Yf4Avs5TITfymTtvD0GniVOQrIoQbmV+Wr6IY0DEJpyolTDsSPtDojUjHIYppuxgojQHulAw1BBAlDuYHz/EB8YxcftUJoSGo/V3xMDEijVDzzTGRDdVdPeSPzPa8S6fe4OmIhiDYJOFrVjjnWIR2Fgn0mgmvcNIVQycyumXSIJ1SaytAnBmX55llQLeec0f3JbyBYvkzhSaA/toyPkoDNURNeojCqIokf0jF7Rm/VkvVjv1sekdc5KZnbQH1ifP+Vik3Y=</latexit>

ELSE, set d0 = d and

ti
m
e

<latexit sha1_base64="OvsPpfYmh+mbbyNjUJNUs5+wOE8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXZVEfG2EohuXFewDmlBuJtN26GQSZiZCCXXjr7hxoYhb/8Kdf+O0zUJbD1w4nHMv994TJJwp7TjfVmFhcWl5pbhaWlvf2Nyyt3caKk4loXUS81i2AlCUM0HrmmlOW4mkEAWcNoPBzdhvPlCpWCzu9TChfgQ9wbqMgDZSx97zBAQcsEfCWGNPsV4ER/gKOx277FScCfA8cXNSRjlqHfvLC2OSRlRowkGptusk2s9AakY4HZW8VNEEyAB6tG2ogIgqP5t8MMKHRglxN5amhMYT9fdEBpFSwygwnRHovpr1xuJ/XjvV3Us/YyJJNRVkuqibcqxjPI4Dh0xSovnQECCSmVsx6YMEok1oJROCO/vyPGmcVNzzytndabl6ncdRRPvoAB0jF12gKrpFNVRHBD2iZ/SK3qwn68V6tz6mrQUrn9lFf2B9/gBUV5WG</latexit>

r · �0 = 0

Figure 3. Schematic representation of the numerical scheme, composed of the three sub-

problems, and its resolution over one model time step. For simplicity, the superscript ’˜’ for

adimensional variables is dropped. The full numerical scheme and time discretization is described

in Appendix B.

3 Implementation415

The model is implemented here in a 2-dimensional shearing experiment (see fig-416

ure 4), meant as a very idealized representation of a vertical cut (x, z) through a sub-417

duction zone. Two layers of host rock are sheared by applying a constant x− velocity418
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x
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<latexit sha1_base64="39R51CC+p2rEolMM0Q4J6xXbot8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtIu3WzC7kYsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791iMqzWP5YMYJ+hEdSB5yRo2VWmnviVwTt1euuFV3BrJMvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfjY7d0JOrNInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2d9LlCZsTYEsoUt7cSNqSKMmMTKtkQvMWXl0nzrOpdVM/vzyu1mzyOIhzBMZyCB5dQgzuoQwMYjOAZXuHNSZwX5935mLcWnHzmEP7A+fwBFdCOwg==</latexit>

ux = 0

<latexit sha1_base64="MW8hrJAgFL8OnIEy2q7X4HirfQc=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBRPb8/r9Su8ziK6Agdo1MUoEtUQ7eojhqIokf0jF7Rm6e8F+/d+5i3Frx85hD9gff5A2IfjwQ=</latexit>

⌦

<latexit sha1_base64="ezLg+XVI2SwGorLZKRfzXiKwdFM=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE1GPRgx4r2A9oQthsN+3S3STsTsQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzBbb9bVRWVtfWN6qbta3tnd09c/+gq+JUEtohMY9lP8CKchbRDjDgtJ9IikXAaS+YXE/93gOVisXRPWQJ9QQeRSxkBIOWfLPu3mAhsJ+7QB8hhzgpCt9s2E17BmuZOCVpoBJt3/xyhzFJBY2AcKzUwLET8HIsgRFOi5qbKppgMsEjOtA0woIqL58dX1jHWhlaYSx1RWDN1N8TORZKZSLQnQLDWC16U/E/b5BCeOnlLEpSoBGZLwpTbkFsTZOwhkxSAjzTBBPJ9K0WGWOJCei8ajoEZ/HlZdI9bTrnzbO7s0brqoyjig7RETpBDrpALXSL2qiDCMrQM3pFb8aT8WK8Gx/z1opRztTRHxifP6ySlXQ=</latexit>

�top

<latexit sha1_base64="ocpm9LgPlarnUM3bfJPYxFwtPao=">AAAB/3icbVDJSgNBEO2JW4xbVPDiZTAInsKMBPUY9KDHCGaBJAw9nZ6kSS9Dd40Yxjn4K148KOLV3/Dm39hZDpr4oODxXhVV9cKYMwOe9+3klpZXVtfy64WNza3tneLuXsOoRBNaJ4or3QqxoZxJWgcGnLZiTbEIOW2Gw6ux37yn2jAl72AU067AfckiRjBYKSgedK6xEDhIO0AfIA0VgBJZFhRLXtmbwF0k/oyU0Ay1oPjV6SmSCCqBcGxM2/di6KZYAyOcZoVOYmiMyRD3adtSiQU13XRyf+YeW6XnRkrbkuBO1N8TKRbGjERoOwWGgZn3xuJ/XjuB6KKbMhknQCWZLooS7oJyx2G4PaYpAT6yBBPN7K0uGWCNCdjICjYEf/7lRdI4Lftn5cptpVS9nMWRR4foCJ0gH52jKrpBNVRHBD2iZ/SK3pwn58V5dz6mrTlnNrOP/sD5/AEc55bU</latexit>

�bottom

<latexit sha1_base64="r1fCz8Uu+3bjWJsZNmYwiC5EjnE=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCp5JIUY9FD3qsYD+gCWGz3bZLd5OwOxFLCPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvDARXIPjfFtLyyura+uljfLm1vbOrr2339Jxqihr0ljEqhMSzQSPWBM4CNZJFCMyFKwdjq4nfvuBKc3j6B7GCfMlGUS8zykBIwX2oXdDpCRB5gF7hEzxwRDyPLArTtWZAi8StyAVVKAR2F9eL6apZBFQQbTuuk4CfkYUcCpYXvZSzRJCR2TAuoZGRDLtZ9Pzc3xilB7ux8pUBHiq/p7IiNR6LEPTKQkM9bw3Ef/zuin0L/2MR0kKLKKzRf1UYIjxJAvc44pREGNDCFXc3IrpkChCwSRWNiG48y8vktZZ1T2v1u5qlfpVEUcJHaFjdIpcdIHq6BY1UBNRlKFn9IrerCfrxXq3PmatS1Yxc4D+wPr8ATqOllM=</latexit>

�right
<latexit sha1_base64="o+FBtySoxL+W2hlY8MpTt3fmrkQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8DAbBU5iRoB6DHvQYwSyQCaGnU5M06Z4ZumvEOAR/xYsHRbz6H978GzvLQRMfFDzeq6KqXpAIrtF1v63c0vLK6lp+vbCxubW9Y+/u1XWcKgY1FotYNQOqQfAIashRQDNRQGUgoBEMrsZ+4x6U5nF0h8ME2pL2Ih5yRtFIHfvAv6ZS0k7mIzxgJiDE0ahjF92SO4GzSLwZKZIZqh37y+/GLJUQIRNU65bnJtjOqELOBIwKfqohoWxAe9AyNKISdDubXD9yjo3SdcJYmYrQmai/JzIqtR7KwHRKin09743F/7xWiuFFO+NRkiJEbLooTIWDsTOOwulyBQzF0BDKFDe3OqxPFWVoAiuYELz5lxdJ/bTknZXKt+Vi5XIWR54ckiNyQjxyTirkhlRJjTDySJ7JK3mznqwX6936mLbmrNnMPvkD6/MHXqqV1g==</latexit>

�left

<latexit sha1_base64="7kovhfrFY4lUXfahldh9n4ScCHk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS1I1QdOOygn1AE8pkMmmHziPMTMQS+ituXCji1h9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MNqR8tMYdLGkknVi5AmjArSNtQw0ksVQTxipBuNb2d+95EoTaV4MJOUhBwNBU0oRsZKA7caaDrkCAY4lgYKeA29gVvz6t4ccJX4BamBAq2B+xXEEmecCIMZ0rrve6kJc6QMxYxMK0GmSYrwGA1J31KBONFhPr99Ck+tEsNEKlvCwLn6eyJHXOsJj2wnR2akl72Z+J/Xz0xyFeZUpJkhAi8WJRmDRsJZEDCmimDDJpYgrKi9FeIRUggbG1fFhuAvv7xKOud1/6LeuG/UmjdFHGVwDE7AGfDBJWiCO9ACbYDBE3gGr+DNmTovzrvzsWgtOcXMEfgD5/MHJEmTNg==</latexit>

� · n = 0
<latexit sha1_base64="7kovhfrFY4lUXfahldh9n4ScCHk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS1I1QdOOygn1AE8pkMmmHziPMTMQS+ituXCji1h9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MNqR8tMYdLGkknVi5AmjArSNtQw0ksVQTxipBuNb2d+95EoTaV4MJOUhBwNBU0oRsZKA7caaDrkCAY4lgYKeA29gVvz6t4ccJX4BamBAq2B+xXEEmecCIMZ0rrve6kJc6QMxYxMK0GmSYrwGA1J31KBONFhPr99Ck+tEsNEKlvCwLn6eyJHXOsJj2wnR2akl72Z+J/Xz0xyFeZUpJkhAi8WJRmDRsJZEDCmimDDJpYgrKi9FeIRUggbG1fFhuAvv7xKOud1/6LeuG/UmjdFHGVwDE7AGfDBJWiCO9ACbYDBE3gGr+DNmTovzrvzsWgtOcXMEfgD5/MHJEmTNg==</latexit>

� · n = 0

<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L

<latexit sha1_base64="SlZV5GjEweOHcgg46BPKDOoXkkQ=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8EgWEjYlaA2QtDGMoKbBJJlmZ1MkiGzF+YSjEvexMZCEVvfxM63cZJsoYk/DHz85xzOmT9MOZPKcb6twsrq2vpGcbO0tb2zu2fvHzRkogWhHkl4IlohlpSzmHqKKU5bqaA4CjlthsPbab05okKyJH5Q45T6Ee7HrMcIVsYKbFsHj+gaeWdIB08GnMAuOxVnJrQMbg5lyFUP7K9ONyE6orEiHEvZdp1U+RkWihFOJ6WOljTFZIj7tG0wxhGVfja7fIJOjNNFvUSYFys0c39PZDiSchyFpjPCaiAXa1Pzv1pbq96Vn7E41YrGZL6opzlSCZrGgLpMUKL42AAmgplbERlggYkyYZVMCO7il5ehcV5xLyrV+2q5dpPHUYQjOIZTcOESanAHdfCAwAie4RXerMx6sd6tj3lrwcpnDuGPrM8foyCRuQ==</latexit>

ux = U, uz = 0

<latexit sha1_base64="7kovhfrFY4lUXfahldh9n4ScCHk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS1I1QdOOygn1AE8pkMmmHziPMTMQS+ituXCji1h9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MNqR8tMYdLGkknVi5AmjArSNtQw0ksVQTxipBuNb2d+95EoTaV4MJOUhBwNBU0oRsZKA7caaDrkCAY4lgYKeA29gVvz6t4ccJX4BamBAq2B+xXEEmecCIMZ0rrve6kJc6QMxYxMK0GmSYrwGA1J31KBONFhPr99Ck+tEsNEKlvCwLn6eyJHXOsJj2wnR2akl72Z+J/Xz0xyFeZUpJkhAi8WJRmDRsJZEDCmimDDJpYgrKi9FeIRUggbG1fFhuAvv7xKOud1/6LeuG/UmjdFHGVwDE7AGfDBJWiCO9ACbYDBE3gGr+DNmTovzrvzsWgtOcXMEfgD5/MHJEmTNg==</latexit>

� · n = 0

<latexit sha1_base64="2RRwxLXlY8TROIoM98j2WcOjpro=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI97xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8Ai5mNUw==</latexit>

(a)

<latexit sha1_base64="B3+WVi1swtgn5GJML0/vVjOvic8=">AAACGHicbVDJSgNBEO2JW4zbqEcvjUHwFGckqAcPQRE8RjALJCH0dCpJk56F7ho1DPkML/6KFw+KeM3Nv7Gz4JL4oODxXhVV9bxICo2O82mlFhaXllfSq5m19Y3NLXt7p6zDWHEo8VCGquoxDVIEUEKBEqqRAuZ7Eipe73LkV+5AaREGt9iPoOGzTiDagjM0UtM+umomdYQHTOIoAkUl64MaDOg5/TZkeP9jNO2sk3PGoPPEnZIsmaLYtIf1VshjHwLkkmldc50IGwlTKLiEQaYea4gY77EO1AwNmA+6kYwfG9ADo7RoO1SmAqRj9fdEwnyt+75nOn2GXT3rjcT/vFqM7bNGIoIoRgj4ZFE7lhRDOkqJtoQCjrJvCONKmFsp7zLFOJosMyYEd/bleVI+zrknufxNPlu4mMaRJntknxwSl5ySArkmRVIinDySZ/JK3qwn68V6tz4mrSlrOrNL/sAafgFfAKE/</latexit>

Eupper layer < Elower layer

<latexit sha1_base64="xb41e4TjGgt0RXNCKj0RKqt9KKA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELh4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj2txvP6HSPJYPZpKgH9Gh5CFn1FipUesXS27ZXYCsEy8jJchQ7xe/eoOYpRFKwwTVuuu5ifGnVBnOBM4KvVRjQtmYDrFrqaQRan+6OHRGLqwyIGGsbElDFurviSmNtJ5Ege2MqBnpVW8u/ud1UxPe+lMuk9SgZMtFYSqIicn8azLgCpkRE0soU9zeStiIKsqMzaZgQ/BWX14nrauyd12uNCql6l0WRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJjTjNA=</latexit>

C

<latexit sha1_base64="UGJtg7WJX0MEwLc5Rrw900MXNac=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYns8mQ2dllplcIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSw4XbK1fcqjsDWSZeTiqQo94rf3X7MUsjrpBJakzHcxP0M6pRMMknpW5qeELZiA54x1JFI278bHbphJxYpU/CWNtSSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TKkmRKzZfFKaSYEymb5O+0JyhHFtCmRb2VsKGVFOGNpySDcFbfHmZNM+q3mX1/P68UrvJ4yjCERzDKXhwBTW4gzo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH/F0jPw=</latexit>

50
<latexit sha1_base64="omi9tToF+xFgm7kzvslQcMHiDVQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz04Lluv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBZdo0y</latexit>
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 <latexit sha1_base64="SvEw9j+G6/nNSZebhlvQwRvlSiI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfAeMvQ==</latexit>

0

<latexit sha1_base64="CdAdX6FIntcZg6Fe7Vuzdy4Qk7k=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsxIfSyLblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+TdmprPQ1gMhh3Pu5d57gpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwyya27l8NqzX450CrxClKDAq1h9WswikgiqDSEY637nhsbP8XKMMLpvDJINI0xmeIx7VsqsaDaT/Nd5+jMKiMURso+aVCu/u5IsdB6JgJbKbCZ6GUvE//z+okJb/yUyTgxVJLFoDDhyEQoOxyNmKLE8JklmChmd0VkghUmxsZTsSF4yyevks5F3buqNx4ateZtEUcZTuAUzsGDa2jCPbSgDQQm8Ayv8OYI58V5dz4WpSWn6DmGP3A+fwDKsI1u</latexit>

0.05

<latexit sha1_base64="GTLvT1dd3KKOC+bMLlO82KMMWrU=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4sexK/TgWvXis4LaFdinZdLYNzWaXJCuU0t/gxYMiXv1B3vw3pu0etPVByOO9GWbmhang2rjut7Oyura+sVnYKm7v7O7tlw4OGzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHd1O/+YRK80Q+mlGKQUz7kkecUWMl/9ytuJfdUtl+M5Bl4uWkDDnq3dJXp5ewLEZpmKBatz03NcGYKsOZwEmxk2lMKRvSPrYtlTRGHYxny07IqVV6JEqUfdKQmfq7Y0xjrUdxaCtjagZ60ZuK/3ntzEQ3wZjLNDMo2XxQlAliEjK9nPS4QmbEyBLKFLe7EjagijJj8ynaELzFk5dJ46LiXVWqD9Vy7TaPowDHcAJn4ME11OAe6uADAw7P8ApvjnRenHfnY1664uQ9R/AHzucPNJGNpQ==</latexit>�0.05

<latexit sha1_base64="84JikNDfdsD77Zx5zoLr2uI6y8U=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0ikVI9FLx4r2A9oQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNp737ZQ2Nre2d8q7lb39g8Oj6vFJR8epIrRNYh6rXog15UzStmGG016iKBYhp91wepf73SeqNIvlo5klNBB4LFnECDa55Lm+N6zWPNdbAK0TvyA1KNAaVr8Go5ikgkpDONa673uJCTKsDCOcziuDVNMEkyke076lEguqg2xx6xxdWGWEoljZkgYt1N8TGRZaz0RoOwU2E73q5eJ/Xj810U2QMZmkhkqyXBSlHJkY5Y+jEVOUGD6zBBPF7K2ITLDCxNh4KjYEf/XlddK5cv2GW3+o15q3RRxlOINzuAQfrqEJ99CCNhCYwDO8wpsjnBfn3flYtpacYuYU/sD5/AHEoY1q</latexit>
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Figure 4. (a) Simulation setup. The domain, boundaries and boundary conditions are de-

tailed in Appendix B. (b) Functional dependence of the cohesion, C, (i.e., of the damage criteria)

on z, prescribed to avoid concentrating most of the deformation at the top and bottom bound-

aries, where the x−velocity is either locally or entirely prescribed.

at the bottom of the lower layer. No confinement is applied on the lateral sides and the419

surface is free, except for the top, right corner of the domain (the furthest surface point420

downstream and in the direction of the forcing), for which ux = 0. The horizontal ex-421

tent of the system perpendicular to the shearing direction is considered much greater than422

the horizontal extent in the shearing direction. Plane strains are therefore assumed. No423

discontinuity is introduced over the domain other than in the value of the undamaged424

elastic modulus, E0, which is lower by a factor of 3 in the upper layer, representing the425

continental crust, than in the lower layer, representing the oceanic crust (see table 1).426

Also, in order to avoid that all of the deformation be trivially accommodated near the427

bottom boundary of the domain, where a non-zero x−velocity is prescribed, or near the428

top, right corner of the domain, where the x−velocity is fixed to 0, a functional depen-429

dence of C on z is prescribed, of the form C = C0 × exp(|5.0 ∗ z/H|), where H is the430

thickness of both layers (see figure 4b) and C0 is the minimum cohesion. This function431

allows the magnitude of C to vary little over a wide enough range of values of z centred432

on z = 0 (e.g., C(z = 0.01) = 1.5× C(z = 0) and therefore does not affect the degree433

of localization of the deformation in the shearing zone that forms between the two sim-434

ulated layers. Over each grid cell element, this function is locally multiplied by a value435

that is picked randomly over a uniform distribution of values over the range [0.75 1], thereby436

introducing some noise in the local damage criteria that represents the natural hetero-437

geneity of the material (see section 2.2).438

The balance of forces in the experiment neglects inertia and advection. In order439

to avoid introducing artifacts in the solution related to our finite-size domain and bound-440

ary conditions, we also neglect gravity. The momentum equation therefore reads:441

∇ · σ = 0. (10)442

As slow earthquakes entail deformations (i.e., slip) that are relatively small relative to443

the horizontal and vertical extent of subduction zones, the advection, rotation and de-444

formation terms which are included in material derivatives in the constitutive equation445

(1) and healing equation (9), are all neglected, such that Dσ
Dt = ∂σ

∂t and Dd
Dt = ∂d

∂t . In446

all simulations performed here, the total, cumulative deformation of the system remains447

below 10% of the the size of the smallest mesh element, ensuring that this approxima-448

tion is indeed valid. The effect of the elastic deformations on the material’s density are449

neglected as well, such that mass conservation does not need to be imposed.450
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Model/setup parameters Value

Length of the domain L 106, 104, 102 m

Thickness of both layers H 1
8L

Tectonic forcing velocity U 10−9 m s−1

Undamaged relaxation time λ0 = η0

E0
1012 s

Poisson’s ratio ν 0.3

Internal friction coefficient µ 0.7

Maximal cohesion C0 104 Pa

Table 1. Model and simulation parameter values.

The model equations are discretized in time using a backward Euler scheme of or-451

der 1 (see section B01 of the Appendix for the details) and discretized in space using fi-452

nite elements. In the following, ∆t designate the model time step and ∆x, the spatial453

resolution of the mesh grid. The triangular elements grid used is built using the Gmsh454

generator (Geuzaine & Remacle, 2009). As the model is isotropic by construction, and455

in order to avoid preferential orientations in the localization of the deformation, it is cho-456

sen unstructured. The spatial resolution, ∆x, is set to be 1/20 of the horizontal extent,457

L, of the domain at the top and bottom boundaries. It is refined by a factor of 10, so458

that to be 1/200 of L, at the junction of the two layers (see Figure 4) where deforma-459

tion is expected to be maximal. As cumulative deformations are small in all simulations,460

the deformation of the mesh is not calculated and the position of grid nodes, not updated461

in time. The resolution of the variational formulation of the equations make use of the462

C++ library RHEOLEF (Saramito, 2020). The polynomial approximations for u are of463

order 1 and continuous at inter-element boundaries. As the stress tensor is a function464

of the velocity gradient and the damage, a function of the stress tensor, the approxima-465

tions for σ, σ′, d and d′ are of degree 0 and discontinuous at inter-element boundaries.466

4 Adimensional System of Equations and Adimensional Parameters467

In all of the simulations performed here, the system of equations is solved and re-468

sults are expressed in adimensional form. This allows describing and exploring the sen-469

sitivity of the rheological framework in terms of a reduced set of parameters and using470

the same idealized setup to represent systems with different physical dimensions and/or471

deformation time scales.472

The model is made adimensional with respect to the horizontal extent, L, of the473

domain, the constant velocity prescribed at the bottom of the lower layer, U , and the474

average of the undamaged elastic modulus of the two layers, E0. The time, T , charac-475

terizing the deformation process is therefore given by L
U . The superscript ’˜’ is used for476

all dimension-less variables and operators, which are listed in table A1. For a full descrip-477

tion of the adimensional formulation of the variables and equations, the reader can re-478

fer to Appendix A.479
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The complete adimensional system of equations reads480

∇̃ · σ̃ = 0 (11)481

∂σ̃

∂t̃
+

1

De0(1− d)α−1
σ̃ = (1− d)K : ˜̇ε, (12)482

1− d′ = δd (1− d) (13)483

∇̃ · σ̃′ = 0 (14)484

σ̃′ − δdσ̃ = (1− d′)K : ε̃′ (15)485

∂d′

∂t̃
= − 1

Th
d′, 0 ≤ d′ < 1, (16)486

with the damage criterion487

σ̃1 = [(µ2 + 1)1/2 + µ]2σ̃2 +
2C/E0

[(µ2 + 1)1/2 − µ]
. (17)488

The value of Poisson’s ratio, ν, and of the internal friction coefficient, µ, are fixed in the489

following simulations to values common for geomaterials (Byerlee, 1978; Jaeger & Cook,490

1979). The brittleness of the material, given by the ratio of the cohesion to the undam-491

aged elastic modulus, C0/E0, is also kept constant. Besides these parameters, the four492

adimensional parameters that characterize the model are:493

1. De0 = η0

E0

U
L , the (undamaged) Deborah number,494

2. α, the damage parameter, setting the rate at which the viscosity (or relaxation495

time) decreases with the level of damage,496

3. δd, the damage increment,497

4. Th = th
T , the time for healing,498

The limits and range of values over which these parameters are varied in the sensitiv-499

ity experiments performed here are summarized in Table 2 and discussed in the follow-500

ing sub-sections.501

Adimensional parameter Range of values

Characteristic healing time Th 10−1 − 10−7

Undamaged Deborah number De0 0.01, 0.1, 10

Damage increment δd 0.1, 0.3, 0.5, 0.7, 0.9

Damage parameter α 2, 3, 4, 6, 8

Table 2. Adimensional model parameters and the range of values over which they are varied in

the model sensitivity experiments.

4.1 The Deborah Number, De502

The Deborah number can be defined as the dimensionless ratio of the viscous re-503

laxation time for the stress, λ, and of the time for the deformation process, T = L
U , (i.e.,504

the inverse of the macroscopic shearing rate). It characterizes the fluid-like versus elas-505

tic solid-like behaviour in unsteady flows, and as such is a relevant quantity to charac-506

terize the deformation of faults and the slow earthquake phenomenon. Materials char-507

acterized by a low Deborah number, either because they dissipate stresses rapidly or be-508

cause they are deformed very slowly, have a behaviour that approaches that of a (New-509
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tonian) fluid and therefore flow steadily. Materials characterized by a high Deborah num-510

ber, either because they dissipate stresses very slowly or because they are deformed rapidly,511

behave like elastic solids and flow unsteadily.512

Compared to classical earthquakes, slow earthquakes appear to be a less intermit-513

tent, or equivalently a more steady, and therefore a more predictable form of deforma-514

tion. Indeed, in some subduction zones like Cascadia (Dragert et al., 2001) and Guer-515

rero, Mexico (Cotte et al., 2009; Radiguet et al., 2012) major slow earthquake episodes516

show approximately stable recurrence times. However, the recurrence interval of slow517

slip events varies greatly from one subduction zone to another. For instance, it is of a518

few months in some segments of the Nankai subduction in Japan (e.g., Poiata et al., 2021),519

on the order of one year in Cascadia, and of nearly four years in Guerrero. Recurrence520

interval are also known to differ for different segments of the same subduction zone (e.g.,521

Brudzinski & Allen, 2007) and are observed to decrease with depth (e.g., Wech & Crea-522

ger, 2011; Frank, Radiguet, et al., 2015).523

To take into account this variability in our simulations, as well as the variability524

and uncertainty related to the mechanical properties of the crust (elastic modulus and525

viscosity), we explore three values of the undamaged Deborah number (0.001, 0.1 and526

0.1, see table 3) each separated by two orders of magnitude. Practically, in the simula-527

tions, these different values are obtained by varying the time associated with the defor-528

mation process, T = L
U , and maintaining the undamaged relaxation time, λ0 = η0

E0
,529

constant (λ0 = 1012 s). This relaxation time is consistent with an undamaged elastic530

modulus, E0, on the order of 1011 Pa (in agreement with e.g., Dziewonski & Anderson,531

1981) and a bulk, undamaged viscosity, η0, of 10
23 Pa s (Siravo et al., 2019) for both the532

continental and oceanic crust. The deformation process time, T , is set by considering533

a typical tectonic velocity of 10−9 m/s (on the order of a few cm/year) and considering534

different horizontal extent, L, over which the fault is activated and slip occurs. The low-535

est value of De0 explored considers L = 106 m (1000 km), representative of a large sub-536

duction zone. Following the definition of the Deborah number, this lower bound can be537

interpreted alternatively as representing a smaller but deeper, hence lower viscosity seg-538

ment of a fault. The highest value is representative of a small activated segment (1000539

m) or alternatively, as a larger but shallower and hence more brittle part of a fault.540

It is very important to note, however, that while De0 sets the bulk fluid-like ver-541

sus elastic solid-like behaviour of the system and therefore is a relevant quantity to char-542

acterize the macroscopic deformation cycle, for instance in terms of its duration, in the543

visco-elasto-brittle model presented here, the effective Deborah number, De, is not ho-544

mogeneous throughout the system but varies in space and time. Indeed, according to equa-545

tions (2) and (3), De evolves locally as a function of the level of damage, as De = De0d
α−1.546

In all three systems, this decrease will leads to a more fluid-like behaviour where and when547

the host rock becomes damaged.548

4.2 The Healing Time, Th549

In the present model, the healing time represents the time it takes for a completely550

damaged element (d = 1) to evolve back to its undamaged state (d = 0) and recover551

entirely its mechanical strength. Since several different healing processes are thought to552

be at play in faults (see section 2.3) and the rates at which these different processes very553

likely depend on various local factors, like pressure, temperature, the availability of flu-554

ids and the type of rock (see for instance McLaskey et al., 2012), estimating Th is highly555

non-trivial. Therefore, we define our estimation here based on lower and upper bounds556

values. On the one hand, observations of post-seismic velocity changes, which estimates557

the time required for the velocity of P and S waves (or, by extension, the elastic mod-558

ulus of the crust in the vicinity of the fault) to re-increase to their pre-seismic value, place559

the lower bound to a few (2-5) years (e.g., Li et al., 1998; Brenguier et al., 2008). Indeed,560
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while cracks that open during the mainshock probably close partially with time, one still561

expects the vicinity of the shearing zone to remains highly damaged relative to the sur-562

rounding host rock and that, at all times. On the other hand, assuming that the fault563

heals completely between large earthquakes, the upper bound can be estimated from pseudo-564

recurrence times, which reach a few thousand years in some faults (e.g., Li et al., 1998;565

R. T. Williams, Davis, & Goodwin, 2019).566

Four orders of magnitude of healing time are explored here, which vary between567

these lower and upper bounds. In dimensional form, these values are: th = 108 s, which568

is equivalent to about ∼ 3 years, 109 s (∼ 30 years), 1010 s (∼ 300 years) and 1011 s569

(∼ 3000 years). Since different De0 numbers are explored by varying the process time570

T , and as time in our system of equations is made adimensional with respect to T (see571

section 4), the different De0 lead to different adimensional values of the time of healing,572

Th. The dimensional and corresponding adimensional values of th and Th correspond-573

ing to each De0 are listed in table 3.574

4.3 The Damage Parameter, α575

As mentioned in section 2.2, the purpose of the rather ”ad-hoc” damage param-576

eter, α, is that the model accounts for a more rapid dissipation of the stresses where the577

material is highly damaged than where it is relatively undamaged. The only physical con-578

straint on its value is therefore α > 1. There is no theoretical upper bound for α. How-579

ever, for α large, the relaxation time becomes very small at the onset of damage, what-580

ever the damage level. Dansereau (2016b) and Weiss and Dansereau (2017) have demon-581

strated that in this case, stresses are readily dissipated after each damage event and the582

mechanical behaviour becomes essentially elasto-plastic. Here, the sensitivity of the model583

is investigated for values of α between 2 and 8, which proves to be a wide enough range584

of values for the model to exhibit different mechanical behaviours relevant in the con-585

text of faults and slow earthquakes.586

4.4 The Damage Increment, δd587

Similar to the damage parameter, the value of the damage increment is not con-588

strained other than within the range of values intrinsic to its definition : between 0 and589

1. It is however expected to be determinant on the mechanical response of the model.590

For large values of δd, the decrease in E at each damage event, given by equations (6)591

and (7) respectively, as well as the associated increase in the level of damage, given by592

equation (5), are small. Conversely, for small values of δd, the decrease in E and η and593

associated increase in d at each damage event is large. In the first limit, the dissipation594

of the stress in permanent deformations is small. One can expect the emergence of a brit-595

tle creep regime, in which the system remains always near criticality. In the second limit,596

the dissipation of the stress into permanent deformations is large, which can impede elas-597

tic interactions in the system and, by the same fact, the spatial and temporal localiza-598

tion of the deformation (Dansereau, 2016b; Weiss & Dansereau, 2017). In the following,599

the model behaviour is analyzed for damage increment values of 0.1, 0.3, 0.5, 0.7 and 0.9.600

5 Results601

5.1 Mechanical Model Response602

Here we first describe the overall macroscopic behaviour of the model. This descrip-603

tion is based on simulation results obtained for a specific set of model parameters (De0 =604

0.001, Th = 10−5, ∆̃t = 10−10, α = 4, δd = 0.1), but the conclusions broadly apply605

to a wider range of values. Figure 5a shows the temporal evolution of the model response606

in terms of the macroscopic shear stress, calculated by integrating the shear stress on607

the entire top boundary of the domain, and of the macroscopic damage increment, de-608
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Figure 5. (a) Temporal evolution of the macroscopic shear stress (black line) and of

the macroscopic damage increment (as defined by eq. 18, cyan line) for a simulation using

De0 = 0.001, ∆̃t = 10−10, α = 4, δd = 0.1 and Th = 10−5. (b) Instantaneous field of the

level of damage after the large avalanche of damage events and associated unloading phase in-

dicated by the vertical red line on panel (a). (c) Zoom-in on the instantaneous field of De (in

logarithmic scale) corresponding to the black box indicated on panel (b) and normalized distribu-

tion of the instantaneous values of De for all damaged elements of the domain corresponding to

the unloading phase indicated by the vertical red line on panel (a).

fined as the local damage increment integrated over all elements I that are damaged dur-609

ing a stress redistribution subiteration k and over the K subiterations realized over the610

current model time step, n+ 1:611

K∑
k=1

I∑
i=1

(1− δd)(1− dn,ki ). (18)612

An animation of this simulation, showing the temporal evolution of the field of damage613

(in logarithmic scale) and of both the macroscopic shear stress and damage increment614

is available as Supporting Information to this paper (see S1). After the initial and al-615

most linear-elastic loading phase, this response is characterized by asymmetric cycles com-616

prised of an either partial or total stress drop (hereinafter called unloading phase) and617

a subsequent healing and stress increase phase (hereinafter called loading phase). Dam-618

age can occur at any moment of the cycle, but unloading phases are generally charac-619

terized by the largest avalanches of damaging events, which can span either a large part620

of or the entire domain (see S1). When the stress drop is partial, it is generally comprised621

of an initial brutal drop associated to a large damage avalanche, followed by a slower re-622

laxation phase, not necessarily associated to significant further damage. This post-rupture,623

or ”post-seismic”, relaxation results from viscous-like permanent deformations along a624

fault made of highly damaged, hence low viscosity, material. Such behaviour is made pos-625

sible by the rheology proposed above. The occurrence of pre-rupture (akin to foreshocks)626

or post-rupture (akin to aftershocks) damage events varies with the choice of model pa-627

rameters (see section 11 below). However, for all simulations and parameter values cov-628

ered here, the damaging activity localizes at the interface of the two layers (mostly within629

the lower plate, see figure 5b), a behaviour that is not prescribed but that arises natu-630

rally due to the forcing condition applied at the bottom of the lower layer and to the small631
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difference in elastic modulus assigned to each layer. Consequently, the deformation of632

the system is also highly localized at this interface. Figure 5b also indicates that dam-633

age is heterogeneously distributed along the interface. As a consequence of the prescribed634

coupling between d and both the E and η (see eq. 2 and 3), this heterogeneity in dam-635

age leads to a large heterogeneity in the value of the relaxation time, or equivalently of636

the effective De number, along the interface. As indicated by the distribution shown in637

Figure 5c, the values of De associated with damaged grid elements indeed span several638

orders of magnitude. The lowest values of De are obtained at the end of unloading phases639

and re-increase as the system heals towards the end of loading phases.640

However, it is worth noting that, over the range of parameter values explored here,641

the vicinity of the interface remains relatively highly damaged at all times (see S1) and642

never completely heals: a behaviour that is expected in the context of active faults. By643

the same fact, and because the simulations are initialized from a uniformly undamaged644

state (d = 0 everywhere), the behaviour during the first loading-unloading cycle is very645

different from the subsequent ones : the damaging activity is relatively much higher be-646

cause the damaged zone is created from scratch while over all subsequent cycles, the in-647

terface is already damaged to a relatively large degree. In all further analyses of the model648

behaviour, this first loading-unloading cycle is therefore discarded.649

5.2 Convergence and Numerical Efficiency650

Here we verify that the macroscopic behaviour of the model converges with increas-651

ing temporal resolution. To do so, for the three identified values of De0 (see section 4.1),652

simulations are run with five different values of the (adimensional) time step, ∆̃t. All of653

these simulations use the same value of the damage increment (δd = 0.1) and of the654

damage parameter (α = 4) and are initiated with the same field of noise on the cohe-655

sion. We explored a range of values of the healing time for these simulations, and retained656

the one value that produced the most physically sound results for each set of simulations657

with a given De0 value (see section 5.3.1).658

Figure 6 shows the temporal evolution of the model response in terms of the macro-659

scopic stress (a) and of the macroscopic damage increment (b), defined as in eq. (18).660

It indicates that the largest value of the time step explored here leads to a pathologi-661

cal model response. This is expected, as this ∆̃t value approaches the order of magni-662

tude of the main period of the loading-unloading cycles : this temporal resolution there-663

fore does not allow resolving the progressive propagation of the damage in the system,664

nor the sharp stress drop associated with each macroscopic rupture. For smaller values665

of the time step, the model response converges well in terms of the main frequency and666

amplitude of the macroscopic stress variations when increasing the temporal resolution.667

It is also the case for the macroscopic variations in the deformation of the system (not668

shown) and in the damage increment.669

To robustly test the convergence of the model response, we use a single metric that670

combines these three different pieces of information : the local damage increments and671

the resulting redistribution of the stress and of strains over the entire system. This is672

the elastic energy released within the system due to the propagation of damage, Ebrit,673

the temporal evolution of which is shown in figure 6c. The distribution of this energy674

can be directly related to that of acoustic emissions associated to the micro-fracturing675

of rocks (e.g., Amitrano, 2003) and can therefore serve as a proxy for the seismic signal676

recorded at the geophysical scale. At each current (n+1) model time step, Ebrit is es-677

timated as678

E
(n+1)
brit =

I∑
i=1

Ai

Atot

(
σ
(n+1,0)
i : ε

(n+1,0)
i − σ

(n+1,K)
i : ε

(n+1,K)
i

)
, (19)679

where i designate each element, I, the total number of elements over the domain, Ai the680

area of each element and Atot, the area of the entire domain. The superscripts n+ 1, 0681
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and n+ 1,K refer respectively to the stress and strain values before and at the end of682

the avalanche of damaging events, which takes a total of K stress redistribution subit-683

erations. To compare simulations using different time steps, Ebrit is normalized by ∆̃t.684

In agreement with the observed convergence in the variations of the macroscopic stress,685

deformation and damage increment, figure 6d clearly shows that the shape of the prob-686

ability density function (PDF) of the normalized Ebrit stabilizes over the three small-687

est values of time step explored here.
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(c)

Figure 6. Temporal evolution of (a) the macroscopic stress, (b) the macroscopic damage in-

crement and (c) the macroscopic elastic energy released due to the propagation of damage within

the system, normalized by the time step ∆̃t, for simulations using De0 = 0.001, α = 4, δd = 0.1,

Th = 10−5 and ∆̃t = 10−11, 10−10, 10−9, 10−8, 10−7 (corresponding to ∆t = 104 s, 105 s, 106 s,

107 s, 108 s) (d) Probability density function of Ebrit/∆̃t.

688

Simulations ran with De0 = 0.1 and De0 = 10, the same values of δd (0.1) and689

of the damage parameter, α, (4) and values of healing time of Th = 10−4 and Th =690

10−3 respectively show that a similar convergence is retrieved in both cases over a range691

of values of ∆̃t (see figure C1 of Appendix C). These values are summarized in table 3:692

the red ones indicating a non-converged model response. The comparison of these val-693

ues across the three De0 explored here suggests that the time step should be chosen such694

that ∆t
T ≲ 10−8 to ensure a fully converged and therefore physically meaningful model695

behaviour. The time step values corresponding to each De0 value and retained for the696

sensitivity analyses on the other model parameters are indicated in green in table 3.697

We further compare the simulations presented in figure 6 in terms of CPU and real698

simulation time. Each simulation was ran for a fixed (adimensional) total time of 5.0·699

10−6, which represents, in dimensional equivalent, 160 years of evolution of the system.700

With the specific choice of model parameters employed in this particular simulation, each701

loading-unloading cycle covers about 12 years. The model response converges for time702
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T (s) De0 ∆t (s) ∆̃t th (s) Th

1015 0.001 104 10−11 108 10−7

105 10−10 109 10−6

106 10−9 1010 10−5

107 10−8 1011 10−4

108 10−7

1013 0.1 103 10−10 108 10−5

104 10−9 109 10−4

105 10−8 1010 10−3

106 10−7 1011 10−2

107 10−6

1011 10 102 10−9 108 10−3

103 10−8 109 10−2

104 10−7 1010 10−1

105 10−6 1011 100

106 10−5

Table 3. Values of the deformation timescale, T , the model time step, ∆t, and healing time,

th, explored in the present sensitivity experiments, with their adimensional counterpart : re-

spectively, De0, ∆̃t and Th. For each value of De0, the values of ∆t (or ∆̃t) for which the model

response is not fully converged are indicated in red. The value of ∆t (or ∆̃t) retained for the

sensitivity analyses on Th, δd and α is indicated in green. For each De0 value also, the optimal

value of th (or Th) retained for the sensitivity analyses on α and δd are indicated in green.

step values of ∆̃t = 10−11, 10−10 and 10−9 (or ∆t = 104, 105 and 106 s), which are703

equivalent to about 1/10, 1 and 10 days respectively. For these three time steps, and for704

the spatial resolution described in section 3, the calculated CPU time is of about 25, 3705

and 0.4 hours respectively (see figure 7). Considering that each simulation ran sequen-706

tially on a personal DELL computer equipped with 2.40 GHz Intel Xeon processors, these707

computational times demonstrate that the present numerical scheme makes it possible708

to run long-term simulations in the context of faults that cover several loading-unloading709

cycles in very reasonable simulation times. It is also interesting to note that, for the same710

three time steps for which convergence of the macroscopic model response is obtained,711

the calculated CPU time scales linearly with 1
∆̃t

, while it does not scale linearly for larger712

time steps (∆̃t > 10−9). This indicates that for the smallest three ∆̃t values, the num-713

ber of steady-state stress redistribution subiterations performed at each time step is nearly714

constant and hence does not depend on the model time step. Conversely, for larger ∆̃t’s,715

the system is driven further out of equilibrium at each time (i.e., deformation) increment.716

The number of subiterations required for the stresses to be redistributed over the domain717

and to become sub-critical again then increases significantly with ∆̃t, thereby reducing718

the gain in computational time.719
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Figure 7. CPU time as a function of the (adimensional) model time step, for simulations

using De0 = 0.001, α = 4, δd = 0.1, and Th = 10−5 (see figure 6). Each simulation ran on a single

(2.40 GHz Intel Xeon) processor on a personal DELL computer.

5.3 Sensitivity Analyses720

5.3.1 Healing Time, Th721

To investigate the effect of healing in the model, we compare the macroscopic stress-722

strain time series and the power spectral density (PSD) of the elastic energy released within723

the system during the propagation of damage, Ebrit (see figure 8), for simulations us-724

ing De0 = 0.001, 0.1 and 10 and four different values of the time for healing, correspond-725

ing to dimensional times of th = 108 s, 109 s, 1010 s and 1011 s. All simulations use α =726

4 and δd = 0.1 and a value of the time step that ensures the convergence of the model727

response for each De0 value (see table 3). To account for the adjustment of the system728

following the first rupture, the first loading-unloading cycle is discarded when comput-729

ing the PSD. Each curve shown on figure 8 is the average of 5 PSDs, on which a run-730

ning mean centred over a window of 5 frequency values is applied.731

The results clearly indicate that the prescribed time of healing controls the frequency732

of the loading-unloading cycles in the model: the larger the healing time, the lower the733

frequency. However in all of the simulations analyzed, the frequency associated to the734

prescribed healing time, indicated by the vertical lines on figure 8, does not correspond735

to the frequency of the loading-unloading cycles, but is systematically one or several or-736

ders or magnitude lower. This discrepancy is consistent that the interface always remains737

relatively highly damaged (see animation in Supporting Informations): less time is there-738

fore required to re-initiate an avalanche of damaging events than it would be necessary739

if the system had completely heal. The discrepancy increases with the value of De0, in740

agreement with a more elastic behaviour at high De0 number, i.e. a lower contribution741

from viscous dissipation that delays the reloading of the system.742

Another tendency in the model behaviour emerges. For all values of De explored743

here, large values of the healing time (slow healing) lead to a Ebrit release, or equivalently744

a damaging activity, that concentrates around a narrow range of low frequencies: the PSD745

is therefore flat for high frequencies. The corresponding stress-strain curves indicates that746

the stress is very rapidly and completely dissipated at each unloading (damaging) event.747

This behaviour can be explained by the fact that these large values of healing time ap-748

proach the value of the bulk relaxation time (i.e, the relaxation time of undamaged el-749

–21–



manuscript submitted to JGR: Solid Earth

ements, or De0). Healing is therefore too slow relative to the dissipation of the stress to750

play a significant role in the dynamics of the system.751

Conversely, for low values of the healing time (fast healing), the PSD is flat for low752

frequencies, with the activity concentrated around a narrow range of high frequencies,753

and the stress is very rapidly but only partially dissipated at each damaging event: heal-754

ing dominates the dynamics as Th approaches the value of the relaxation time for the755

stresses over the most damaged elements in the system (i.e., Demin). This value tends756

to decrease inversely to Th, as indicated by the coloured dotted lines on figure 8b.757

For intermediate values of Th and the two lowest values of De explored here (see758

figure 8a to d), the slope of the PSDs indicates the presence of correlations in the tem-759

poral evolution of Ebrit (or, by extension, of the damaging activity). Such temporal cor-760

relation or clustering is systematically observed for seismic tremors in subduction zones761

and covers large spectrum of time scales, from hours to years (e.g., Idehara et al., 2014;762

Frank et al., 2016; Poiata et al., 2021). Therefore, for each investigated De value, we iden-763

tify an ”optimal” healing time as the value of Th for which these correlations span the764

largest range of frequencies. It is important to note however, that the frequency at which765

spatial correlations emerge in the system is upper bounded in all simulations due to the766

finite dimension of the domain and the spatial resolution of the mesh. An intrinsic min-767

imum time required to load the system can indeed be estimated, that depends only on768

the mechanical strength (the ratio C0/E0) and the spatial discretization of the model.769

It corresponds to the time it takes to load an initially undamaged system until the first770

damage event occurs, if all of the deformation is accommodated over a single single grid771

element. Figure 8b shows that the frequency associated to this time, indicated as 1
tloading

772

indeed marks the transition to a flat PSD at higher frequencies (for the other two sys-773

tems, the time step employed is too large and does not allow exploring the model be-774

haviour up to this frequency). For the ”optimal” Th values, corresponding to th = 1010775

s for De = 0.001 (figure 8a, b blue curve) and th = 109 s for De = 0.1 (figure 8c, d776

green curve), the times associated with the loading, the relaxation of the stresses over777

damaged elements and the healing of these elements are such that the three processes778

interact and give rise to temporal correlations in the system that span a wide range of779

time scales. Interestingly, the stress-strain behaviour of the model in these cases is char-780

acterized by loading-unloading cycles in which the stress is sometimes partially and more781

gradually dissipated and sometimes completely and drastically dissipated.782

The optimal value of Th decreases as the value of De0 increases, indicating that sys-783

tems that are more elastic-solid like (large relaxation time, λ) or characterized by a faster784

dynamics (small deformation time, L
U , either due to a small horizontal extent, L or a fast785

loading velocity, U) must encompass faster healing mechanisms for these interactions to786

take place.787

However, for the largest De value used here (see figure 8e, f), temporal correlations788

in the damaging activity are restricted to a small range of time scale and that, for all789

of the Th values explored, which we consider as lying in a realistic range in the context790

of faults. The associated macroscopic stress-strain behaviour is characterized by regularly-791

spaced, almost instantaneous (as opposed to transient) and complete unloading phases,792

akin to the stick-slip behaviour observed in block-slider experiments. In the context of793

slow earthquakes, this suggests that fault systems that are either very brittle (as near794

the surface), small in extent, or loaded too rapidly cannot host the complex spatio-temporal795

interactions that give rise to the observed transient deformations.796

In the remaining sensitivity experiments (next section), we therefore leave the case797

of De = 10 aside and concentrate on simulations using De = 0.001 and De = 0.1.798

The optimal values of Th identified for these two cases are indicated in green in table 3799

and used by default in all simulations.800
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<latexit sha1_base64="cDHK+c3g6pUz9bdPJqR+X6EgVbQ=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsxIUZdFNy4r2Ae0w5DJZNrQTDIkGaGEAX/FjQtF3Pod7vwb03YW2nrgwuGce7n3nihjVGnP+3ZWVtfWNzYrW9Xtnd29fffgsKNELjFpY8GE7EVIEUY5aWuqGellkqA0YqQbjW+nfveRSEUFf9CTjAQpGnKaUIy0lUL3eJBIhI1fGB0aJlBM+bAoQrfm1b0Z4DLxS1IDJVqh+zWIBc5TwjVmSKm+72U6MEhqihkpqoNckQzhMRqSvqUcpUQFZnZ+Ac+sEsNESFtcw5n6e8KgVKlJGtnOFOmRWvSm4n9eP9fJdWAoz3JNOJ4vSnIGtYDTLGBMJcGaTSxBWFJ7K8QjZPPQNrGqDcFffHmZdC7q/mW9cd+oNW/KOCrgBJyCc+CDK9AEd6AF2gADA57BK3hznpwX5935mLeuOOXMEfgD5/MHK1GWSA==</latexit>

1

tloading

<latexit sha1_base64="r4B8Pd+xt9Jk1g4Kxd2r+/lK9Oo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6rKoC5cV7AOaECbTSTt0ZhJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+8JE0aVdpxvq7Kyura+Ud2sbW3v7O7Z+wddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJdeH3HohUNBb3epoQn6ORoBHFSBspsOteJBHO3DzzONJjybMbkgcZpyLPA7vhNJ0Z4DJxS9IAJdqB/eUNY5xyIjRmSKmB6yTaz5DUFDOS17xUkQThCRqRgaECcaL8bPZEDo+NMoRRLE0JDWfq74kMcaWmPDSdxaVq0SvE/7xBqqNLP6MiSTUReL4oShnUMSwSgUMqCdZsagjCkppbIR4jk4o2udVMCO7iy8uke9p0z5tnd2eN1lUZRxXUwRE4AS64AC1wC9qgAzB4BM/gFbxZT9aL9W59zFsrVjlzCP7A+vwBAVOY/A==</latexit>

1

Demin

<latexit sha1_base64="KWh0RLJ0bw8em/x3PU2+HIlN2FQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jw3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxXvslK9r5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AjR6NVA==</latexit>

(b)

<latexit sha1_base64="KduCG8mPo612eVNbjwN9lJONWcQ=">AAAB6nicbVDLSgNBEOyJrxhfUY9eBoMQL2FXfB2DXjxGNA9IljA7O5sMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7/ERwbRznGxVWVtfWN4qbpa3tnd298v5BS8epoqxJYxGrjk80E1yypuFGsE6iGIl8wdr+6Hbqt5+Y0jyWj2acMC8iA8lDTomx0kM1OO2XK07NmQEvEzcnFcjR6Je/ekFM04hJQwXRuus6ifEyogyngk1KvVSzhNARGbCupZJETHvZ7NQJPrFKgMNY2ZIGz9TfExmJtB5Hvu2MiBnqRW8q/ud1UxNeexmXSWqYpPNFYSqwifH0bxxwxagRY0sIVdzeiumQKEKNTadkQ3AXX14mrbOae1m7uD+v1G/yOIpwBMdQBReuoA530IAmUBjAM7zCGxLoBb2jj3lrAeUzh/AH6PMHkHqNVw==</latexit>

(d)

<latexit sha1_base64="5qD/srldSiasj6P3anPEwosJHsE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXjxGNA9IQpid9CZDZmeXmVkhLPkELx4U8eoXefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R7dRvPqHSPJKPZhxjN6QDyQPOqLHSQzk47RVLbsWdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjo7dUJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCa67KZdxYlCy+aIgEcREZPo36XOFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGWcW7rFzcn5eqN1kceTiCYyiDB1dQhTuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4Ak4SNWQ==</latexit>

(f)

0 1 2 3 4 5
time 10 -6

0
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2

3
 

N
 

10 -7

<latexit sha1_base64="2RRwxLXlY8TROIoM98j2WcOjpro=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI97xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8Ai5mNUw==</latexit>

(a)

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="PgNN+5VlpLKlIXTGkqAztVzyMtY=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCqzIjvjZCURcuK9gHtMOQSTNtaDIzJBmhDAV/xY0LRdz6He78GzPtLLT1QMjhnHvJyQkSzpR2nG9rYXFpeWW1tFZe39jc2rZ3dpsqTiWhDRLzWLYDrChnEW1opjltJ5JiEXDaCoY3ud96pFKxOHrQo4R6AvcjFjKCtZF8e78rsB5Ikd1S3xmjK+RUHcf17Up+50DzxC1IBQrUffur24tJKmikCcdKdVwn0V6GpWaE03G5myqaYDLEfdoxNMKCKi+bxB+jI6P0UBhLcyKNJurvjQwLpUYiMJN5WDXr5eJ/XifV4aWXsShJNY3I9KEw5UjHKO8C9ZikRPORIZhIZrIiMsASE20aK5sS3Nkvz5PmSdU9r57dn1Zq10UdJTiAQzgGFy6gBndQhwYQyOAZXuHNerJerHfrYzq6YBU7e/AH1ucPuGiUCA==</latexit>

De0 = 0.001

0 1 2 3 4 5
time 10 -5
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10 -7

<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="Kx2QG/zg2JUWBK9TX8n4Fk15Jp4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXjxGNA9IljA7mSRDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqd+84lrIyL1iOOY+yEdKNEXjKKVHsrstFssuRV3BrJMvIyUIEOtW/zq9CKWhFwhk9SYtufG6KdUo2CSTwqdxPCYshEd8Laliobc+Ons1Ak5sUqP9CNtSyGZqb8nUhoaMw4D2xlSHJpFbyr+57UT7F/7qVBxglyx+aJ+IglGZPo36QnNGcqxJZRpYW8lbEg1ZWjTKdgQvMWXl0njrOJdVi7uz0vVmyyOPBzBMZTBgyuowh3UoA4MBvAMr/DmSOfFeXc+5q05J5s5hD9wPn8AjvWNVg==</latexit>

(c)

<latexit sha1_base64="x/lTziRqFnYK87FQcXbP0jkxIQA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiTiayMUdeGygn1AG8JkOmmHzkzCzEQIof6KGxeKuPVD3Pk3TtostHpg4HDOvdwzJ0wYVdp1v6zK0vLK6lp1vbaxubW9Y+/udVScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINJ9eF330gUtFY3OssIT5HI0EjipE2UmDXBxzpseT5DQncKbyEruMFdsN13BngX+KVpAFKtAL7czCMccqJ0Jghpfqem2g/R1JTzMi0NkgVSRCeoBHpGyoQJ8rPZ+Gn8NAoQxjF0jyh4Uz9uZEjrlTGQzNZRFWLXiH+5/VTHV34ORVJqonA80NRyqCOYdEEHFJJsGaZIQhLarJCPEYSYW36qpkSvMUv/yWdY8c7c07vThrNq7KOKtgHB+AIeOAcNMEtaIE2wCADT+AFvFqP1rP1Zr3PRytWuVMHv2B9fAPQGZOU</latexit>

De0 = 0.1

0 1 2 3 4 5
time 10 -4
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10 -7

<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="kz/GMKVGnusGwruGD7nceoFp5U4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXjxGNA9IljA76SRDZmeXmVkhLPkELx4U8eoXefNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR7dRvPqHSPJKPZhyjH9KB5H3OqLHSQxlPu8WSW3FnIMvEy0gJMtS6xa9OL2JJiNIwQbVue25s/JQqw5nASaGTaIwpG9EBti2VNETtp7NTJ+TEKj3Sj5QtachM/T2R0lDrcRjYzpCaoV70puJ/Xjsx/Ws/5TJODEo2X9RPBDERmf5NelwhM2JsCWWK21sJG1JFmbHpFGwI3uLLy6RxVvEuKxf356XqTRZHHo7gGMrgwRVU4Q5qUAcGA3iGV3hzhPPivDsf89ack80cwh84nz+R/41Y</latexit>

(e)

<latexit sha1_base64="jZUZ8QCSUPCwGJDh58YvJmDZXro=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUnE10Yo6sJlBfuANoTJdNoOnUnCzEQsIb/ixoUibv0Rd/6NkzYLrR4YOJxzL/fMCWLOlHacL6u0tLyyulZer2xsbm3v2LvVtooSSWiLRDyS3QAryllIW5ppTruxpFgEnHaCyXXudx6oVCwK7/U0pp7Ao5ANGcHaSL5d7Qusx1KkN9R3MnSJXMe3a07dmQH9JW5BalCg6duf/UFEEkFDTThWquc6sfZSLDUjnGaVfqJojMkEj2jP0BALqrx0lj1Dh0YZoGEkzQs1mqk/N1IslJqKwEzmSdWil4v/eb1EDy+8lIVxomlI5oeGCUc6QnkRaMAkJZpPDcFEMpMVkTGWmGhTV8WU4C5++S9pH9fds/rp3UmtcVXUUYZ9OIAjcOEcGnALTWgBgUd4ghd4tTLr2Xqz3uejJavY2YNfsD6+AV9Nk1w=</latexit>

De0 = 10

Figure 8. (a, c, d) Time series of the macroscopic stress and (b, d, f) power spectral density

of the Ebrit time series for simulations using (a, b) De0 = 0.001 (∆̃t = 10−10), (c, d) De0 = 0.1

(∆̃t = 10−9) and (e, f) De0 = 10 (∆̃t = 10−8) and four adimensional values of the prescribed

time of healing, corresponding to dimensional values of th = 108 s (yellow), 109 s (green), 1010

s (blue) and 1011 s (purple curve). All simulations use α = 4 and δd = 0.1. Each PSD curve is

an average of 5 PSD calculated for 5 simulations initiated with different realizations of the noise

on C and on which a running mean centred over a window of 5 frequency values is applied. The

vertical lines on the PSDs indicate, when these frequencies fall within the range of frequencies

covered in the simulations, the frequencies associated with the four adimensional values of the

prescribed time of healing, 1/Th (plain coloured lines), the minimum time required to load the

system, 1/tloading (plain black line), and the relaxation time associated with the most highly

damaged elements in the system, 1/Demin (dashed coloured lines).
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5.3.2 Damage Parameter, α, and Damage Increment, δd801

The last set of sensitivity experiment focuses on the brittle versus ductile charac-802

ter of the model behaviour. As the parameters α and δd both regulate the rate at which803

the mechanical strength decreases locally and the behaviour changes from elastic solid-804

like and viscous fluid-like as a function of the level of damage, we expect their effect in805

this regard to be closely related. We therefore run a set of sensitivity experiments in which806

both parameters are varied simultaneously. The results of these experiments for the case807

of De0 = 0.001 (∆̃t = 10−10 s and Th = 10−5 s) and De0 = 0.1 (∆̃t = 10−9 s and808

Th = 10−4 s) are presented here.809

We recall that for large values of δd, the local decrease in the elastic modulus, E,810

and apparent viscosity, η, at each damaging event is small. Conversely, for small values811

of δd, the local decrease in both E and η is large. Small values of α lead to a small de-812

crease in the relaxation time, η
E , at each damaged element (the damaged material re-813

tains stresses longer), while large values of α lead to a large decrease in η
E (stresses are814

dissipated more readily).815

Damage Increment, δd816

Time series of the macroscopic stress (see figure 9 and 10, left panels) show that817

for all values of α, increasing δd decreases the amplitude of the macroscopic stress drop818

associated with each unloading phase. As the stress is then never completely released819

at each loading-unloading cycle but stabilizes around a non-zero value, the loading time820

required for critical values of stress to be reached is reduced and the frequency of each821

cycle is thereby increased. For large values of δd, the PDF of the macroscopic damage822

increment, defined as in equation (18), is a truncated power law that is confined to small823

values of damage increment (see figure 9, right panels, which indicates that damage and824

deformation take place through isolated events, with small spatial extents.825

Conversely, as δd is decreased, the amplitude in the variations of the macroscopic826

stress and the length of the loading-unloading cycles is increased. The unloading phases827

are characterized by sharper stress drops, indicating a more brittle behaviour. The dis-828

tributions of the macroscopic damage increment are shifted towards larger values of dam-829

age increments.830

Damage Parameter, α831

For a given value of δd, increasing the value of α also induces larger macroscopic832

stress drops, lower frequency loading-unloading cycles and larger values of the macro-833

scopic damage increment. Another effect of increasing α is that the stress relaxation and834

re-increase in the vicinity of each stress minimum is more progressive in time, consistent835

with a more rapid decrease in the viscosity of the material at the onset of damaging and836

a more viscous fluid-like, i.e, dissipative, behaviour. The inverse is true when decreas-837

ing α: the macroscopic behaviour is more brittle-like, with smaller but quasi-instantaneous838

stress relaxation phases and rapid, quasi-elastic stress loading phases.839

Limit Cases840

For virtually all values of α, large values of δd give rise to a macroscopic stress-strain841

behaviour in which, after the initial elastic loading phase, where is no stress relaxation842

but rather a slow stress increase akin to the behaviour of a strain hardening creeping ma-843

terial. In this case, the PDFs of the macroscopic damage increment are upper-truncated844

power laws.845

For small values of α and small values of δd (e.g., see figure 9a or 10a for α = 2846

and δd = 0.1), the macroscopic behaviour, showing very sharp but small amplitude stress847

drops at each loading-unloading cycle, is reminiscent of a quasi-brittle material in which848

the stress relaxation through viscous-like deformation is insignificant. Each stress un-849
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loading phase is associated with a large avalanche of damage events that spans the en-850

tire domain. This explains the sharp mode in the PDF of the macroscopic damage in-851

crements at large increment values, which indicates that a characteristic avalanche size852

emerges, associated to a finite-size effect.853

For large values of α and small values of δd (e.g., see figure 9 or 10, d and e, for854

α = 6 or 8), the dissipation of stresses at the onset of damaging is the largest and the855

material becomes readily fluid-like. The stress is regularly and completely dissipated at856

each loading-unloading cycle. Local damage events are suppressed, which is expressed857

by the translation of the PDF of macroscopic damage increments towards larger incre-858

ment values. The elastic redistribution of stresses are inhered and, therefore, the spatio-859

temporal correlations in the damaging activity are limited, which reduces the horizon-860

tal extent of avalanches and explains the appearance of broad modes in the PDFs of dam-861

age increments as well as their departure from a power law.862

For intermediate values of α (e.g., α = 3, 4, see figure 9 or 10, b and c) and small863

values of δd (0.1, 0.3, 0.5), the distribution of damage increments can be well-fitted with864

a power-law, that extents at large damage increment values. This suggests that the model865

simulates a mechanical behaviour that is, at least to some extent, scale-invariant. Un-866

loading phases are characterized by stress drops of variable amplitudes, which are ini-867

tially almost-instantaneous and then followed by a transient period.868

6 Discussions869

In this section, we further discuss what the model in its current state is able and870

not able to simulate in the context of fault deformation and slow earthquakes. To do so,871

we investigate the simulated dynamical behaviour for one specific case in which only δd872

is varied and all other mechanical parameters are identical. This simulation is identified873

by the black box on figure 10c and uses De0 = 0.1, α = 4, with the corresponding de-874

fault values of ∆̃t and Th (see table 3). In particular, we analyze the temporal evolution875

of pointwise displacements and velocities at the top boundary of the domain, which con-876

stitute proxies for the surface displacements and velocities as measured by Global Po-877

sitioning Systems (GPS). In the following, we focus on the horizontal displacement and878

velocity at one point, the top left corner of the domain, which is furthest from the top879

right corner and therefore less influenced by the prescribed boundary condition there (ux =880

0). It is important to note that on figures 11a, b and e, f, the prescribed velocity forc-881

ing, U , is subtracted from the recorded horizontal surface velocity. Also, the first few loading-882

unloading cycles are omitted from the analysis, as they are susceptible to carry the sig-883

nature the first (outlier) rupture event.884

The comparison of two simulations in which only the damage increment is varied885

between 0.1 and 0.5, summarized in figure 11, suggests that over a certain range of me-886

chanical parameters the model can reproduce two different types of mechanical behaviour,887

which are more analogous to classical earthquakes and slow slip events, respectively. In888

the first case (δd = 0.1, left panels), the macroscopic shear stress on the top bound-889

ary indeed shows very rapid and large-amplitude release phases followed by short post-890

seismic stress relaxation phases and much longer reloading phases (see figure 11a). Each891

brutal stress release event is associated with a sharp reversal of the surface horizontal892

(x−) velocity and an equally sharp drop in the surface horizontal displacement (see fig-893

ure 11c), which suggests a strong decoupling of the upper and lower plates following large894

damage events, reminiscent of classical earthquakes. In the second case (δd = 0.5, right895

panels), the asymmetry in the loading-unloading cycles is much less pronounced (see fig-896

ures 11b and d): the stress is much more progressively dissipated at each loading-unloading897

cycle, which is accompanied by lower amplitude variations of the surface velocity and898

a progressive decrease in the surface displacement, reminiscent of slow slip events (e.g.,899

Rogers & Dragert, 2003; Radiguet et al., 2016).900
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D

F
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<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F

<latexit sha1_base64="NUvJWY4nPSEWtRiIZudJfNYoFj4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzKe94olt+LOQVaJl5ESZKj3il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmRcW7rFTvq6XaTRZHHk7gFMrgwRXU4A7q0AAGA3iGV3hzhPPivDsfi9ack80cwx84nz+RrY1X</latexit>

(e)
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<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
a
cr

o
st

re
ss

<latexit sha1_base64="//xctFzwoD4tfyUhfdESkOFefXI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoF6EoBePEcwDkyX0TmaTIbOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VZQ1aCxi1Q5QM8ElaxhuBGsnimEUCNYKRrczv/XElOaxfDDjhPkRDiQPOUVjpccuimSI5JpUesWSW3bnIKvEy0gJMtR7xa9uP6ZpxKShArXueG5i/Akqw6lg00I31SxBOsIB61gqMWLan8wvnpIzq/RJGCtb0pC5+ntigpHW4yiwnRGaoV72ZuJ/Xic14ZU/4TJJDZN0sShMBTExmb1P+lwxasTYEqSK21sJHaJCamxIBRuCt/zyKmlWyt5FuXpfLdVusjjycAKncA4eXEIN7qAODaAg4Rle4c3Rzovz7nwsWnNONnMMf+B8/gA2D4/4</latexit>

↵ = 2

10 -5 10 -4 10 -3 10 -2

dam rate

10 -3

10 -2

10 -1

Pr
ob

ab
ilit

y

 d  = 0.9
 d  = 0.7
 d  = 0.5
 d  = 0.3
 d  = 0.1

0 1 2 3 4 5
time 10 -6

0

1

2

3

da
m

ag
e 

ra
te

10 -3

 t  = 100000000
 t  = 10000000
 t  = 1000000
 t  = 100000
 t  = 10000

Figure 9. Time series of the macroscopic stress (left panels) and probability density function

of the macroscopic damage increment (right panels) for De0 = 0.001 (∆̃t = 10−10, Th = 10−5)

and δd = 0.1, 0.3, 0.5, 0.7, 0.9 and (a) α = 2, (b) α = 3, (c) α = 4, (d) α = 6, (e) α = 8.

The damaging activity also differs between the two cases (see figures 11c, d). In901

the first, fewer damage events are recorded over the same simulation time. The damag-902

ing activity concentrates over large events that either precede (as in foreshocks) or co-903

incide with stress release phases. In the second case, the damaging activity is more sym-904

metric with respect to unloading phases, with damaging event both preceding (as in fore-905

shocks) and following (as in aftershocks) stress release events.906
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<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F

<latexit sha1_base64="KWh0RLJ0bw8em/x3PU2+HIlN2FQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jw3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxXvslK9r5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AjR6NVA==</latexit>

(b)

<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F

<latexit sha1_base64="oMYcx8nAFvX5nnYPeedyKOzsjl4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI77xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AjqONVQ==</latexit>

(c)

<latexit sha1_base64="QaZwZxrkAvzs8SbcCcaCMlnWhls=">AAACBnicbVC7SgNBFJ2NrxhfUUsRBoNgFXYlqGXQxjKCeUCyhNnZGzNkdnaZuSuGJZWNv2JjoYit32Dn3zh5FJp4YOBwzj3cuSdIpDDout9Obml5ZXUtv17Y2Nza3inu7jVMnGoOdR7LWLcCZkAKBXUUKKGVaGBRIKEZDK7GfvMetBGxusVhAn7E7pToCc7QSt3iYQfhAbOIcR3TkFkXqFBcQwQKR91iyS27E9BF4s1IicxQ6xa/OmHM03GYS2ZM23MT9DOmUXAJo0InNZAwPrBr2pYqFoHxs8kZI3pslZD2Ym2fQjpRfycyFhkzjAI7GTHsm3lvLP7ntVPsXfiZUEmKoPh0US+VFGM67oSGQgNHObTE9iDsXynvM8042uYKtgRv/uRF0jgte2flyk2lVL2c1ZEnB+SInBCPnJMquSY1UiecPJJn8krenCfnxXl3PqajOWeW2Sd/4Hz+AOApmWU=</latexit>

macro damage increment

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="//xctFzwoD4tfyUhfdESkOFefXI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoF6EoBePEcwDkyX0TmaTIbOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VZQ1aCxi1Q5QM8ElaxhuBGsnimEUCNYKRrczv/XElOaxfDDjhPkRDiQPOUVjpccuimSI5JpUesWSW3bnIKvEy0gJMtR7xa9uP6ZpxKShArXueG5i/Akqw6lg00I31SxBOsIB61gqMWLan8wvnpIzq/RJGCtb0pC5+ntigpHW4yiwnRGaoV72ZuJ/Xic14ZU/4TJJDZN0sShMBTExmb1P+lwxasTYEqSK21sJHaJCamxIBRuCt/zyKmlWyt5FuXpfLdVusjjycAKncA4eXEIN7qAODaAg4Rle4c3Rzovz7nwsWnNONnMMf+B8/gA2D4/4</latexit>

↵ = 2

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="8Vt1d3wHPlpDldf00AqM3jY+Nb4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexqUC9C0IvHCOaByRJ6J5NkyOzsMjMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKMrqNBKRagWomeCS1Q03grVixTAMBGsGo9up33xiSvNIPphxzPwQB5L3OUVjpccOiniI5Jqcd4slt+zOQJaJl5ESZKh1i1+dXkSTkElDBWrd9tzY+Ckqw6lgk0In0SxGOsIBa1sqMWTaT2cXT8iJVXqkHylb0pCZ+nsixVDrcRjYzhDNUC96U/E/r52Y/pWfchknhkk6X9RPBDERmb5PelwxasTYEqSK21sJHaJCamxIBRuCt/jyMmmclb2LcuW+UqreZHHk4QiO4RQ8uIQq3EEN6kBBwjO8wpujnRfn3fmYt+acbOYQ/sD5/AE3k4/5</latexit>

↵ = 3

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="KF7IRWnqIv7w4kS3q42JRwLYziw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokU9SIUvXisYD+wDWWy3bRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbqt56Y0jyWD2acMD/CgeQhp2is9NhFkQyRXJNqr1R2K+4MZJl4OSlDjnqv9NXtxzSNmDRUoNYdz02Mn6EynAo2KXZTzRKkIxywjqUSI6b9bHbxhJxapU/CWNmShszU3xMZRlqPo8B2RmiGetGbiv95ndSEV37GZZIaJul8UZgKYmIyfZ/0uWLUiLElSBW3txI6RIXU2JCKNgRv8eVl0jyveBeV6n21XLvJ4yjAMZzAGXhwCTW4gzo0gIKEZ3iFN0c7L8678zFvXXHymSP4A+fzBzkXj/o=</latexit>

↵ = 4

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="krc5tz/PulAX5B6fVSn2q4WkR6A=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKiF6EoBePEcwDkyX0TmaTIbOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VZQ1aCxi1Q5QM8ElaxhuBGsnimEUCNYKRrczv/XElOaxfDDjhPkRDiQPOUVjpccuimSI5JpUe8WSW3bnIKvEy0gJMtR7xa9uP6ZpxKShArXueG5i/Akqw6lg00I31SxBOsIB61gqMWLan8wvnpIzq/RJGCtb0pC5+ntigpHW4yiwnRGaoV72ZuJ/Xic14ZU/4TJJDZN0sShMBTExmb1P+lwxasTYEqSK21sJHaJCamxIBRuCt/zyKmlelL1quXJfKdVusjjycAKncA4eXEIN7qAODaAg4Rle4c3Rzovz7nwsWnNONnMMf+B8/gA8H4/8</latexit>

↵ = 6

<latexit sha1_base64="2RRwxLXlY8TROIoM98j2WcOjpro=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI97xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8Ai5mNUw==</latexit>

(a)

<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
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Figure 10. Time series of the macroscopic stress (left panels) and probability density function

of the macroscopic damage increment (right panels) for De0 = 0.1 (∆̃t = 10−10, Th = 10−5) and

δd = 0.1, 0.3, 0.5, 0.7, 0.9 and (a) α = 2, (b) α = 3, (c) α = 4, (d) α = 6, (e) α = 8.

We further analyze the temporal evolution of the surface horizontal velocity dur-907

ing each loading-unloading cycle, that is, over a period of time that starts at the onset908

of each stress release phase and extents until the next phase, as delimited by the dashed909

lines and arrows on figures 11a, b and c, d. In the first case, using δd = 0.1, the model910

reproduces a power law decay of the velocity of the form911

V (t) ∼ 1

tp
, (20)912
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where t is the time after the onset of stress release, and the exponent p is slightly smaller913

than 1 (see figure 11e). This behaviour is akin to the observed Omori-like decay of post-914

earthquake surface velocities (Perfettini & Avouac, 2004; Savage et al., 2005; Ingleby &915

Wright, 2017; Periollat et al., 2022), which suggests that long-term temporal correlations916

in the system control the evolution of post-earthquake surface velocities in the case of917

classical earthquakes. It is important to note however that in the present case, this trend918

spans a little more than two orders of magnitude, which is much less than what the ob-919

servations cover. This is due to the fact that, for the purpose of this paper, we have cho-920

sen our mechanical parameters (in particular the ratio C0/E0, which controls the sys-921

tem loading time, see section 5.3.1) to be consistent with the typical recurrence time of922

slow earthquakes, not with the larger time scales associated with classical earthquakes.923

In the second case, using δd = 0.5, the post-rupture surface velocities are signif-924

icantly smaller than in the previous case, and remain relatively stable for some time, be-925

fore slowly decaying at larger timescales (see figure 11f). Such behaviour is similar to926

what is observed during some largest SSEs for which the details of the displacement time927

series can be resolved (Cotte et al., 2009; Radiguet et al., 2012).928

These results suggest that the proposed modeling framework could be able to re-929

produce both slow earthquakes and classical earthquakes. Numerically at least, it can930

do it because it is efficient enough.931

One important point however is that, not over the entire range of model param-932

eter values but over the range that generates a mechanical behaviour most analogous to933

slow and classical earthquakes, the model definitely exhibits a pseudo-periodic behaviour.934

While it might be consistent with slow earthquakes (e.g., Dragert et al., 2001; Cotte et935

al., 2009; Radiguet et al., 2016), such behaviour is less consistent with classical earth-936

quakes. While recent studies have found that large (classical) earthquakes occur more937

regularly than a purely random process (e.g., T. Williams et al., 2019; Griffin et al., 2020),938

the temporal evolution of classical earthquakes in general is indeed more intermittent939

and their recurrence time, hardly predictable (e.g., Gardner & Knopoff, 1974; Michael,940

2011). We however believe that more variability in recurrence times and stress drop mag-941

nitudes and an intermittent behaviour covering a wider range of time scales could be ob-942

tained by incorporating additional physical components to the model. Leaving aside the943

more complex dynamics of fluids aspects, we list some simple and logical options below.944

The first consists in moving to a healing law that does not prescribe a unique, con-945

stant healing time. Such a law would be in better agreement with available observations.946

Measurements of relative seismic velocity changes after majors earthquakes indeed in-947

dicate a healing rate that is not constant but decrease in time after the main shock, sug-948

gesting that the damaged region within the fault regains strength rapidly in the early949

stage of the interseismic period and progressively more slowly in the later stages (e.g.,950

Li & Vidale, 2001; Brenguier et al., 2008). In the present model, this behaviour could951

be parameterized through a logarithmic healing law that does not include any charac-952

teristic time for healing but that instead depends locally on the time elapsed since the953

last damage event. Such a law would agree with the aging version of the rate-and-state954

interface model of (Ruina, 1983), which imply that the surfaces that are in contact and955

at rest strengthen logarithmically and would allow the system to evolve in a less deter-956

ministic manner.957

The second consists in accounting for a representation of the rheological stratifi-958

cation of subduction zones, which is known to depend strongly on temperature (e.g. Pea-959

cock, 2009) and therefore on depth. In the present 2-dimensional, idealized numerical960

experiments, this stratification could be coarsely accounted for by allowing the bulk, un-961

damaged viscosity of the host rock in the two plates to vary as a simple function (for in-962

stance, linear) of the horizontal distance (x) parallel to the interface, so that to repre-963

–28–
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Figure 11. (a, b) Temporal evolution of the macroscopic stress (black curve) and of the

surface x-velocity at the upper left corner of the domain (red curve) for a simulation in which

De0 = 0.1 (∆̃t = 10−9, Th = 10−4), α = 4 and (a) δd = 0.1 and (b) δd = 0.5. (c, d) Correspond-

ing temporal evolution of the cumulated surface x-displacement at the upper left corner of the

domain (black curve) and of macroscopic damage increment (cyan curve). (e, f) Corresponding

surface x-velocity at the upper left corner of the domain as a function of the time elapsed be-

tween each unloading event, as indicated by the dashed lines and arrows on figures (a) to (d). In

figures a, b, e and f, the prescribed forcing velocity, U , is subtracted from the x−velocity.

sent a more brittle (high viscosity) behaviour towards the surface and a more ductile (low964

viscosity) behaviour at depth. Such a dependence of the viscosity with depth would al-965

low mitigating the impact of finite size effects and at the same time, exploring spatial966

and temporal interactions between the different types of mechanical behaviours simu-967

lated by the model, that is, an essentially brittle behaviour akin to low-depth, classical968

earthquakes, a mixed brittle-ductile behaviour akin to slow-slip events and diffuse, duc-969

tile deformations akin to the deeper parts of subduction zones. In the same line of ideas,970

the use of the full Burger model, that is, incorporating the Kelvin component that was971

left aside in the present experiments but which is meant to accounts for the deforma-972

tion of the mantle (e.g., Nur & Mavko, 1974; Pollitz et al., 2001), would act as an ad-973

ditional source of post-seismic transient deformation and as such would bring some ex-974

tra complexity in the temporal behaviour of the model.975

The third addition would account for friction, which most likely plays a first-order976

role in the brittle part of the shear zone (e.g., Byerlee, 1967; Scholz, 1998, and many oth-977

ers), where asperities can become locked, thereby allowing for stresses to locally build-978
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up and local quakes to be triggered. To simulate the effect of static friction in a simple979

manner, an additional threshold on the the minimum stress required for the occurrence980

of viscous deformation (as opposed to damage) could be coupled to the viscous stress981

dissipation term of equation 1. This criterion, of the cohesion-less Mohr-Coulomb type,982

would ensure that for low states of stress, slip would be hindered and elastic stresses would983

build-up locally towards critically.984

7 Conclusions985

In this paper, we have presented a continuum, volumetric mechanical model suited986

for modelling slow earthquakes. We have also presented a numerical framework for this987

model that is efficient enough to cover several deformation cycles in very reasonable sim-988

ulation times in a 2-dimensional setup, while allowing to resolve both the very short-term989

and localized damage initiation and propagation processes associated with the co-seismic990

rupture and the diffuse deformations within the bulk of the host rock that relaxes stresses991

over very long time scales. In between these very short and very long time scales and992

over a certain range of parameters, the model can simulate a correlated seismic (i.e., dam-993

age) activity as well as different transient, seismic and aseismic processes akin to clas-994

sical and slow earthquakes, such as the post-seismic stress relaxation phase.995

In particular, the fact that the model can reproduce the observed Omori-like de-996

cay in surface post-seismic velocities over a certain range of mechanical parameter val-997

ues, even in the presently highly idealized simulation setup, is an important result, as998

it supports the hypothesis of (Ingleby & Wright, 2017) that visco-elastic models, either999

of the Maxwell or the Burgers type, require a continuously varying viscosity or, equiv-1000

alently, a continuously varying relaxation time, to reproduce this observed trend. Here,1001

this continuous variation in the relaxation time is achieved by applying a unique rheo-1002

logical law over the entire system, hence avoiding the need to prescribe the mechanical1003

behaviour in different parts of the system or the location of the shearing zone, but let-1004

ting both the elastic modulus and viscosity evolve in time and in space as simple func-1005

tions of the level of damage.1006

Leaving aside for the moment the inclusion of the dynamics of fluids, we have sug-1007

gested several simple additions to the current rheological framework that aim at extend-1008

ing its application to the representation of the entire seismic ”cycle”: that is a deforma-1009

tion that comprises both classical and slow earthquakes. The one-by-one inclusion of these1010

additions - a logarithmic, time-since-damage-dependant healing law, a variation of the1011

viscosity with depth and a deformation threshold for static friction -, the evaluation of1012

their respective impact on the simulated mechanical behaviour and the assessment of their1013

relative contribution towards a more realistic reproduction of the deformation cycle of1014

faults is the aim of our next paper.1015

Appendix A Adimensional system of equations1016

The model is made adimensional with respect to1017

1. the horizontal extent, L, of the domain in the direction of the forcing,1018

2. the prescribed forcing velocity, U ,1019

3. the undamaged elastic modulus, E0.1020

The time characterizing the deformation process is therefore T = L
U . In the following,1021

the superscript ’˜’ is used for all dimension-less variables and operators, which are listed1022

in table A1.1023
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Variables, dimensions and operators Non-dimensional equivalent

Spatial (2D) dimension x x̃ = x
L

Time t t̃ = t
T

Velocity u ũ = u
U

Internal stress σ σ̃ = σ
E0

Level of damage d, d′ d, d′

Del Operator ∇ ∇̃ = L∇
Table A1. Dimensional model variables and operators and their adimensional counterpart.

In terms of these adimensional variables and operators, the momentum equation1024

reads:1025

∇̃ · σ̃ = 0 (A1)1026

for either the pre- or post-damage stress, σ or σ′.1027

The full constitutive equation becomes1028

U

L
E0

∂σ̃

∂t̃
+

E0

λ0(1− dα−1)
σ̃ =

U

L
E0(1− d)K : ˜̇ε,1029

or1030

∂σ̃

∂t̃
+

1

De0(1− d)α−1
σ̃ = (1− d)K : ˜̇ε, (A2)1031

where De0 = η0

E0

U
L is the (undamaged) Deborah number. The constitutive equation for1032

the post-damage stress redistribution is:1033

σ̃′ − δdσ̃ = (1− d′)K : ε̃. (A3)1034

Damage being a non-dimensional variable, the damage equation (5) is itself adimensional:1035

1− d′ = δd (1− d) . (A4)1036

The adimensional healing equation reads1037

1

T

∂d′

∂t̃
= − 1

th
d′, 0 ≤ d′ < 1,1038

or1039

∂d′

∂t̃
= − 1

Th
d′, 0 ≤ d′ < 1. (A5)1040

where Th = th
T .1041

Appendix B Numerical Scheme1042

Here we present the time discretization and the numerical algorithm employed to1043

solve the system of equations in the shearing experiments. For simplicity, the superscript1044

′˜ ′ for adimensional variables is drop in the following notations.1045

This system of equations (A1 for σ and for σ′, A2, A3, A4, A5) forms a problem1046

that is solved for the following unknowns : ε̇ and ε′ (3 components each), σ and σ′ (31047

components each) and d′, starting from an initial state of rest and zero damage. It is solved1048
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over a closed 2-dimensional domain Ω ∈ R (see figure 4), with an external boundary1049

partitioned as ∂Ω = Γtop,Γbottom,Γleft,Γright. A constant x−velocity is applied on Γbottom.1050

It is fixed to 0 during the steady-state, stress redistribution process. The z−velocity is1051

fixed to 0 on Γbottom and ux = 0 on the right upper corner of the domain. The top and1052

lateral boundaries are free, hence σ · n = 0 on Γtop, Γleft and Γright.1053

B01 Time discretization1054

We discretize the time, t, such that tn = n∆t, with ∆t > 0 and n = 0, 1, 2, ....1055

and use a backward Euler (implicit) scheme of order 1. Expressing the strain rate ten-1056

sor as ε̇ = D(u) = 1
2

(
∇u+∇uT

)
and the strain tensor as D(u)∆t, the time-discretized1057

system of equations reads:1058

∇ · σn+1 = 0,1059

σn+1 − σn

∆t
+

1

De0 (1− dn)
α−1σ

n+1 = (1− dn)K : D(un+1),1060

1− d′n = δd (1− dn)1061

∇ · σ′n+1 = 0,1062

σ′n+1 − δdσn+1 = (1− d′n)K : D(u′n+1∆t),1063

d′n+1 − d′n

∆t
= − 1

Th
d′n, 0 < d′n+1 ≤ 1.1064

The numerical scheme divides this time-discretized problem, Pd, into three subprob-1065

lems. Using the superscript k = 0, 1, 2, ... for the steady-state stress-redistribution sub-1066

iteration in subproblem 2, these problems reads:1067

(P1d) The momentum and constitutive equations are first solved simultaneously for the1068

fields of velocity and stress, σn+1 and un+1 at the current time step, by apply-1069

ing the constant x−velocity forcing on Γbottom and the other boundary conditions1070

and using the level of damage at the previous time step, dn.1071

(P2d) The steady-state stress redistribution equations are solved iteratively, with the x−velocity1072

on Γbottom now set to zero. In this subproblem, the damage equation is first solved1073

for d′n,k+1 by comparing the field of stress at the current subiteration, σn+1,k, to1074

the local damage criteria, σc. The updated level of damage is then substituted into1075

the post-damage constitutive equation. Together with the momentum equation,1076

it is solved for the adjusted fields of velocity, u′n+1,k+1, and stress, σ′n+1,k+1. These1077

steps are iterated until all of the adjusted stresses become sub-critical. Then the1078

post-damage level of damage, d′n, is set to d′n,k+1.1079

(P3d) The healing equation is finally solved for the level of damage at the current time1080

step, d′n+1 and dn+1 is set to d′n+1.1081

The complete algorithm reads:1082

Initialization (n = 0)1083

un = 0 in Ω,1084

σn = 0 in Ω,1085

dn = d′n = 0 in Ω.1086

For n ≥ 0, set k = 01087
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(P1d) With σn and dn known, find σn+1 and un+1 such that1088

∇ · σn+1 = 0,1089

σn+1 − σn

∆t
+

1

De0 (1− dn)
α−1σ

n+1 = (1− dn)K : D(un+1),1090

1091

and with1092

un+1
z = 0 on Γbottom,1093

un+1
x = 1 on Γbottom,1094

un+1
x = 0 on Γtop ∩ Γright,1095

σn+1 · n = 0 on Γtop,Γleft and Γright, .1096

IF anywhere in Ω σn+1
1 > qσn+1

2 + σc, set σ
′n+1,k = σn+1 and d′n,k = dn.1097

(P2d) For k ≥ 0,1098

1. Find d′n,k+1 such that1099

1− d′n,k+1 = δd
(
1− d′n,k

)
,1100

2. Find σn+1,k+1 and un+1,k+1 such that1101

∇ · σn+1,k+1 = 0,1102

σ′n+1,k+1 − δdσ′n+1,k = E0(1− d′n,k+1)K :
(
D(u′n+1,k+1)∆t

)
1103

and with1104

u′n+1,k+1
z = 0 on Γbottom,1105

u′n+1,k+1
x = 0 on Γbottom,1106

u′n+1,k+1
x = 0 on Γtop ∩ Γright,1107

σ′n+1,k+1 · n = 0 on Γtop,Γleft and Γright, .1108

IF σ′n+1,k+1
1 ≤ qσ′n+1,k+1

2 + σc,1109

STOP and set σn+1 = σ′n+1,k+1 and d′n = d′n,k+1 (P3d) Find d′n+1 such that1110

d′n+1 − d′n

∆t
= − 1

Th
d′n, 0 < d′n+1 ≤ 1.1111

Set dn+1 = d′n+1.1112

Appendix C Convergence1113

Figure C1 shows the probability density function of Ebrit/∆̃t obtained in the case1114

of De0 = 0.1 and De0 = 10, using α = 4, δd = 0.1 and Th = 10−4 and Th = 10−3 re-1115

spectively. The PDFs indicate that the macroscopic model response converges as ∆̃t is1116

decreased, as for the case of De0 = 0.001 described in section 5.2. The values of ∆̃t for1117

which the response is not converged are indicated in red in table 3. The value of ∆̃t cor-1118

responding to each De0 value and used in the sensitivity analyses on Th, α and δd are1119

indicated in green in the same table.1120
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(b)

Figure C1. Probability density function of Ebrit/∆̃t for simulations using α = 4, δd = 0.1 and

(a) De0 = 0.1, Th = 10−4 and ∆̃t = 10−10, 10−9, 10−8, 10−7, 10−6 and (b) De0 = 10, Th = 10−3

and ∆̃t = 10−9, 10−8, 10−7, 10−6, 10−5 (corresponding to ∆t = 104 s, 105 s, 106 s, 107 s, 108 s re-

spectively).
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(2017). An analysis of the non-linear magma-edifice coupling at grimsvötn1292
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Abstract13

The overwhelming amount of seismic, geodesic and in-situ observations accumulated over14

the last 30 years clearly indicate that, from a mechanical point of view, faults should be15

considered as both damageable elastic solids in which highly localized features emerge16

as a result of very short-term brittle processes and materials experiencing ductile strains17

distributed in large volumes and over long time scales. The interplay of both deforma-18

tion mechanisms, brittle and ductile, give rise to transient phenomena associating slow19

slip and tremors, known as slow earthquakes, which dissipate a significant amount of stress20

in the fault system. The physically-based numerical models developed to improve our21

comprehension of the mechanical and dynamical behaviour of faults must therefore have22

the capacity to treat simultaneously both deformation mechanisms and to cover a wide23

range of time scales in a numerically efficient manner. This capability is essential, both24

for simulating accurately their deformation cycles and for improving our interpretation25

of the available observations.26

In this paper, we present a numerically efficient visco-elasto-brittle numerical frame-27

work that can simulate transient deformations akin to that observed in the context of28

subduction zones, over the wide range of time scales relevant for slow earthquakes. We29

implement the model in idealized simple shear simulations and explore the sensitivity30

of its behaviour to the value of its main mechanical parameters.31

Plain Language Summary32

The outer part of the Earth, called the lithosphere, is a complex object that de-33

forms both in a solid and a fluid manner. Where tectonic plates meet, such as in fault34

zones, this duality gives rise to a variety of phenomena. The solid behaviour is associ-35

ated with earthquakes and very sudden slip movements of the fault that we feel at the36

surface. The fluid behaviour translates into a slow and steady slip at depth. In between,37

the mixed solid-fluid behaviour results in progressive accelerations and decelerations of38

the fault slip accompanied with very weak quakes, which are called slow earthquakes. These39

slow earthquakes modulate the deformation cycle of faults and most probably impact40

the occurrence of ”real”, or classical, earthquakes. It is therefore important to account41

for them in numerical models that aim to help us understand this cycle better. In this42

paper we present a model of the deformation of fault zones that we have developed with43

the particular goal of representing slow earthquakes and that allows the lithosphere to44

behave sometimes like a solid, sometimes like a fluid.45

1 Introduction46

Earth’s materials are known to exhibit a variety of deformation mechanisms de-47

pending on temperature, pressure and loading conditions as well as on the time and spa-48

tial scales at which they are observed (e.g., Burov, 2011). In the most dynamic parts of49

the Earth’s lithosphere, such as plate boundaries and fault zones, volcanic systems and50

landslides, the interplay between different mechanisms can result in a strong strain lo-51

calization and a complex temporal behaviour. The slow deformation occurring over ge-52

ological time scales can indeed be suddenly accelerated and give rise to catastrophic events53

(earthquakes, eruptions, landslides) that release huge amounts of energy in a very short54

time.55

Historically, the deformation of the lithosphere has been studied either at the short56

time scales (seconds to minutes) of these catastrophic events or at the very large time57

scales (years to millions of years) of plate tectonic motion. However, the technological58

progresses in observational systems over the last 30 years has brought about a revolu-59

tion in the comprehension of its dynamical behaviour, by allowing to explore the time60

scales in between. Global Positioning System (GPS), radar interferometry (Synthetic Aper-61
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ture Radar, InSAR) and satellite gravimetry data have indeed driven a huge leap for-62

ward in terms of measuring the deformation of the Earth surface continuously in time63

and space and at high resolution. These new geodetic observations have been accompa-64

nied by rapid deployments of dense seismic networks and by the emergence of novel meth-65

ods of analysis of continuous seismic data that allow exploring deformation mechanisms66

over a significantly wider range of time scales.67

In the case of earthquakes, the occurrence of co-seismic rupture processes that re-68

distribute Coulomb stresses over short time scales (on the order of seconds) and the as-69

sociated scaling properties have been established for a long time (Omori, 1894; Gutem-70

berg & Richter, 1949; Turcotte, 1992). However, the recent advances in the observational71

systems and data analysis methods have profoundly modified our vision of how plate tec-72

tonic motions are accommodated and how stresses are dissipated along faults. In par-73

ticular, the combination of high resolution geodetic and seismic data has resulted in im-74

proved tracking of co-, post- and inter-seismic deformation patterns (e.g., K. Wang et75

al., 2012) and in the discovery of new types of transient phenomena designated as “slow76

earthquakes”. These slow earthquakes, associated because of their triggering depth with77

the so-called brittle-ductile transition comprised between the brittle, seismic zone near78

the surface and the ductile, aseismic zone below (e.g., Dragert et al., 2004; Peng & Gomberg,79

2010; Obara & Kato, 2016, and many others), combine periodic accelerations of the fault80

slip with weak seismic radiations known as tectonic tremors (e.g., Dragert et al., 2001;81

Obara, 2002; Peng & Gomberg, 2010). Analyses based on the cross-correlations of am-82

bient seismic noise have demonstrated that the transient deformations accompanying both83

slow and major earthquakes are associated with changes in elastic properties of the ma-84

terial in the vicinity of the fault, reminiscent of damaging processes and of a non-elastic,85

or at least nonlinear elastic behaviour (e.g., Brenguier et al., 2008; Rivet et al., 2011; Q.-86

Y. Wang et al., 2019). Seismic data (e.g., Audet et al., 2009), along with other sources87

such as tomographic imagery (Shelly et al., 2006) and the observation of exhumed sub-88

duction zones (Angiboust et al., 2015), have also allowed identifying fluids as another89

major player in the transient deformation of faults. In the context of slow earthquakes90

in particular, the increased pore-pressure from fluids trapped in the fault zone and as-91

sociated pore-pressure variations and diffusion are indeed believed to partially control92

the seismic and slow slip activity via the weakening and fracturing of the host rock, the93

local reduction of the effective stress and friction along the shearing plane and the trig-94

gering and migration of tremors (e.g., Brown et al., 2005; Frank, Shapiro, et al., 2015;95

Shapiro et al., 2018; Cruz-Atienza et al., 2018; Dublanchet, 2019; Luo & Liu, 2019, 2021,96

and many others).97

1.1 Existing Modelling Approaches98

The direct modelling approaches that exist to model the deformation of the Earth’s99

lithosphere and faults in particular can be divided in several categories.100

The first includes continuum frameworks based on a fluid mechanics approach, namely101

viscous, visco-elastic, visco-plastic or elasto-visco-plastic models. Such models have been102

developed to represent the diffuse, ductile and potentially large deformations associated103

with plate tectonics motion, for instance the formation of mountain ranges and conti-104

nental rifts (e.g., Royden et al., 1997; Frederiksen & Braun, 2001; Popov & Sobolev, 2008).105

They can reproduce strain localization by including strain-weakening mechanisms, such106

as a non-linear dependence of the viscous strain rate on the stress and thermo-mechanical107

feedbacks. However, their applications are restricted to ductile deformations on geolog-108

ical time scales. In the context of faults, visco-elastic models of the Maxwell or Burg-109

ers type (see figure 1) have also been often used to represent the mechanical behaviour110

of the combined Earth’s crust and mantle system (e.g. Nur & Mavko, 1974; Pollitz et111

al., 2001; Pollitz, 2003, 2005; Hetland & Hager, 2005, 2006; K. Wang et al., 2012; Sun112

& Wang, 2015). In such frameworks, the Maxwell component represents the lithosphere,113
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which can elastically transmit stresses over short time scales, while relaxing stresses in114

an exponential manner over very long time scales. The Kelvin component is added to115

represents the more ductile asthenosphere, which hosts mantle convection and is thought116

to cause a delayed elastic response, measurable in the reversal of surface velocities af-117

ter a major earthquake (e.g., Sun & Wang, 2015). However, with constant mechanical118

parameters (elastic moduli and viscosities), these models cannot by themselves account119

for the rheological stratification of fault zones, nor for the presence of a relatively local-120

ized shearing zone that concentrates the deformation. They are therefore usually imple-121

mented in ”layered” frameworks (e.g., Hetland & Hager, 2005, 2006; K. Wang et al., 2012;122

Sun & Wang, 2015), in which the structure of the system is prescribed and divided in123

multiple pre-determined layers with different rheologies (e.g., an elastic layer of crust em-124

bedded in a visco-elastic mantle) and is thus not allowed to evolve in time. With con-125

stant mechanical parameters also, neither the Maxwell nor the Burgers model can re-126

produce the transient deformations of fault systems over a wide enough range of time127

scales (Ingleby & Wright, 2017; Periollat et al., 2022): deformations which translate for128

instance in an Omori-like decay of post-seismic surface velocity (velocity inversely pro-129

portional to the time since the earthquake), observed hours to ten of years after mod-130

erate to large continental earthquakes (Ingleby & Wright, 2017).131

A second category of models aim to represent the transition between stable and132

unstable deformation regimes within the Earth crust by assimilating brittle and frictional133

processes to the problem of friction on a material interface. This is the case for the well-134

known block-slider framework, a parametric model stemming from experimental stud-135

ies of the frictional behaviour of various materials including rocks, which combines the136

principle of linear elasticity and non-linear stick-slip friction between a sliding block and137

an underlying surface. Purely conceptual models including these basic ingredients have138

first been used to explain the statistical properties associated with major earthquakes,139

such as the Gutemberg-Richter law (e.g., Burridge & Knopoff, 1967; Carlson & Langer,140

1989). The rheology of frictional interfaces has been later formulated as a constitutive141

law known as ”rate-and-state friction” (Dieterich, 1978, 1979a, 1979b) which has been142

widely used to model fault instabilities and earthquakes (e.g., Liu & Rice, 2005; Segall143

& Bradley, 2012, and many others). This law establishes the following relation between144

the measured friction coefficient, µ, the sliding velocity, V , and the state of the slip plane,145

θ:146

µ(θ, V ) = µ∗ + a ln
V

V ∗ + b ln
V ∗θ
Dc

147

where µ∗ is a friction coefficient at a reference sliding velocity, V ∗, a and b are propor-148

tionality constants for the magnitude of instantaneous and time-dependant displacements149

respectively and Dc is a characteristic slip distance for the evolution of the system to-150

wards a new stable state. It is often coupled to an evolution equation for the state pa-151

rameter, θ, which describes aging effects (Dieterich, 1979a; Ruina, 1983). For negative152

values of (a−b), the model describes a decrease of the friction coefficient with increas-153

ing sliding velocity and hence an unstable, velocity-weakening state, assimilated to a brit-154

tle, seismic behaviour. For positive values of (a−b), it describes an increase of the fric-155

tion coefficient with the slip velocity, therefore a state of stable, velocity-hardening slip,156

assimilated to an aseismic, ductile behaviour. By including additional levels of complex-157

ity relevant to faults, which allow a change of sign of (a−b) along the interface (for in-158

stance, a dependence of a and b on the temperature), this model can also reproduce tran-159

sitions between a brittle and a ductile behaviour and transient slip events (Liu & Rice,160

2005, 2007; Segall & Bradley, 2012). Its main limitation, however, is that it is empirically-161

based. As such, its extrapolation to the temporal and spatial scales of geophysical sys-162

tems such as faults on the basis of the results obtained in the laboratory is not trivial163

and questionable (e.g., Chen et al., 2017; van den Ende et al., 2018). A second impor-164

tant limitation is that it is an interface rheology, which implies a prescribed, non-evolving165

location of the sliding plane and which does not take into account its microstructure or166

its volumetric deformation. By this fact, it presents a limit to which it can be enriched167
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to include the highly relevant physico-chemical, mineralogical and hydro-mechanical pro-168

cesses involved in the fault deformation cycle. It is also important to note that a ”fault169

plane” approach is in contradiction with seismic data and geological observations of ex-170

humed faults, which suggest that the deformation occurs within a core zone made of gouge,171

sandwiched between a metric to kilometric-scale zone of damaged rocks (Caine et al.,172

1996; Angiboust et al., 2015; Hayman & Lavier, 2014; Gao & Wang, 2017).173

Another category of models include continuum mechanics damage frameworks (e.g.,174

Ashby & Sammis, 1990; Lyakhovsky, Reches, et al., 1997; Tang, 1997; Amitrano et al.,175

1999; Bhat et al., 2012, and many others). So-called elasto-brittle schemes, which cou-176

ple a damage variable to an elastic constitutive law, has indeed been used to represent177

the fracturing processes and the associated strong localization of the deformation in faults178

(e.g. Lyakhovsky, Ben-Zion, & Agnon, 1997; Lyakhovsky et al., 2001; Ben-Zion & Lyakhovsky,179

2002, and later papers). Without accounting for the dynamic propagation of fractures180

nor the generation of seismic waves, these models represent the redistribution of elas-181

tic stresses caused by the generation and coalescence of micro-fractures and the complex182

mechanical interactions in the material that stem from its micro-structural heterogene-183

ity. They thereby present the advantage of simulating the emergence of a damaged shear-184

ing or sliding zone (without the need to prescribe its location or geometry), the stable185

to unstable transition of the system that precedes the macroscopic rupture as well as the186

scaling laws associated with the localization of the deformation and the spatio-temporal187

clustering of the seismic activity (e.g., Ben-Zion & Lyakhovsky, 2002; Turcotte et al.,188

2003; Shcherbakov et al., 2005). An intrinsic limitation of such schemes, however, is that189

they are based on an elastic constitutive law and as such, they cannot simulate any pre-190

or post-rupture permanent deformation in the material. By this fact, it cannot repro-191

duce the entire deformation cycle of faults. Hamiel et al., (Hamiel et al., 2004) and Dansereau192

et al., (Dansereau et al., 2016a) therefore elaborated from elasto-brittle frameworks by193

adding a viscous relaxation term that is coupled to the local level of damage in order to194

represent, respectively, the small irreversible deformation that accumulate towards the195

macro-rupture and the permanent and potentially large post-rupture deformation of the196

fractured material. Their visco-elasto-brittle models have been shown to successfully sim-197

ulate the scaling laws associated with brittle deformations in faults (e.g., Ben-Zion & Lyakhovsky,198

2006) and a mechanically similar system: sea ice (Dansereau et al., 2016a; Rampal et199

al., 2019; Ólason et al., 2021). However, in the context of faults, the numerically-coupled200

treatment of damage propagation and viscous relaxation in these models makes them201

too computationally expensive to cover the very long time scales associated with duc-202

tile deformations and hence reproduce multiple deformation cycles.203

Finally, other models have been developed to help understanding the dynamics of204

fluids and its role in the deformation of faults (e.g. Segall & Rice, 1995, and many oth-205

ers). In particular, recent idealized models of pressure diffusion in the host rock with rapidly206

varying permeability have been able to explain the observed rapid tremor migrations and207

their reversals (Cruz-Atienza et al., 2018; Farge et al., 2021). However, a very impor-208

tant challenge remains to day: to couple these models with the two- or three-dimensional209

deformation of the solid matrix and other near-fault processes to allow assessing their210

impact on the geodetically observed strains.211

1.2 Focus on the Slow Earthquake Phenomenon212

Developing a single numerical modeling framework suitable for all of the above men-213

tioned physical processes and that can cover the entire spectrum of associated time scales214

is a very ambitious, perhaps unachievable, goal. Therefore, in this paper, we focus on215

modelling the mechanical behaviour and deformation of fault zones, leaving aside for the216

moment the role of fluids. We also concentrate over time scales intermediate between217

those characterizing the cycle of major, or ”classical”, earthquakes (from decades to thou-218
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sands of years) and the one of dynamic rupture (faster than hundreds of seconds). Within219

this range, the deformation of faults is often controlled by slow earthquakes.220

The slowest temporal scale associated with the slow earthquake phenomenon is re-221

vealed by geodetic observations of the accompanied slow and diffuse surface deforma-222

tion, with typical event durations between weeks and months and inter-events gaps of223

the order of a few years (e.g., Dragert et al., 2001; Kostoglodov et al., 2003; Radiguet224

et al., 2012). The fastest temporal scale is related to seismic radiations, observed at fre-225

quencies above 1 Hz in the form of tectonic tremors (e.g., Obara, 2002; Payero et al., 2008)226

or low-frequency earthquakes (LFEs) (e.g., Shelly et al., 2006; Bostock et al., 2012; Frank227

et al., 2014) and which imply localized, brittle deformations and associated elastic strain228

variations in the source region on the order of fractions of a second. Therefore, even if229

ignoring the second-order effect of the long-term deformation of the system attributable230

to mantle relaxation, convection and delayed elastic deformations, as done in this pa-231

per, building a model for slow earthquakes entails dealing with localized, brittle defor-232

mations and diffuse, ductile deformations that are separated by about 8 orders of mag-233

nitudes of time scales. This huge separation requires developing a numerical scheme that234

allows simulating the relevant processes in reasonable simulation times.235

This is the aim of the current work : developing a physically sound and numeri-236

cally efficient continuum rheological framework for slow earthquakes. It is important to237

note however that doing so, we also keep in mind a future application to a wider range238

of time scales relevant to the entire seismic cycle. Another objective is that this frame-239

work be simple and versatile, so that to give valuable insights and eventually be trans-240

ferable in the context of other geophysical systems that are characterized by a similar241

dynamics, that is, a dynamics comprised of mixed brittle/ductile and transient defor-242

mations, such as landslides and volcanic edifices (e.g., Peng & Gomberg, 2010; Lacroix243

et al., 2014; Carrier et al., 2015; Got et al., 2017; Handwerger et al., 2016; Poli, 2017;244

Parisio et al., 2019; Seydoux et al., 2020, and many others). A very important feature245

of the proposed modelling approach is that it accounts for rock fracturing processes via246

a progressive damage mechanism that is coupled to the mechanical strength of the ma-247

terial, which is described not only by an elastic modulii but also an apparent viscosity.248

As such, in addition to the long-term evolving strain of the system (observed with GPS,249

tiltmeters, strainmeters) the model represents the short-term temporal evolution of the250

averaged energy of seismic radiations (observed as tremors and LFEs).251

The rheological model is presented in section 2, together with its numerical scheme.252

Its implementation in an idealized shearing experiment that is relevant in the context253

of subduction zones is described in section 3. The main characteristic numbers and times254

describing this experiment are described in section 4. Section 5 presents a demonstra-255

tion of its mechanical and numerical behaviour, with a sensitivity analysis on the value256

of its main parameters. This analysis demonstrates its capability to simulate the wide257

separation of scales between the brittle and ductile processes and transient deformations258

at the intermediate time scales.259

2 The Physical Model260

The model builds on the Burgers framework, which combines the Maxwell (an elas-261

tic and a viscous component in series) and the Kelvin-Voigt (an elastic and a viscous com-262

ponent in parallel) visco-elastic models (see figure 1). As mentioned in section 1.2, for263

the sake of the current paper we neglect the effect of the delayed elasticity of the man-264

tle, which is responsible for instance for the reversal of surface velocities following ma-265

jor earthquakes but is probably of second-order in the context of slow earthquakes. In266

the following description, the model is therefore reduced to the Maxwell component. In267

particular, we focus on testing the capability of this component to reproduce transient268
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Maxwell

Figure 1. Schematic representation of the Burgers model. When loaded with a constant

deformation, the Maxwell component undergoes a relaxation (exponential decay) of the stress.

When unloaded, the part of the deformation associated to the viscous element is non-recoverable.

When loaded with a constant stress, the Kelvin component leads to an exponential decay of the

deformation. When unloaded, this deformation is fully recoverable. The implementation of the

model described in this paper neglects the Kelvin component.

deformations and a deformation cycle akin slow earthquakes when E and η are not con-269

stant but allowed to evolve in both space and time, according to the local degree of frac-270

turing of the material at the sub-grid scale, the so-called level of damage. The develop-271

ment of the current visco-elastic framework therefore lies crucially on the formulation272

of a coupling between E and η and this level of damage. The starting point of this cou-273

pling follows the simple formulation suggested by (Dansereau et al., 2016a), which was274

shown to successfully reproduce the spatial localization and intermittency of the dam-275

age and deformation and associated scaling laws in another quasi-brittle material that276

undergoes permanent deformations partially dissipating stresses when fractured; sea ice.277

Another particularity of our approach is that, contrary to existing visco-elastic lay-278

ered models (e.g., K. Wang et al., 2012; Sun & Wang, 2015), here a unique rheology is279

applied to the entire system (see figure 2). Its component are differentiated solely on the280

basis of the bulk elastic modulus and on the local level of damage.281

2.1 Constitutive Equation282

The Maxwell model is applied here in the context of an elastic, compressible solid.283

Its constitutive law reads284

Dσ

Dt
+

1

λ
σ = EK : ε̇, (1)285

where K is the elastic stiffness tensor, defined in terms of Poisson’s ratio, 0 ≤ ν < 0.5,286

and from which the elastic modulus, E, is factored out. For any three-dimensional sym-287

metric tensor ϵ = ϵij ∈ i, j; 1 ≤ i, j ≤ 3, (K : ϵ)ij = ν
(1+ν)(1−2ν) tr(ϵ)δij + 2 1

2(1+ν)ϵij .288

The strain rate tensor, ε̇ is taken equivalent to the rate of strain tensor and is given by289

D(u) = ∇u+∇uT

2 where u is the velocity. The ratio of the material’s apparent viscos-290

ity and elastic modulus, λ = η/E, hereinafter referred to as the relaxation time, sets291

the mesoscopic rate of dissipation of the stresses through permanent deformations.292

Following Kachanov (1958) and previous isotropic damage models (e.g., Tang, 1997;293

Lyakhovsky, Ben-Zion, & Agnon, 1997; Amitrano et al., 1999) the density of cracks at294

the sub-grid scale is described by a mesoscopic scalar damage variable, d, the value of295

which evolves between 0 for an undamaged and 1 for a totally damaged material (see296
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Figure 2. Schematic representation of the model and simulations, which represent a vertical

(x, z) cross-section of two layers of host rock sheared by applying a constant velocity at the bot-

tom of the lower layer, in the x-direction. A unique visco-elasto-brittle constitutive law is applied

to the entire system. The two layers are differentiated only on the basis of the undamaged value

of their elastic modulus. The expected mechanical behaviour is one in which the bulk of both

layers is quasi-elastic, since damage there is expected to be almost zero and the effective viscosity

is high, and visco-elastic at the interface of the two layers, where the deformation and damage

are localized and potentially high and the elastic modulus and apparent viscosity much reduced.

figure 2). In the case of the elastic modulus, the coupling to d is based on the principle297

of effective stress (Kachanov, 1958) and reads298

E = E0(1− d), (2)299

where E0 is the undamaged elastic modulus of the material. In the case of the effective300

viscosity, η, the coupling reads:301

η = η0(1− d)α, (3)302

where η0 is the bulk viscosity of the material, i.e., its viscosity in its undamaged state,303

and α is an exponent > 1 such that the relaxation time, λ, setting the rate of dissipa-304

tion of the stresses, decreases with the degree of fracturing of the material. This ad-hoc305

but simple coupling allows, on the one hand, the dissipation of the stress through per-306

manent deformations where the material is damaged and, on the other hand, the con-307

servation of the stress associated to elastic deformations where the material is relatively308

undamaged (Dansereau et al., 2016a; Weiss & Dansereau, 2017).309

2.2 Progressive Damage Mechanism310

The level of damage in the model evolves due to both fracturing and healing pro-311

cesses. The first of these processes translates into an increase in d and its occurrence is312

determined at any given model iteration by comparing the local state of stress to a crit-313

ical stress value, set by a chosen damage criterion. The present implementation uses the314

Mohr–Coulomb criterion315

σ1 = qσ2 + σc, (4)316

where σ1 and σ2 are the principal stresses, q =
[
(µ2 + 1)1/2 + µ

]2
, µ is the internal fric-317

tion coefficient and σc = 2C

[(µ2+1)1/2−µ]
, where C is a non-zero cohesion (resistance of318

the material to pure shear). No truncation is applied here to this criterion in the case319
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of σ1, σ2 < 0 : hence it includes tensile stresses. In a manner similar to other damage320

modelling frameworks, some noise is introduced in this criterion, by drawing the value321

of C over each element of the discretized domain from a uniform distribution, to repre-322

sent the heterogeneity of natural materials and insure progressive failure even under per-323

fectly homogeneous forcing conditions.324

As in the elasto-brittle model of (Amitrano et al., 1999), d evolves due to damag-325

ing following326

1− d′ = δd (1− d) , (5)327

where d′ is the post-damaging value of damage, d, the pre-damaging value and δd, a con-328

stant multiplication factor such that δd = 0 when and where the state of stress is sub-329

critical and 0 < δd ≤ 1 when and where it is over-critical with respect to the damage330

criterion. According to equations (2) and (3), each damage event implies that the local331

elastic modulus and apparent viscosity decrease respectively as332

E′ = δdE (6)333

η′ = δdαη (7)334

where the superscript ′ is hereinafter used to denote the post-damage strength, stress335

and deformation. This local decrease in mechanical strength leads to an elastic redis-336

tribution of the stresses from the over- to the sub-critical areas of the material, which337

allows for the triggering of avalanches of damaging events, representing the propagation338

of cracks at the mesoscale, as long as the elastic modulus (or relaxation time) or the ma-339

terial remains significant. It is important to note that, as other damage frameworks, the340

current model is not dynamic and as such, is not meant to capture the propagation of341

the rupture that generates seismic waves. Instead, it aims at representing the effect of342

such rupture processes on the deformation of the material.343

In developing the model, we take advantage of the very large separation of scales344

between the brittle and ductile deformations in faults to make the assumption that the345

first type of deformation is quasi-instantaneous relative to the second type. As such, we346

treat the evolution of the level of damage as independent of time. The same approxima-347

tion is implicitly made in the time-independent (linear) elasto-brittle brittle model of (e.g.,348

Amitrano et al., 1999). Here, we therefore follow a similar approach and formulate a steady-349

state, iterative scheme for the stress redistribution associated with micro-fracturing and350

fracture coalescence at the sub-grid scale. This formulation relies on two hypotheses:351

1. the immediate effect of damage is to redistribute the local stresses, not strains.352

In the following, this immediate post-damage state is referred to using the ”*” su-353

perscript,354

2. as the propagation of damage is quasi-instantaneous compared to viscous relax-355

ation processes in the material considered, the viscous stress dissipation term in356

equation (1) can be neglected when solving for the damage propagation. The con-357

stitutive equation therefore reduces to that of a linear-elastic material:358

σ = EK : ε,359

where ε is the deformation (as opposed to the deformation rate) tensor.360

The following constitutive equations thereby define respectively the pre- and immedi-361

ate post-damage states:362

σ = EK : ε,363

σ∗ = E∗K : ε∗,364

Using the first hypothesis laid above, the following equality relating the pre-damage and365

the immediate post-damage elastic modulus (respectively E and E∗) and stresses (σ and366
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σ∗) can be written367

σ∗

E∗ =
σ

E
.368

Using equation (6), the immediate post-damage stress adjustment is therefore given by369

σ∗ = σδd.370

Considering further that this local stress adjustment induced by the damage event will371

lead, in a second time, to an adjustment in the neighbouring deformation and so, stress,372

the new state of equilibrium between the post-damage stress, σ′, and the post-damage373

deformation, ε′, is given by374

σ′ − σδd = E0(1− d′)K : ε′. (8)375

2.3 Healing Mechanism376

Healing is another essential ingredient for the reproduction of the deformation of377

fault zones (e.g., Bos & Spiers, 2002; Renard et al., 2000, and many others). In the case378

of damaged rocks and rock gouges, it can include various processes, like sintering (e.g.,379

Hirono et al., 2020), cementing and sealing from dissolution-precipitation processes (e.g.,380

Sibson, 1992; R. T. Williams, Mozley, et al., 2019), motion/diffusion of asperities and381

dislocations (e.g., Dieterich, 1979a, 1979b, and many others) and compaction (e.g., Hun-382

feld et al., 2020). In the current model, the respective effects of all of these processes are383

not differentiated but rather encapsulated into a single healing law that prescribes a de-384

crease in the level of damage at a constant rate such that:385

Dd

Dt
= − 1

th
d, 0 ≤ d < 1, (9)386

where th the healing time. Through their respective coupling to d, both the elastic mod-387

ulus and apparent viscosity are therefore allowed to re-increase towards their bulk value388

after damage events : a behaviour that is consistent with observations of the evolution389

of seismic velocities (Li & Vidale, 2001; Brenguier et al., 2008). This very simple law,390

used here for the purpose of demonstrating the general impact of healing on the mod-391

elled mechanical behaviour, could be refined in more realistic implementations of the model392

(see section 11).393

2.4 The Coupled Visco-Elasto-Brittle Model394

The proposed model couples the time-independent treatment of the damage prop-395

agation with the time-dependant, visco-elastic Maxwell constitutive equation and the396

time-dependant evolution equation for healing. To do so, the complete system of equa-397

tions is solved in three steps or subproblems (P):398

(P1) The full constitutive equation (1) is first solved together with the full momentum399

equation, boundary and forcing conditions (see section 3) and using the field of400

damage at the previous time step for a first estimate of the field of velocity and401

stress at the current time step. The field of stress is then compared to the local402

damage criterion.403

(P2) If and only if the stress locally exceeds the damage criterion, the forcing is paused404

and the macroscopic deformation of the simulated material is held constant. The405

model enters a steady-state subiteration in which (i) the level of damage, d, is ad-406

justed to its post-damage value, d′, (ii) equation (8) is solved for the adjusted state407

of stress, σ′. These two steps are carried iteratively until all states of stresses be-408

come sub-critical, at which point the stress state at the current time is set to the409

adjusted stress at the final subiteration.410
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(P3) The healing equation (9) is solved for the field of damage at the current time step,411

using the post-damaging level of damage, d′.412

This scheme is illustrated schematically in figure 3 and presented in full details in Ap-413

pendix B.414
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<latexit sha1_base64="OvsPpfYmh+mbbyNjUJNUs5+wOE8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXZVEfG2EohuXFewDmlBuJtN26GQSZiZCCXXjr7hxoYhb/8Kdf+O0zUJbD1w4nHMv994TJJwp7TjfVmFhcWl5pbhaWlvf2Nyyt3caKk4loXUS81i2AlCUM0HrmmlOW4mkEAWcNoPBzdhvPlCpWCzu9TChfgQ9wbqMgDZSx97zBAQcsEfCWGNPsV4ER/gKOx277FScCfA8cXNSRjlqHfvLC2OSRlRowkGptusk2s9AakY4HZW8VNEEyAB6tG2ogIgqP5t8MMKHRglxN5amhMYT9fdEBpFSwygwnRHovpr1xuJ/XjvV3Us/YyJJNRVkuqibcqxjPI4Dh0xSovnQECCSmVsx6YMEok1oJROCO/vyPGmcVNzzytndabl6ncdRRPvoAB0jF12gKrpFNVRHBD2iZ/SK3qwn68V6tz6mrQUrn9lFf2B9/gBUV5WG</latexit>

r · �0 = 0

Figure 3. Schematic representation of the numerical scheme, composed of the three sub-

problems, and its resolution over one model time step. For simplicity, the superscript ’˜’ for

adimensional variables is dropped. The full numerical scheme and time discretization is described

in Appendix B.

3 Implementation415

The model is implemented here in a 2-dimensional shearing experiment (see fig-416

ure 4), meant as a very idealized representation of a vertical cut (x, z) through a sub-417

duction zone. Two layers of host rock are sheared by applying a constant x− velocity418

–11–
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x
<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

z
<latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit>

<latexit sha1_base64="39R51CC+p2rEolMM0Q4J6xXbot8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtIu3WzC7kYsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791iMqzWP5YMYJ+hEdSB5yRo2VWmnviVwTt1euuFV3BrJMvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfjY7d0JOrNInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2d9LlCZsTYEsoUt7cSNqSKMmMTKtkQvMWXl0nzrOpdVM/vzyu1mzyOIhzBMZyCB5dQgzuoQwMYjOAZXuHNSZwX5935mLcWnHzmEP7A+fwBFdCOwg==</latexit>

ux = 0

<latexit sha1_base64="MW8hrJAgFL8OnIEy2q7X4HirfQc=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBRPb8/r9Su8ziK6Agdo1MUoEtUQ7eojhqIokf0jF7Rm6e8F+/d+5i3Frx85hD9gff5A2IfjwQ=</latexit>

⌦

<latexit sha1_base64="ezLg+XVI2SwGorLZKRfzXiKwdFM=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE1GPRgx4r2A9oQthsN+3S3STsTsQQ4l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzBbb9bVRWVtfWN6qbta3tnd09c/+gq+JUEtohMY9lP8CKchbRDjDgtJ9IikXAaS+YXE/93gOVisXRPWQJ9QQeRSxkBIOWfLPu3mAhsJ+7QB8hhzgpCt9s2E17BmuZOCVpoBJt3/xyhzFJBY2AcKzUwLET8HIsgRFOi5qbKppgMsEjOtA0woIqL58dX1jHWhlaYSx1RWDN1N8TORZKZSLQnQLDWC16U/E/b5BCeOnlLEpSoBGZLwpTbkFsTZOwhkxSAjzTBBPJ9K0WGWOJCei8ajoEZ/HlZdI9bTrnzbO7s0brqoyjig7RETpBDrpALXSL2qiDCMrQM3pFb8aT8WK8Gx/z1opRztTRHxifP6ySlXQ=</latexit>

�top

<latexit sha1_base64="ocpm9LgPlarnUM3bfJPYxFwtPao=">AAAB/3icbVDJSgNBEO2JW4xbVPDiZTAInsKMBPUY9KDHCGaBJAw9nZ6kSS9Dd40Yxjn4K148KOLV3/Dm39hZDpr4oODxXhVV9cKYMwOe9+3klpZXVtfy64WNza3tneLuXsOoRBNaJ4or3QqxoZxJWgcGnLZiTbEIOW2Gw6ux37yn2jAl72AU067AfckiRjBYKSgedK6xEDhIO0AfIA0VgBJZFhRLXtmbwF0k/oyU0Ay1oPjV6SmSCCqBcGxM2/di6KZYAyOcZoVOYmiMyRD3adtSiQU13XRyf+YeW6XnRkrbkuBO1N8TKRbGjERoOwWGgZn3xuJ/XjuB6KKbMhknQCWZLooS7oJyx2G4PaYpAT6yBBPN7K0uGWCNCdjICjYEf/7lRdI4Lftn5cptpVS9nMWRR4foCJ0gH52jKrpBNVRHBD2iZ/SK3pwn58V5dz6mrTlnNrOP/sD5/AEc55bU</latexit>

�bottom

<latexit sha1_base64="r1fCz8Uu+3bjWJsZNmYwiC5EjnE=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCp5JIUY9FD3qsYD+gCWGz3bZLd5OwOxFLCPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvDARXIPjfFtLyyura+uljfLm1vbOrr2339Jxqihr0ljEqhMSzQSPWBM4CNZJFCMyFKwdjq4nfvuBKc3j6B7GCfMlGUS8zykBIwX2oXdDpCRB5gF7hEzxwRDyPLArTtWZAi8StyAVVKAR2F9eL6apZBFQQbTuuk4CfkYUcCpYXvZSzRJCR2TAuoZGRDLtZ9Pzc3xilB7ux8pUBHiq/p7IiNR6LEPTKQkM9bw3Ef/zuin0L/2MR0kKLKKzRf1UYIjxJAvc44pREGNDCFXc3IrpkChCwSRWNiG48y8vktZZ1T2v1u5qlfpVEUcJHaFjdIpcdIHq6BY1UBNRlKFn9IrerCfrxXq3PmatS1Yxc4D+wPr8ATqOllM=</latexit>

�right
<latexit sha1_base64="o+FBtySoxL+W2hlY8MpTt3fmrkQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8DAbBU5iRoB6DHvQYwSyQCaGnU5M06Z4ZumvEOAR/xYsHRbz6H978GzvLQRMfFDzeq6KqXpAIrtF1v63c0vLK6lp+vbCxubW9Y+/u1XWcKgY1FotYNQOqQfAIashRQDNRQGUgoBEMrsZ+4x6U5nF0h8ME2pL2Ih5yRtFIHfvAv6ZS0k7mIzxgJiDE0ahjF92SO4GzSLwZKZIZqh37y+/GLJUQIRNU65bnJtjOqELOBIwKfqohoWxAe9AyNKISdDubXD9yjo3SdcJYmYrQmai/JzIqtR7KwHRKin09743F/7xWiuFFO+NRkiJEbLooTIWDsTOOwulyBQzF0BDKFDe3OqxPFWVoAiuYELz5lxdJ/bTknZXKt+Vi5XIWR54ckiNyQjxyTirkhlRJjTDySJ7JK3mznqwX6936mLbmrNnMPvkD6/MHXqqV1g==</latexit>

�left

<latexit sha1_base64="7kovhfrFY4lUXfahldh9n4ScCHk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS1I1QdOOygn1AE8pkMmmHziPMTMQS+ituXCji1h9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MNqR8tMYdLGkknVi5AmjArSNtQw0ksVQTxipBuNb2d+95EoTaV4MJOUhBwNBU0oRsZKA7caaDrkCAY4lgYKeA29gVvz6t4ccJX4BamBAq2B+xXEEmecCIMZ0rrve6kJc6QMxYxMK0GmSYrwGA1J31KBONFhPr99Ck+tEsNEKlvCwLn6eyJHXOsJj2wnR2akl72Z+J/Xz0xyFeZUpJkhAi8WJRmDRsJZEDCmimDDJpYgrKi9FeIRUggbG1fFhuAvv7xKOud1/6LeuG/UmjdFHGVwDE7AGfDBJWiCO9ACbYDBE3gGr+DNmTovzrvzsWgtOcXMEfgD5/MHJEmTNg==</latexit>

� · n = 0
<latexit sha1_base64="7kovhfrFY4lUXfahldh9n4ScCHk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS1I1QdOOygn1AE8pkMmmHziPMTMQS+ituXCji1h9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MNqR8tMYdLGkknVi5AmjArSNtQw0ksVQTxipBuNb2d+95EoTaV4MJOUhBwNBU0oRsZKA7caaDrkCAY4lgYKeA29gVvz6t4ccJX4BamBAq2B+xXEEmecCIMZ0rrve6kJc6QMxYxMK0GmSYrwGA1J31KBONFhPr99Ck+tEsNEKlvCwLn6eyJHXOsJj2wnR2akl72Z+J/Xz0xyFeZUpJkhAi8WJRmDRsJZEDCmimDDJpYgrKi9FeIRUggbG1fFhuAvv7xKOud1/6LeuG/UmjdFHGVwDE7AGfDBJWiCO9ACbYDBE3gGr+DNmTovzrvzsWgtOcXMEfgD5/MHJEmTNg==</latexit>

� · n = 0

<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L

<latexit sha1_base64="SlZV5GjEweOHcgg46BPKDOoXkkQ=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8EgWEjYlaA2QtDGMoKbBJJlmZ1MkiGzF+YSjEvexMZCEVvfxM63cZJsoYk/DHz85xzOmT9MOZPKcb6twsrq2vpGcbO0tb2zu2fvHzRkogWhHkl4IlohlpSzmHqKKU5bqaA4CjlthsPbab05okKyJH5Q45T6Ee7HrMcIVsYKbFsHj+gaeWdIB08GnMAuOxVnJrQMbg5lyFUP7K9ONyE6orEiHEvZdp1U+RkWihFOJ6WOljTFZIj7tG0wxhGVfja7fIJOjNNFvUSYFys0c39PZDiSchyFpjPCaiAXa1Pzv1pbq96Vn7E41YrGZL6opzlSCZrGgLpMUKL42AAmgplbERlggYkyYZVMCO7il5ehcV5xLyrV+2q5dpPHUYQjOIZTcOESanAHdfCAwAie4RXerMx6sd6tj3lrwcpnDuGPrM8foyCRuQ==</latexit>

ux = U, uz = 0

<latexit sha1_base64="7kovhfrFY4lUXfahldh9n4ScCHk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS1I1QdOOygn1AE8pkMmmHziPMTMQS+ituXCji1h9x5984bbPQ1gMXDufcy733RCmj2njet1NaW9/Y3CpvV3Z29/YP3MNqR8tMYdLGkknVi5AmjArSNtQw0ksVQTxipBuNb2d+95EoTaV4MJOUhBwNBU0oRsZKA7caaDrkCAY4lgYKeA29gVvz6t4ccJX4BamBAq2B+xXEEmecCIMZ0rrve6kJc6QMxYxMK0GmSYrwGA1J31KBONFhPr99Ck+tEsNEKlvCwLn6eyJHXOsJj2wnR2akl72Z+J/Xz0xyFeZUpJkhAi8WJRmDRsJZEDCmimDDJpYgrKi9FeIRUggbG1fFhuAvv7xKOud1/6LeuG/UmjdFHGVwDE7AGfDBJWiCO9ACbYDBE3gGr+DNmTovzrvzsWgtOcXMEfgD5/MHJEmTNg==</latexit>

� · n = 0

<latexit sha1_base64="2RRwxLXlY8TROIoM98j2WcOjpro=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI97xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8Ai5mNUw==</latexit>
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Figure 4. (a) Simulation setup. The domain, boundaries and boundary conditions are de-

tailed in Appendix B. (b) Functional dependence of the cohesion, C, (i.e., of the damage criteria)

on z, prescribed to avoid concentrating most of the deformation at the top and bottom bound-

aries, where the x−velocity is either locally or entirely prescribed.

at the bottom of the lower layer. No confinement is applied on the lateral sides and the419

surface is free, except for the top, right corner of the domain (the furthest surface point420

downstream and in the direction of the forcing), for which ux = 0. The horizontal ex-421

tent of the system perpendicular to the shearing direction is considered much greater than422

the horizontal extent in the shearing direction. Plane strains are therefore assumed. No423

discontinuity is introduced over the domain other than in the value of the undamaged424

elastic modulus, E0, which is lower by a factor of 3 in the upper layer, representing the425

continental crust, than in the lower layer, representing the oceanic crust (see table 1).426

Also, in order to avoid that all of the deformation be trivially accommodated near the427

bottom boundary of the domain, where a non-zero x−velocity is prescribed, or near the428

top, right corner of the domain, where the x−velocity is fixed to 0, a functional depen-429

dence of C on z is prescribed, of the form C = C0 × exp(|5.0 ∗ z/H|), where H is the430

thickness of both layers (see figure 4b) and C0 is the minimum cohesion. This function431

allows the magnitude of C to vary little over a wide enough range of values of z centred432

on z = 0 (e.g., C(z = 0.01) = 1.5× C(z = 0) and therefore does not affect the degree433

of localization of the deformation in the shearing zone that forms between the two sim-434

ulated layers. Over each grid cell element, this function is locally multiplied by a value435

that is picked randomly over a uniform distribution of values over the range [0.75 1], thereby436

introducing some noise in the local damage criteria that represents the natural hetero-437

geneity of the material (see section 2.2).438

The balance of forces in the experiment neglects inertia and advection. In order439

to avoid introducing artifacts in the solution related to our finite-size domain and bound-440

ary conditions, we also neglect gravity. The momentum equation therefore reads:441

∇ · σ = 0. (10)442

As slow earthquakes entail deformations (i.e., slip) that are relatively small relative to443

the horizontal and vertical extent of subduction zones, the advection, rotation and de-444

formation terms which are included in material derivatives in the constitutive equation445

(1) and healing equation (9), are all neglected, such that Dσ
Dt = ∂σ

∂t and Dd
Dt = ∂d

∂t . In446

all simulations performed here, the total, cumulative deformation of the system remains447

below 10% of the the size of the smallest mesh element, ensuring that this approxima-448

tion is indeed valid. The effect of the elastic deformations on the material’s density are449

neglected as well, such that mass conservation does not need to be imposed.450
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Model/setup parameters Value

Length of the domain L 106, 104, 102 m

Thickness of both layers H 1
8L

Tectonic forcing velocity U 10−9 m s−1

Undamaged relaxation time λ0 = η0

E0
1012 s

Poisson’s ratio ν 0.3

Internal friction coefficient µ 0.7

Maximal cohesion C0 104 Pa

Table 1. Model and simulation parameter values.

The model equations are discretized in time using a backward Euler scheme of or-451

der 1 (see section B01 of the Appendix for the details) and discretized in space using fi-452

nite elements. In the following, ∆t designate the model time step and ∆x, the spatial453

resolution of the mesh grid. The triangular elements grid used is built using the Gmsh454

generator (Geuzaine & Remacle, 2009). As the model is isotropic by construction, and455

in order to avoid preferential orientations in the localization of the deformation, it is cho-456

sen unstructured. The spatial resolution, ∆x, is set to be 1/20 of the horizontal extent,457

L, of the domain at the top and bottom boundaries. It is refined by a factor of 10, so458

that to be 1/200 of L, at the junction of the two layers (see Figure 4) where deforma-459

tion is expected to be maximal. As cumulative deformations are small in all simulations,460

the deformation of the mesh is not calculated and the position of grid nodes, not updated461

in time. The resolution of the variational formulation of the equations make use of the462

C++ library RHEOLEF (Saramito, 2020). The polynomial approximations for u are of463

order 1 and continuous at inter-element boundaries. As the stress tensor is a function464

of the velocity gradient and the damage, a function of the stress tensor, the approxima-465

tions for σ, σ′, d and d′ are of degree 0 and discontinuous at inter-element boundaries.466

4 Adimensional System of Equations and Adimensional Parameters467

In all of the simulations performed here, the system of equations is solved and re-468

sults are expressed in adimensional form. This allows describing and exploring the sen-469

sitivity of the rheological framework in terms of a reduced set of parameters and using470

the same idealized setup to represent systems with different physical dimensions and/or471

deformation time scales.472

The model is made adimensional with respect to the horizontal extent, L, of the473

domain, the constant velocity prescribed at the bottom of the lower layer, U , and the474

average of the undamaged elastic modulus of the two layers, E0. The time, T , charac-475

terizing the deformation process is therefore given by L
U . The superscript ’˜’ is used for476

all dimension-less variables and operators, which are listed in table A1. For a full descrip-477

tion of the adimensional formulation of the variables and equations, the reader can re-478

fer to Appendix A.479

–13–



manuscript submitted to JGR: Solid Earth

The complete adimensional system of equations reads480

∇̃ · σ̃ = 0 (11)481

∂σ̃

∂t̃
+

1

De0(1− d)α−1
σ̃ = (1− d)K : ˜̇ε, (12)482

1− d′ = δd (1− d) (13)483

∇̃ · σ̃′ = 0 (14)484

σ̃′ − δdσ̃ = (1− d′)K : ε̃′ (15)485

∂d′

∂t̃
= − 1

Th
d′, 0 ≤ d′ < 1, (16)486

with the damage criterion487

σ̃1 = [(µ2 + 1)1/2 + µ]2σ̃2 +
2C/E0

[(µ2 + 1)1/2 − µ]
. (17)488

The value of Poisson’s ratio, ν, and of the internal friction coefficient, µ, are fixed in the489

following simulations to values common for geomaterials (Byerlee, 1978; Jaeger & Cook,490

1979). The brittleness of the material, given by the ratio of the cohesion to the undam-491

aged elastic modulus, C0/E0, is also kept constant. Besides these parameters, the four492

adimensional parameters that characterize the model are:493

1. De0 = η0

E0

U
L , the (undamaged) Deborah number,494

2. α, the damage parameter, setting the rate at which the viscosity (or relaxation495

time) decreases with the level of damage,496

3. δd, the damage increment,497

4. Th = th
T , the time for healing,498

The limits and range of values over which these parameters are varied in the sensitiv-499

ity experiments performed here are summarized in Table 2 and discussed in the follow-500

ing sub-sections.501

Adimensional parameter Range of values

Characteristic healing time Th 10−1 − 10−7

Undamaged Deborah number De0 0.01, 0.1, 10

Damage increment δd 0.1, 0.3, 0.5, 0.7, 0.9

Damage parameter α 2, 3, 4, 6, 8

Table 2. Adimensional model parameters and the range of values over which they are varied in

the model sensitivity experiments.

4.1 The Deborah Number, De502

The Deborah number can be defined as the dimensionless ratio of the viscous re-503

laxation time for the stress, λ, and of the time for the deformation process, T = L
U , (i.e.,504

the inverse of the macroscopic shearing rate). It characterizes the fluid-like versus elas-505

tic solid-like behaviour in unsteady flows, and as such is a relevant quantity to charac-506

terize the deformation of faults and the slow earthquake phenomenon. Materials char-507

acterized by a low Deborah number, either because they dissipate stresses rapidly or be-508

cause they are deformed very slowly, have a behaviour that approaches that of a (New-509
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tonian) fluid and therefore flow steadily. Materials characterized by a high Deborah num-510

ber, either because they dissipate stresses very slowly or because they are deformed rapidly,511

behave like elastic solids and flow unsteadily.512

Compared to classical earthquakes, slow earthquakes appear to be a less intermit-513

tent, or equivalently a more steady, and therefore a more predictable form of deforma-514

tion. Indeed, in some subduction zones like Cascadia (Dragert et al., 2001) and Guer-515

rero, Mexico (Cotte et al., 2009; Radiguet et al., 2012) major slow earthquake episodes516

show approximately stable recurrence times. However, the recurrence interval of slow517

slip events varies greatly from one subduction zone to another. For instance, it is of a518

few months in some segments of the Nankai subduction in Japan (e.g., Poiata et al., 2021),519

on the order of one year in Cascadia, and of nearly four years in Guerrero. Recurrence520

interval are also known to differ for different segments of the same subduction zone (e.g.,521

Brudzinski & Allen, 2007) and are observed to decrease with depth (e.g., Wech & Crea-522

ger, 2011; Frank, Radiguet, et al., 2015).523

To take into account this variability in our simulations, as well as the variability524

and uncertainty related to the mechanical properties of the crust (elastic modulus and525

viscosity), we explore three values of the undamaged Deborah number (0.001, 0.1 and526

0.1, see table 3) each separated by two orders of magnitude. Practically, in the simula-527

tions, these different values are obtained by varying the time associated with the defor-528

mation process, T = L
U , and maintaining the undamaged relaxation time, λ0 = η0

E0
,529

constant (λ0 = 1012 s). This relaxation time is consistent with an undamaged elastic530

modulus, E0, on the order of 1011 Pa (in agreement with e.g., Dziewonski & Anderson,531

1981) and a bulk, undamaged viscosity, η0, of 10
23 Pa s (Siravo et al., 2019) for both the532

continental and oceanic crust. The deformation process time, T , is set by considering533

a typical tectonic velocity of 10−9 m/s (on the order of a few cm/year) and considering534

different horizontal extent, L, over which the fault is activated and slip occurs. The low-535

est value of De0 explored considers L = 106 m (1000 km), representative of a large sub-536

duction zone. Following the definition of the Deborah number, this lower bound can be537

interpreted alternatively as representing a smaller but deeper, hence lower viscosity seg-538

ment of a fault. The highest value is representative of a small activated segment (1000539

m) or alternatively, as a larger but shallower and hence more brittle part of a fault.540

It is very important to note, however, that while De0 sets the bulk fluid-like ver-541

sus elastic solid-like behaviour of the system and therefore is a relevant quantity to char-542

acterize the macroscopic deformation cycle, for instance in terms of its duration, in the543

visco-elasto-brittle model presented here, the effective Deborah number, De, is not ho-544

mogeneous throughout the system but varies in space and time. Indeed, according to equa-545

tions (2) and (3), De evolves locally as a function of the level of damage, as De = De0d
α−1.546

In all three systems, this decrease will leads to a more fluid-like behaviour where and when547

the host rock becomes damaged.548

4.2 The Healing Time, Th549

In the present model, the healing time represents the time it takes for a completely550

damaged element (d = 1) to evolve back to its undamaged state (d = 0) and recover551

entirely its mechanical strength. Since several different healing processes are thought to552

be at play in faults (see section 2.3) and the rates at which these different processes very553

likely depend on various local factors, like pressure, temperature, the availability of flu-554

ids and the type of rock (see for instance McLaskey et al., 2012), estimating Th is highly555

non-trivial. Therefore, we define our estimation here based on lower and upper bounds556

values. On the one hand, observations of post-seismic velocity changes, which estimates557

the time required for the velocity of P and S waves (or, by extension, the elastic mod-558

ulus of the crust in the vicinity of the fault) to re-increase to their pre-seismic value, place559

the lower bound to a few (2-5) years (e.g., Li et al., 1998; Brenguier et al., 2008). Indeed,560
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while cracks that open during the mainshock probably close partially with time, one still561

expects the vicinity of the shearing zone to remains highly damaged relative to the sur-562

rounding host rock and that, at all times. On the other hand, assuming that the fault563

heals completely between large earthquakes, the upper bound can be estimated from pseudo-564

recurrence times, which reach a few thousand years in some faults (e.g., Li et al., 1998;565

R. T. Williams, Davis, & Goodwin, 2019).566

Four orders of magnitude of healing time are explored here, which vary between567

these lower and upper bounds. In dimensional form, these values are: th = 108 s, which568

is equivalent to about ∼ 3 years, 109 s (∼ 30 years), 1010 s (∼ 300 years) and 1011 s569

(∼ 3000 years). Since different De0 numbers are explored by varying the process time570

T , and as time in our system of equations is made adimensional with respect to T (see571

section 4), the different De0 lead to different adimensional values of the time of healing,572

Th. The dimensional and corresponding adimensional values of th and Th correspond-573

ing to each De0 are listed in table 3.574

4.3 The Damage Parameter, α575

As mentioned in section 2.2, the purpose of the rather ”ad-hoc” damage param-576

eter, α, is that the model accounts for a more rapid dissipation of the stresses where the577

material is highly damaged than where it is relatively undamaged. The only physical con-578

straint on its value is therefore α > 1. There is no theoretical upper bound for α. How-579

ever, for α large, the relaxation time becomes very small at the onset of damage, what-580

ever the damage level. Dansereau (2016b) and Weiss and Dansereau (2017) have demon-581

strated that in this case, stresses are readily dissipated after each damage event and the582

mechanical behaviour becomes essentially elasto-plastic. Here, the sensitivity of the model583

is investigated for values of α between 2 and 8, which proves to be a wide enough range584

of values for the model to exhibit different mechanical behaviours relevant in the con-585

text of faults and slow earthquakes.586

4.4 The Damage Increment, δd587

Similar to the damage parameter, the value of the damage increment is not con-588

strained other than within the range of values intrinsic to its definition : between 0 and589

1. It is however expected to be determinant on the mechanical response of the model.590

For large values of δd, the decrease in E at each damage event, given by equations (6)591

and (7) respectively, as well as the associated increase in the level of damage, given by592

equation (5), are small. Conversely, for small values of δd, the decrease in E and η and593

associated increase in d at each damage event is large. In the first limit, the dissipation594

of the stress in permanent deformations is small. One can expect the emergence of a brit-595

tle creep regime, in which the system remains always near criticality. In the second limit,596

the dissipation of the stress into permanent deformations is large, which can impede elas-597

tic interactions in the system and, by the same fact, the spatial and temporal localiza-598

tion of the deformation (Dansereau, 2016b; Weiss & Dansereau, 2017). In the following,599

the model behaviour is analyzed for damage increment values of 0.1, 0.3, 0.5, 0.7 and 0.9.600

5 Results601

5.1 Mechanical Model Response602

Here we first describe the overall macroscopic behaviour of the model. This descrip-603

tion is based on simulation results obtained for a specific set of model parameters (De0 =604

0.001, Th = 10−5, ∆̃t = 10−10, α = 4, δd = 0.1), but the conclusions broadly apply605

to a wider range of values. Figure 5a shows the temporal evolution of the model response606

in terms of the macroscopic shear stress, calculated by integrating the shear stress on607

the entire top boundary of the domain, and of the macroscopic damage increment, de-608
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Figure 5. (a) Temporal evolution of the macroscopic shear stress (black line) and of

the macroscopic damage increment (as defined by eq. 18, cyan line) for a simulation using

De0 = 0.001, ∆̃t = 10−10, α = 4, δd = 0.1 and Th = 10−5. (b) Instantaneous field of the

level of damage after the large avalanche of damage events and associated unloading phase in-

dicated by the vertical red line on panel (a). (c) Zoom-in on the instantaneous field of De (in

logarithmic scale) corresponding to the black box indicated on panel (b) and normalized distribu-

tion of the instantaneous values of De for all damaged elements of the domain corresponding to

the unloading phase indicated by the vertical red line on panel (a).

fined as the local damage increment integrated over all elements I that are damaged dur-609

ing a stress redistribution subiteration k and over the K subiterations realized over the610

current model time step, n+ 1:611

K∑
k=1

I∑
i=1

(1− δd)(1− dn,ki ). (18)612

An animation of this simulation, showing the temporal evolution of the field of damage613

(in logarithmic scale) and of both the macroscopic shear stress and damage increment614

is available as Supporting Information to this paper (see S1). After the initial and al-615

most linear-elastic loading phase, this response is characterized by asymmetric cycles com-616

prised of an either partial or total stress drop (hereinafter called unloading phase) and617

a subsequent healing and stress increase phase (hereinafter called loading phase). Dam-618

age can occur at any moment of the cycle, but unloading phases are generally charac-619

terized by the largest avalanches of damaging events, which can span either a large part620

of or the entire domain (see S1). When the stress drop is partial, it is generally comprised621

of an initial brutal drop associated to a large damage avalanche, followed by a slower re-622

laxation phase, not necessarily associated to significant further damage. This post-rupture,623

or ”post-seismic”, relaxation results from viscous-like permanent deformations along a624

fault made of highly damaged, hence low viscosity, material. Such behaviour is made pos-625

sible by the rheology proposed above. The occurrence of pre-rupture (akin to foreshocks)626

or post-rupture (akin to aftershocks) damage events varies with the choice of model pa-627

rameters (see section 11 below). However, for all simulations and parameter values cov-628

ered here, the damaging activity localizes at the interface of the two layers (mostly within629

the lower plate, see figure 5b), a behaviour that is not prescribed but that arises natu-630

rally due to the forcing condition applied at the bottom of the lower layer and to the small631
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difference in elastic modulus assigned to each layer. Consequently, the deformation of632

the system is also highly localized at this interface. Figure 5b also indicates that dam-633

age is heterogeneously distributed along the interface. As a consequence of the prescribed634

coupling between d and both the E and η (see eq. 2 and 3), this heterogeneity in dam-635

age leads to a large heterogeneity in the value of the relaxation time, or equivalently of636

the effective De number, along the interface. As indicated by the distribution shown in637

Figure 5c, the values of De associated with damaged grid elements indeed span several638

orders of magnitude. The lowest values of De are obtained at the end of unloading phases639

and re-increase as the system heals towards the end of loading phases.640

However, it is worth noting that, over the range of parameter values explored here,641

the vicinity of the interface remains relatively highly damaged at all times (see S1) and642

never completely heals: a behaviour that is expected in the context of active faults. By643

the same fact, and because the simulations are initialized from a uniformly undamaged644

state (d = 0 everywhere), the behaviour during the first loading-unloading cycle is very645

different from the subsequent ones : the damaging activity is relatively much higher be-646

cause the damaged zone is created from scratch while over all subsequent cycles, the in-647

terface is already damaged to a relatively large degree. In all further analyses of the model648

behaviour, this first loading-unloading cycle is therefore discarded.649

5.2 Convergence and Numerical Efficiency650

Here we verify that the macroscopic behaviour of the model converges with increas-651

ing temporal resolution. To do so, for the three identified values of De0 (see section 4.1),652

simulations are run with five different values of the (adimensional) time step, ∆̃t. All of653

these simulations use the same value of the damage increment (δd = 0.1) and of the654

damage parameter (α = 4) and are initiated with the same field of noise on the cohe-655

sion. We explored a range of values of the healing time for these simulations, and retained656

the one value that produced the most physically sound results for each set of simulations657

with a given De0 value (see section 5.3.1).658

Figure 6 shows the temporal evolution of the model response in terms of the macro-659

scopic stress (a) and of the macroscopic damage increment (b), defined as in eq. (18).660

It indicates that the largest value of the time step explored here leads to a pathologi-661

cal model response. This is expected, as this ∆̃t value approaches the order of magni-662

tude of the main period of the loading-unloading cycles : this temporal resolution there-663

fore does not allow resolving the progressive propagation of the damage in the system,664

nor the sharp stress drop associated with each macroscopic rupture. For smaller values665

of the time step, the model response converges well in terms of the main frequency and666

amplitude of the macroscopic stress variations when increasing the temporal resolution.667

It is also the case for the macroscopic variations in the deformation of the system (not668

shown) and in the damage increment.669

To robustly test the convergence of the model response, we use a single metric that670

combines these three different pieces of information : the local damage increments and671

the resulting redistribution of the stress and of strains over the entire system. This is672

the elastic energy released within the system due to the propagation of damage, Ebrit,673

the temporal evolution of which is shown in figure 6c. The distribution of this energy674

can be directly related to that of acoustic emissions associated to the micro-fracturing675

of rocks (e.g., Amitrano, 2003) and can therefore serve as a proxy for the seismic signal676

recorded at the geophysical scale. At each current (n+1) model time step, Ebrit is es-677

timated as678

E
(n+1)
brit =

I∑
i=1

Ai

Atot

(
σ
(n+1,0)
i : ε

(n+1,0)
i − σ

(n+1,K)
i : ε

(n+1,K)
i

)
, (19)679

where i designate each element, I, the total number of elements over the domain, Ai the680

area of each element and Atot, the area of the entire domain. The superscripts n+ 1, 0681
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and n+ 1,K refer respectively to the stress and strain values before and at the end of682

the avalanche of damaging events, which takes a total of K stress redistribution subit-683

erations. To compare simulations using different time steps, Ebrit is normalized by ∆̃t.684

In agreement with the observed convergence in the variations of the macroscopic stress,685

deformation and damage increment, figure 6d clearly shows that the shape of the prob-686

ability density function (PDF) of the normalized Ebrit stabilizes over the three small-687

est values of time step explored here.
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(c)

Figure 6. Temporal evolution of (a) the macroscopic stress, (b) the macroscopic damage in-

crement and (c) the macroscopic elastic energy released due to the propagation of damage within

the system, normalized by the time step ∆̃t, for simulations using De0 = 0.001, α = 4, δd = 0.1,

Th = 10−5 and ∆̃t = 10−11, 10−10, 10−9, 10−8, 10−7 (corresponding to ∆t = 104 s, 105 s, 106 s,

107 s, 108 s) (d) Probability density function of Ebrit/∆̃t.

688

Simulations ran with De0 = 0.1 and De0 = 10, the same values of δd (0.1) and689

of the damage parameter, α, (4) and values of healing time of Th = 10−4 and Th =690

10−3 respectively show that a similar convergence is retrieved in both cases over a range691

of values of ∆̃t (see figure C1 of Appendix C). These values are summarized in table 3:692

the red ones indicating a non-converged model response. The comparison of these val-693

ues across the three De0 explored here suggests that the time step should be chosen such694

that ∆t
T ≲ 10−8 to ensure a fully converged and therefore physically meaningful model695

behaviour. The time step values corresponding to each De0 value and retained for the696

sensitivity analyses on the other model parameters are indicated in green in table 3.697

We further compare the simulations presented in figure 6 in terms of CPU and real698

simulation time. Each simulation was ran for a fixed (adimensional) total time of 5.0·699

10−6, which represents, in dimensional equivalent, 160 years of evolution of the system.700

With the specific choice of model parameters employed in this particular simulation, each701

loading-unloading cycle covers about 12 years. The model response converges for time702
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T (s) De0 ∆t (s) ∆̃t th (s) Th

1015 0.001 104 10−11 108 10−7

105 10−10 109 10−6

106 10−9 1010 10−5

107 10−8 1011 10−4

108 10−7

1013 0.1 103 10−10 108 10−5

104 10−9 109 10−4

105 10−8 1010 10−3

106 10−7 1011 10−2

107 10−6

1011 10 102 10−9 108 10−3

103 10−8 109 10−2

104 10−7 1010 10−1

105 10−6 1011 100

106 10−5

Table 3. Values of the deformation timescale, T , the model time step, ∆t, and healing time,

th, explored in the present sensitivity experiments, with their adimensional counterpart : re-

spectively, De0, ∆̃t and Th. For each value of De0, the values of ∆t (or ∆̃t) for which the model

response is not fully converged are indicated in red. The value of ∆t (or ∆̃t) retained for the

sensitivity analyses on Th, δd and α is indicated in green. For each De0 value also, the optimal

value of th (or Th) retained for the sensitivity analyses on α and δd are indicated in green.

step values of ∆̃t = 10−11, 10−10 and 10−9 (or ∆t = 104, 105 and 106 s), which are703

equivalent to about 1/10, 1 and 10 days respectively. For these three time steps, and for704

the spatial resolution described in section 3, the calculated CPU time is of about 25, 3705

and 0.4 hours respectively (see figure 7). Considering that each simulation ran sequen-706

tially on a personal DELL computer equipped with 2.40 GHz Intel Xeon processors, these707

computational times demonstrate that the present numerical scheme makes it possible708

to run long-term simulations in the context of faults that cover several loading-unloading709

cycles in very reasonable simulation times. It is also interesting to note that, for the same710

three time steps for which convergence of the macroscopic model response is obtained,711

the calculated CPU time scales linearly with 1
∆̃t

, while it does not scale linearly for larger712

time steps (∆̃t > 10−9). This indicates that for the smallest three ∆̃t values, the num-713

ber of steady-state stress redistribution subiterations performed at each time step is nearly714

constant and hence does not depend on the model time step. Conversely, for larger ∆̃t’s,715

the system is driven further out of equilibrium at each time (i.e., deformation) increment.716

The number of subiterations required for the stresses to be redistributed over the domain717

and to become sub-critical again then increases significantly with ∆̃t, thereby reducing718

the gain in computational time.719
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Figure 7. CPU time as a function of the (adimensional) model time step, for simulations

using De0 = 0.001, α = 4, δd = 0.1, and Th = 10−5 (see figure 6). Each simulation ran on a single

(2.40 GHz Intel Xeon) processor on a personal DELL computer.

5.3 Sensitivity Analyses720

5.3.1 Healing Time, Th721

To investigate the effect of healing in the model, we compare the macroscopic stress-722

strain time series and the power spectral density (PSD) of the elastic energy released within723

the system during the propagation of damage, Ebrit (see figure 8), for simulations us-724

ing De0 = 0.001, 0.1 and 10 and four different values of the time for healing, correspond-725

ing to dimensional times of th = 108 s, 109 s, 1010 s and 1011 s. All simulations use α =726

4 and δd = 0.1 and a value of the time step that ensures the convergence of the model727

response for each De0 value (see table 3). To account for the adjustment of the system728

following the first rupture, the first loading-unloading cycle is discarded when comput-729

ing the PSD. Each curve shown on figure 8 is the average of 5 PSDs, on which a run-730

ning mean centred over a window of 5 frequency values is applied.731

The results clearly indicate that the prescribed time of healing controls the frequency732

of the loading-unloading cycles in the model: the larger the healing time, the lower the733

frequency. However in all of the simulations analyzed, the frequency associated to the734

prescribed healing time, indicated by the vertical lines on figure 8, does not correspond735

to the frequency of the loading-unloading cycles, but is systematically one or several or-736

ders or magnitude lower. This discrepancy is consistent that the interface always remains737

relatively highly damaged (see animation in Supporting Informations): less time is there-738

fore required to re-initiate an avalanche of damaging events than it would be necessary739

if the system had completely heal. The discrepancy increases with the value of De0, in740

agreement with a more elastic behaviour at high De0 number, i.e. a lower contribution741

from viscous dissipation that delays the reloading of the system.742

Another tendency in the model behaviour emerges. For all values of De explored743

here, large values of the healing time (slow healing) lead to a Ebrit release, or equivalently744

a damaging activity, that concentrates around a narrow range of low frequencies: the PSD745

is therefore flat for high frequencies. The corresponding stress-strain curves indicates that746

the stress is very rapidly and completely dissipated at each unloading (damaging) event.747

This behaviour can be explained by the fact that these large values of healing time ap-748

proach the value of the bulk relaxation time (i.e, the relaxation time of undamaged el-749
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ements, or De0). Healing is therefore too slow relative to the dissipation of the stress to750

play a significant role in the dynamics of the system.751

Conversely, for low values of the healing time (fast healing), the PSD is flat for low752

frequencies, with the activity concentrated around a narrow range of high frequencies,753

and the stress is very rapidly but only partially dissipated at each damaging event: heal-754

ing dominates the dynamics as Th approaches the value of the relaxation time for the755

stresses over the most damaged elements in the system (i.e., Demin). This value tends756

to decrease inversely to Th, as indicated by the coloured dotted lines on figure 8b.757

For intermediate values of Th and the two lowest values of De explored here (see758

figure 8a to d), the slope of the PSDs indicates the presence of correlations in the tem-759

poral evolution of Ebrit (or, by extension, of the damaging activity). Such temporal cor-760

relation or clustering is systematically observed for seismic tremors in subduction zones761

and covers large spectrum of time scales, from hours to years (e.g., Idehara et al., 2014;762

Frank et al., 2016; Poiata et al., 2021). Therefore, for each investigated De value, we iden-763

tify an ”optimal” healing time as the value of Th for which these correlations span the764

largest range of frequencies. It is important to note however, that the frequency at which765

spatial correlations emerge in the system is upper bounded in all simulations due to the766

finite dimension of the domain and the spatial resolution of the mesh. An intrinsic min-767

imum time required to load the system can indeed be estimated, that depends only on768

the mechanical strength (the ratio C0/E0) and the spatial discretization of the model.769

It corresponds to the time it takes to load an initially undamaged system until the first770

damage event occurs, if all of the deformation is accommodated over a single single grid771

element. Figure 8b shows that the frequency associated to this time, indicated as 1
tloading

772

indeed marks the transition to a flat PSD at higher frequencies (for the other two sys-773

tems, the time step employed is too large and does not allow exploring the model be-774

haviour up to this frequency). For the ”optimal” Th values, corresponding to th = 1010775

s for De = 0.001 (figure 8a, b blue curve) and th = 109 s for De = 0.1 (figure 8c, d776

green curve), the times associated with the loading, the relaxation of the stresses over777

damaged elements and the healing of these elements are such that the three processes778

interact and give rise to temporal correlations in the system that span a wide range of779

time scales. Interestingly, the stress-strain behaviour of the model in these cases is char-780

acterized by loading-unloading cycles in which the stress is sometimes partially and more781

gradually dissipated and sometimes completely and drastically dissipated.782

The optimal value of Th decreases as the value of De0 increases, indicating that sys-783

tems that are more elastic-solid like (large relaxation time, λ) or characterized by a faster784

dynamics (small deformation time, L
U , either due to a small horizontal extent, L or a fast785

loading velocity, U) must encompass faster healing mechanisms for these interactions to786

take place.787

However, for the largest De value used here (see figure 8e, f), temporal correlations788

in the damaging activity are restricted to a small range of time scale and that, for all789

of the Th values explored, which we consider as lying in a realistic range in the context790

of faults. The associated macroscopic stress-strain behaviour is characterized by regularly-791

spaced, almost instantaneous (as opposed to transient) and complete unloading phases,792

akin to the stick-slip behaviour observed in block-slider experiments. In the context of793

slow earthquakes, this suggests that fault systems that are either very brittle (as near794

the surface), small in extent, or loaded too rapidly cannot host the complex spatio-temporal795

interactions that give rise to the observed transient deformations.796

In the remaining sensitivity experiments (next section), we therefore leave the case797

of De = 10 aside and concentrate on simulations using De = 0.001 and De = 0.1.798

The optimal values of Th identified for these two cases are indicated in green in table 3799

and used by default in all simulations.800
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<latexit sha1_base64="0WZbk4LtK53Vge5f2C8Ap2xtaHU=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4kDAjQT0GF/AY0SyQDENPpydp0rPQXSPGYfBXvHhQxKv/4c2/sZPMQRMfFDzeq6KqnhcLrsCyvo25+YXFpeXCSnF1bX1j09zabqgokZTVaSQi2fKIYoKHrA4cBGvFkpHAE6zpDS5GfvOeScWj8A6GMXMC0gu5zykBLbnmbgfYA6S128vsCF+5qSc5ZK5ZssrWGHiW2DkpoRw11/zqdCOaBCwEKohSbduKwUmJBE4Fy4qdRLGY0AHpsbamIQmYctLx9Rk+0EoX+5HUFQIeq78nUhIoNQw83RkQ6KtpbyT+57UT8M+clIdxAiykk0V+IjBEeBQF7nLJKIihJoTqvznFtE8koaADK+oQ7OmXZ0njuGyflCs3lVL1PI+jgPbQPjpENjpFVXSNaqiOKHpEz+gVvRlPxovxbnxMWueMfGYH/YHx+QM2S5UV</latexit> P
S
D

,E
b
r
it

<latexit sha1_base64="0WZbk4LtK53Vge5f2C8Ap2xtaHU=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4kDAjQT0GF/AY0SyQDENPpydp0rPQXSPGYfBXvHhQxKv/4c2/sZPMQRMfFDzeq6KqnhcLrsCyvo25+YXFpeXCSnF1bX1j09zabqgokZTVaSQi2fKIYoKHrA4cBGvFkpHAE6zpDS5GfvOeScWj8A6GMXMC0gu5zykBLbnmbgfYA6S128vsCF+5qSc5ZK5ZssrWGHiW2DkpoRw11/zqdCOaBCwEKohSbduKwUmJBE4Fy4qdRLGY0AHpsbamIQmYctLx9Rk+0EoX+5HUFQIeq78nUhIoNQw83RkQ6KtpbyT+57UT8M+clIdxAiykk0V+IjBEeBQF7nLJKIihJoTqvznFtE8koaADK+oQ7OmXZ0njuGyflCs3lVL1PI+jgPbQPjpENjpFVXSNaqiOKHpEz+gVvRlPxovxbnxMWueMfGYH/YHx+QM2S5UV</latexit> P
S
D

,E
b
r
it

10 3 10 5 10 7 10 9

  f 

10 -45

10 -44

10 -43

10 -42

10 -41

10 -40

10 -39

 P
SD

,  
E

br
it

 

<latexit sha1_base64="WTHXFkD4Zmq2WD7gsonD/Nfwk/Y=">AAAB9HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r9AvapWTTbBuaza5JtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWaeHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6yhRlLVoJCLV9YlmgkvWMtwI1o0VI6EvWMef3M/9zpQpzSPZNLOYeSEZSR5wSoyVvH6gCE3dLG0OxtmgXHGqzgJ4nbg5qUCOxqD81R9GNAmZNFQQrXuuExsvJcpwKlhW6ieaxYROyIj1LJUkZNpLF0dn+MIqQxxEypY0eKH+nkhJqPUs9G1nSMxYr3pz8T+vl5jg1ku5jBPDJF0uChKBTYTnCeAhV4waMbOEUMXtrZiOic3B2JxKNgR39eV10r6qutfV2mOtUr/L4yjCGZzDJbhwA3V4gAa0gMITPMMrvKEpekHv6GPZWkD5zCn8Afr8AfB7kjk=</latexit>

1

Th

<latexit sha1_base64="mXTTqJLVGzQHkYptyoikscqKUlE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzd+M8w==</latexit>

f

10 4 10 6 10 8 10 10

  f 

10 -48

10 -47

10 -46

10 -45

10 -44

10 -43

 P
SD

,  
E
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it

 
<latexit sha1_base64="0WZbk4LtK53Vge5f2C8Ap2xtaHU=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4kDAjQT0GF/AY0SyQDENPpydp0rPQXSPGYfBXvHhQxKv/4c2/sZPMQRMfFDzeq6KqnhcLrsCyvo25+YXFpeXCSnF1bX1j09zabqgokZTVaSQi2fKIYoKHrA4cBGvFkpHAE6zpDS5GfvOeScWj8A6GMXMC0gu5zykBLbnmbgfYA6S128vsCF+5qSc5ZK5ZssrWGHiW2DkpoRw11/zqdCOaBCwEKohSbduKwUmJBE4Fy4qdRLGY0AHpsbamIQmYctLx9Rk+0EoX+5HUFQIeq78nUhIoNQw83RkQ6KtpbyT+57UT8M+clIdxAiykk0V+IjBEeBQF7nLJKIihJoTqvznFtE8koaADK+oQ7OmXZ0njuGyflCs3lVL1PI+jgPbQPjpENjpFVXSNaqiOKHpEz+gVvRlPxovxbnxMWueMfGYH/YHx+QM2S5UV</latexit> P

S
D

,E
b
r
it

<latexit sha1_base64="mXTTqJLVGzQHkYptyoikscqKUlE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzd+M8w==</latexit>

f

<latexit sha1_base64="WTHXFkD4Zmq2WD7gsonD/Nfwk/Y=">AAAB9HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r9AvapWTTbBuaza5JtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWaeHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6yhRlLVoJCLV9YlmgkvWMtwI1o0VI6EvWMef3M/9zpQpzSPZNLOYeSEZSR5wSoyVvH6gCE3dLG0OxtmgXHGqzgJ4nbg5qUCOxqD81R9GNAmZNFQQrXuuExsvJcpwKlhW6ieaxYROyIj1LJUkZNpLF0dn+MIqQxxEypY0eKH+nkhJqPUs9G1nSMxYr3pz8T+vl5jg1ku5jBPDJF0uChKBTYTnCeAhV4waMbOEUMXtrZiOic3B2JxKNgR39eV10r6qutfV2mOtUr/L4yjCGZzDJbhwA3V4gAa0gMITPMMrvKEpekHv6GPZWkD5zCn8Afr8AfB7kjk=</latexit>

1

Th

<latexit sha1_base64="cDHK+c3g6pUz9bdPJqR+X6EgVbQ=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsxIUZdFNy4r2Ae0w5DJZNrQTDIkGaGEAX/FjQtF3Pod7vwb03YW2nrgwuGce7n3nihjVGnP+3ZWVtfWNzYrW9Xtnd29fffgsKNELjFpY8GE7EVIEUY5aWuqGellkqA0YqQbjW+nfveRSEUFf9CTjAQpGnKaUIy0lUL3eJBIhI1fGB0aJlBM+bAoQrfm1b0Z4DLxS1IDJVqh+zWIBc5TwjVmSKm+72U6MEhqihkpqoNckQzhMRqSvqUcpUQFZnZ+Ac+sEsNESFtcw5n6e8KgVKlJGtnOFOmRWvSm4n9eP9fJdWAoz3JNOJ4vSnIGtYDTLGBMJcGaTSxBWFJ7K8QjZPPQNrGqDcFffHmZdC7q/mW9cd+oNW/KOCrgBJyCc+CDK9AEd6AF2gADA57BK3hznpwX5935mLeuOOXMEfgD5/MHK1GWSA==</latexit>

1

tloading

<latexit sha1_base64="r4B8Pd+xt9Jk1g4Kxd2r+/lK9Oo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6rKoC5cV7AOaECbTSTt0ZhJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+8JE0aVdpxvq7Kyura+Ud2sbW3v7O7Z+wddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJdeH3HohUNBb3epoQn6ORoBHFSBspsOteJBHO3DzzONJjybMbkgcZpyLPA7vhNJ0Z4DJxS9IAJdqB/eUNY5xyIjRmSKmB6yTaz5DUFDOS17xUkQThCRqRgaECcaL8bPZEDo+NMoRRLE0JDWfq74kMcaWmPDSdxaVq0SvE/7xBqqNLP6MiSTUReL4oShnUMSwSgUMqCdZsagjCkppbIR4jk4o2udVMCO7iy8uke9p0z5tnd2eN1lUZRxXUwRE4AS64AC1wC9qgAzB4BM/gFbxZT9aL9W59zFsrVjlzCP7A+vwBAVOY/A==</latexit>

1

Demin

<latexit sha1_base64="KWh0RLJ0bw8em/x3PU2+HIlN2FQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jw3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxXvslK9r5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AjR6NVA==</latexit>

(b)

<latexit sha1_base64="KduCG8mPo612eVNbjwN9lJONWcQ=">AAAB6nicbVDLSgNBEOyJrxhfUY9eBoMQL2FXfB2DXjxGNA9IljA7O5sMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7/ERwbRznGxVWVtfWN4qbpa3tnd298v5BS8epoqxJYxGrjk80E1yypuFGsE6iGIl8wdr+6Hbqt5+Y0jyWj2acMC8iA8lDTomx0kM1OO2XK07NmQEvEzcnFcjR6Je/ekFM04hJQwXRuus6ifEyogyngk1KvVSzhNARGbCupZJETHvZ7NQJPrFKgMNY2ZIGz9TfExmJtB5Hvu2MiBnqRW8q/ud1UxNeexmXSWqYpPNFYSqwifH0bxxwxagRY0sIVdzeiumQKEKNTadkQ3AXX14mrbOae1m7uD+v1G/yOIpwBMdQBReuoA530IAmUBjAM7zCGxLoBb2jj3lrAeUzh/AH6PMHkHqNVw==</latexit>

(d)

<latexit sha1_base64="5qD/srldSiasj6P3anPEwosJHsE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXjxGNA9IQpid9CZDZmeXmVkhLPkELx4U8eoXefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R7dRvPqHSPJKPZhxjN6QDyQPOqLHSQzk47RVLbsWdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjo7dUJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCa67KZdxYlCy+aIgEcREZPo36XOFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGWcW7rFzcn5eqN1kceTiCYyiDB1dQhTuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4Ak4SNWQ==</latexit>

(f)

0 1 2 3 4 5
time 10 -6

0
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2
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10 -7

<latexit sha1_base64="2RRwxLXlY8TROIoM98j2WcOjpro=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI97xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8Ai5mNUw==</latexit>

(a)

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="PgNN+5VlpLKlIXTGkqAztVzyMtY=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCqzIjvjZCURcuK9gHtMOQSTNtaDIzJBmhDAV/xY0LRdz6He78GzPtLLT1QMjhnHvJyQkSzpR2nG9rYXFpeWW1tFZe39jc2rZ3dpsqTiWhDRLzWLYDrChnEW1opjltJ5JiEXDaCoY3ud96pFKxOHrQo4R6AvcjFjKCtZF8e78rsB5Ikd1S3xmjK+RUHcf17Up+50DzxC1IBQrUffur24tJKmikCcdKdVwn0V6GpWaE03G5myqaYDLEfdoxNMKCKi+bxB+jI6P0UBhLcyKNJurvjQwLpUYiMJN5WDXr5eJ/XifV4aWXsShJNY3I9KEw5UjHKO8C9ZikRPORIZhIZrIiMsASE20aK5sS3Nkvz5PmSdU9r57dn1Zq10UdJTiAQzgGFy6gBndQhwYQyOAZXuHNerJerHfrYzq6YBU7e/AH1ucPuGiUCA==</latexit>

De0 = 0.001

0 1 2 3 4 5
time 10 -5
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10 -7

<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="Kx2QG/zg2JUWBK9TX8n4Fk15Jp4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXjxGNA9IljA7mSRDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqd+84lrIyL1iOOY+yEdKNEXjKKVHsrstFssuRV3BrJMvIyUIEOtW/zq9CKWhFwhk9SYtufG6KdUo2CSTwqdxPCYshEd8Laliobc+Ons1Ak5sUqP9CNtSyGZqb8nUhoaMw4D2xlSHJpFbyr+57UT7F/7qVBxglyx+aJ+IglGZPo36QnNGcqxJZRpYW8lbEg1ZWjTKdgQvMWXl0njrOJdVi7uz0vVmyyOPBzBMZTBgyuowh3UoA4MBvAMr/DmSOfFeXc+5q05J5s5hD9wPn8AjvWNVg==</latexit>

(c)

<latexit sha1_base64="x/lTziRqFnYK87FQcXbP0jkxIQA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiTiayMUdeGygn1AG8JkOmmHzkzCzEQIof6KGxeKuPVD3Pk3TtostHpg4HDOvdwzJ0wYVdp1v6zK0vLK6lp1vbaxubW9Y+/udVScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINJ9eF330gUtFY3OssIT5HI0EjipE2UmDXBxzpseT5DQncKbyEruMFdsN13BngX+KVpAFKtAL7czCMccqJ0Jghpfqem2g/R1JTzMi0NkgVSRCeoBHpGyoQJ8rPZ+Gn8NAoQxjF0jyh4Uz9uZEjrlTGQzNZRFWLXiH+5/VTHV34ORVJqonA80NRyqCOYdEEHFJJsGaZIQhLarJCPEYSYW36qpkSvMUv/yWdY8c7c07vThrNq7KOKtgHB+AIeOAcNMEtaIE2wCADT+AFvFqP1rP1Zr3PRytWuVMHv2B9fAPQGZOU</latexit>

De0 = 0.1

0 1 2 3 4 5
time 10 -4
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10 -7
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De0 = 10

Figure 8. (a, c, d) Time series of the macroscopic stress and (b, d, f) power spectral density

of the Ebrit time series for simulations using (a, b) De0 = 0.001 (∆̃t = 10−10), (c, d) De0 = 0.1

(∆̃t = 10−9) and (e, f) De0 = 10 (∆̃t = 10−8) and four adimensional values of the prescribed

time of healing, corresponding to dimensional values of th = 108 s (yellow), 109 s (green), 1010

s (blue) and 1011 s (purple curve). All simulations use α = 4 and δd = 0.1. Each PSD curve is

an average of 5 PSD calculated for 5 simulations initiated with different realizations of the noise

on C and on which a running mean centred over a window of 5 frequency values is applied. The

vertical lines on the PSDs indicate, when these frequencies fall within the range of frequencies

covered in the simulations, the frequencies associated with the four adimensional values of the

prescribed time of healing, 1/Th (plain coloured lines), the minimum time required to load the

system, 1/tloading (plain black line), and the relaxation time associated with the most highly

damaged elements in the system, 1/Demin (dashed coloured lines).
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5.3.2 Damage Parameter, α, and Damage Increment, δd801

The last set of sensitivity experiment focuses on the brittle versus ductile charac-802

ter of the model behaviour. As the parameters α and δd both regulate the rate at which803

the mechanical strength decreases locally and the behaviour changes from elastic solid-804

like and viscous fluid-like as a function of the level of damage, we expect their effect in805

this regard to be closely related. We therefore run a set of sensitivity experiments in which806

both parameters are varied simultaneously. The results of these experiments for the case807

of De0 = 0.001 (∆̃t = 10−10 s and Th = 10−5 s) and De0 = 0.1 (∆̃t = 10−9 s and808

Th = 10−4 s) are presented here.809

We recall that for large values of δd, the local decrease in the elastic modulus, E,810

and apparent viscosity, η, at each damaging event is small. Conversely, for small values811

of δd, the local decrease in both E and η is large. Small values of α lead to a small de-812

crease in the relaxation time, η
E , at each damaged element (the damaged material re-813

tains stresses longer), while large values of α lead to a large decrease in η
E (stresses are814

dissipated more readily).815

Damage Increment, δd816

Time series of the macroscopic stress (see figure 9 and 10, left panels) show that817

for all values of α, increasing δd decreases the amplitude of the macroscopic stress drop818

associated with each unloading phase. As the stress is then never completely released819

at each loading-unloading cycle but stabilizes around a non-zero value, the loading time820

required for critical values of stress to be reached is reduced and the frequency of each821

cycle is thereby increased. For large values of δd, the PDF of the macroscopic damage822

increment, defined as in equation (18), is a truncated power law that is confined to small823

values of damage increment (see figure 9, right panels, which indicates that damage and824

deformation take place through isolated events, with small spatial extents.825

Conversely, as δd is decreased, the amplitude in the variations of the macroscopic826

stress and the length of the loading-unloading cycles is increased. The unloading phases827

are characterized by sharper stress drops, indicating a more brittle behaviour. The dis-828

tributions of the macroscopic damage increment are shifted towards larger values of dam-829

age increments.830

Damage Parameter, α831

For a given value of δd, increasing the value of α also induces larger macroscopic832

stress drops, lower frequency loading-unloading cycles and larger values of the macro-833

scopic damage increment. Another effect of increasing α is that the stress relaxation and834

re-increase in the vicinity of each stress minimum is more progressive in time, consistent835

with a more rapid decrease in the viscosity of the material at the onset of damaging and836

a more viscous fluid-like, i.e, dissipative, behaviour. The inverse is true when decreas-837

ing α: the macroscopic behaviour is more brittle-like, with smaller but quasi-instantaneous838

stress relaxation phases and rapid, quasi-elastic stress loading phases.839

Limit Cases840

For virtually all values of α, large values of δd give rise to a macroscopic stress-strain841

behaviour in which, after the initial elastic loading phase, where is no stress relaxation842

but rather a slow stress increase akin to the behaviour of a strain hardening creeping ma-843

terial. In this case, the PDFs of the macroscopic damage increment are upper-truncated844

power laws.845

For small values of α and small values of δd (e.g., see figure 9a or 10a for α = 2846

and δd = 0.1), the macroscopic behaviour, showing very sharp but small amplitude stress847

drops at each loading-unloading cycle, is reminiscent of a quasi-brittle material in which848

the stress relaxation through viscous-like deformation is insignificant. Each stress un-849
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loading phase is associated with a large avalanche of damage events that spans the en-850

tire domain. This explains the sharp mode in the PDF of the macroscopic damage in-851

crements at large increment values, which indicates that a characteristic avalanche size852

emerges, associated to a finite-size effect.853

For large values of α and small values of δd (e.g., see figure 9 or 10, d and e, for854

α = 6 or 8), the dissipation of stresses at the onset of damaging is the largest and the855

material becomes readily fluid-like. The stress is regularly and completely dissipated at856

each loading-unloading cycle. Local damage events are suppressed, which is expressed857

by the translation of the PDF of macroscopic damage increments towards larger incre-858

ment values. The elastic redistribution of stresses are inhered and, therefore, the spatio-859

temporal correlations in the damaging activity are limited, which reduces the horizon-860

tal extent of avalanches and explains the appearance of broad modes in the PDFs of dam-861

age increments as well as their departure from a power law.862

For intermediate values of α (e.g., α = 3, 4, see figure 9 or 10, b and c) and small863

values of δd (0.1, 0.3, 0.5), the distribution of damage increments can be well-fitted with864

a power-law, that extents at large damage increment values. This suggests that the model865

simulates a mechanical behaviour that is, at least to some extent, scale-invariant. Un-866

loading phases are characterized by stress drops of variable amplitudes, which are ini-867

tially almost-instantaneous and then followed by a transient period.868

6 Discussions869

In this section, we further discuss what the model in its current state is able and870

not able to simulate in the context of fault deformation and slow earthquakes. To do so,871

we investigate the simulated dynamical behaviour for one specific case in which only δd872

is varied and all other mechanical parameters are identical. This simulation is identified873

by the black box on figure 10c and uses De0 = 0.1, α = 4, with the corresponding de-874

fault values of ∆̃t and Th (see table 3). In particular, we analyze the temporal evolution875

of pointwise displacements and velocities at the top boundary of the domain, which con-876

stitute proxies for the surface displacements and velocities as measured by Global Po-877

sitioning Systems (GPS). In the following, we focus on the horizontal displacement and878

velocity at one point, the top left corner of the domain, which is furthest from the top879

right corner and therefore less influenced by the prescribed boundary condition there (ux =880

0). It is important to note that on figures 11a, b and e, f, the prescribed velocity forc-881

ing, U , is subtracted from the recorded horizontal surface velocity. Also, the first few loading-882

unloading cycles are omitted from the analysis, as they are susceptible to carry the sig-883

nature the first (outlier) rupture event.884

The comparison of two simulations in which only the damage increment is varied885

between 0.1 and 0.5, summarized in figure 11, suggests that over a certain range of me-886

chanical parameters the model can reproduce two different types of mechanical behaviour,887

which are more analogous to classical earthquakes and slow slip events, respectively. In888

the first case (δd = 0.1, left panels), the macroscopic shear stress on the top bound-889

ary indeed shows very rapid and large-amplitude release phases followed by short post-890

seismic stress relaxation phases and much longer reloading phases (see figure 11a). Each891

brutal stress release event is associated with a sharp reversal of the surface horizontal892

(x−) velocity and an equally sharp drop in the surface horizontal displacement (see fig-893

ure 11c), which suggests a strong decoupling of the upper and lower plates following large894

damage events, reminiscent of classical earthquakes. In the second case (δd = 0.5, right895

panels), the asymmetry in the loading-unloading cycles is much less pronounced (see fig-896

ures 11b and d): the stress is much more progressively dissipated at each loading-unloading897

cycle, which is accompanied by lower amplitude variations of the surface velocity and898

a progressive decrease in the surface displacement, reminiscent of slow slip events (e.g.,899

Rogers & Dragert, 2003; Radiguet et al., 2016).900
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<latexit sha1_base64="2RRwxLXlY8TROIoM98j2WcOjpro=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI97xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8Ai5mNUw==</latexit>

(a)

<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F

10 -8 10 -6 10 -4 10 -2

dam rate

10 0

10 5

PD
F

<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F

<latexit sha1_base64="KWh0RLJ0bw8em/x3PU2+HIlN2FQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jw3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxXvslK9r5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AjR6NVA==</latexit>

(b)

10 -8 10 -6 10 -4 10 -2

dam rate

10 0

10 5

PD
F

<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F

<latexit sha1_base64="oMYcx8nAFvX5nnYPeedyKOzsjl4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI77xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AjqONVQ==</latexit>

(c)

10 -8 10 -6 10 -4 10 -2

dam rate

10 0

10 5

PD
F

<latexit sha1_base64="H0+vPkOYIB9WILVirvWzNP/lO+0=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXinosevFY0X5Au5RsNtuGZrNLkhXK0p/gxYMiXv1F3vw3pu0etPXBwOO9GWbm+Yng2jjONyqsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJWXZ9oJrhkLcONYN1EMRL5gnX88e3M7zwxpXksH80kYV5EhpKHnBJjpYdqcD4oV5yaMwdeJW5OKpCjOSh/9YOYphGThgqidc91EuNlRBlOBZuW+qlmCaFjMmQ9SyWJmPay+alTfGaVAIexsiUNnqu/JzISaT2JfNsZETPSy95M/M/rpSa89jIuk9QwSReLwlRgE+PZ3zjgilEjJpYQqri9FdMRUYQam07JhuAuv7xK2hc197JWv69XGjd5HEU4gVOoggtX0IA7aEILKAzhGV7hDQn0gt7Rx6K1gPKZY/gD9PkDkCiNVg==</latexit>

(d)

<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F
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F

<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F

<latexit sha1_base64="NUvJWY4nPSEWtRiIZudJfNYoFj4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzKe94olt+LOQVaJl5ESZKj3il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmRcW7rFTvq6XaTRZHHk7gFMrgwRXU4A7q0AAGA3iGV3hzhPPivDsfi9ack80cwx84nz+RrY1X</latexit>
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<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
a
cr

o
st

re
ss

<latexit sha1_base64="//xctFzwoD4tfyUhfdESkOFefXI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoF6EoBePEcwDkyX0TmaTIbOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VZQ1aCxi1Q5QM8ElaxhuBGsnimEUCNYKRrczv/XElOaxfDDjhPkRDiQPOUVjpccuimSI5JpUesWSW3bnIKvEy0gJMtR7xa9uP6ZpxKShArXueG5i/Akqw6lg00I31SxBOsIB61gqMWLan8wvnpIzq/RJGCtb0pC5+ntigpHW4yiwnRGaoV72ZuJ/Xic14ZU/4TJJDZN0sShMBTExmb1P+lwxasTYEqSK21sJHaJCamxIBRuCt/zyKmlWyt5FuXpfLdVusjjycAKncA4eXEIN7qAODaAg4Rle4c3Rzovz7nwsWnNONnMMf+B8/gA2D4/4</latexit>

↵ = 2
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Figure 9. Time series of the macroscopic stress (left panels) and probability density function

of the macroscopic damage increment (right panels) for De0 = 0.001 (∆̃t = 10−10, Th = 10−5)

and δd = 0.1, 0.3, 0.5, 0.7, 0.9 and (a) α = 2, (b) α = 3, (c) α = 4, (d) α = 6, (e) α = 8.

The damaging activity also differs between the two cases (see figures 11c, d). In901

the first, fewer damage events are recorded over the same simulation time. The damag-902

ing activity concentrates over large events that either precede (as in foreshocks) or co-903

incide with stress release phases. In the second case, the damaging activity is more sym-904

metric with respect to unloading phases, with damaging event both preceding (as in fore-905

shocks) and following (as in aftershocks) stress release events.906
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<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F

<latexit sha1_base64="KWh0RLJ0bw8em/x3PU2+HIlN2FQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jw3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxXvslK9r5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AjR6NVA==</latexit>

(b)

<latexit sha1_base64="J8CgUSWn8irgn8jdFIPE2ogBKgc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIh4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheTfzGI2gjInWPoxj8kPWV6AnO0EoPbYQnTKvXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucziyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGOpZDa</latexit> P
D

F

<latexit sha1_base64="oMYcx8nAFvX5nnYPeedyKOzsjl4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI77xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AjqONVQ==</latexit>

(c)

<latexit sha1_base64="QaZwZxrkAvzs8SbcCcaCMlnWhls=">AAACBnicbVC7SgNBFJ2NrxhfUUsRBoNgFXYlqGXQxjKCeUCyhNnZGzNkdnaZuSuGJZWNv2JjoYit32Dn3zh5FJp4YOBwzj3cuSdIpDDout9Obml5ZXUtv17Y2Nza3inu7jVMnGoOdR7LWLcCZkAKBXUUKKGVaGBRIKEZDK7GfvMetBGxusVhAn7E7pToCc7QSt3iYQfhAbOIcR3TkFkXqFBcQwQKR91iyS27E9BF4s1IicxQ6xa/OmHM03GYS2ZM23MT9DOmUXAJo0InNZAwPrBr2pYqFoHxs8kZI3pslZD2Ym2fQjpRfycyFhkzjAI7GTHsm3lvLP7ntVPsXfiZUEmKoPh0US+VFGM67oSGQgNHObTE9iDsXynvM8042uYKtgRv/uRF0jgte2flyk2lVL2c1ZEnB+SInBCPnJMquSY1UiecPJJn8krenCfnxXl3PqajOWeW2Sd/4Hz+AOApmWU=</latexit>

macro damage increment

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

<latexit sha1_base64="//xctFzwoD4tfyUhfdESkOFefXI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoF6EoBePEcwDkyX0TmaTIbOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VZQ1aCxi1Q5QM8ElaxhuBGsnimEUCNYKRrczv/XElOaxfDDjhPkRDiQPOUVjpccuimSI5JpUesWSW3bnIKvEy0gJMtR7xa9uP6ZpxKShArXueG5i/Akqw6lg00I31SxBOsIB61gqMWLan8wvnpIzq/RJGCtb0pC5+ntigpHW4yiwnRGaoV72ZuJ/Xic14ZU/4TJJDZN0sShMBTExmb1P+lwxasTYEqSK21sJHaJCamxIBRuCt/zyKmlWyt5FuXpfLdVusjjycAKncA4eXEIN7qAODaAg4Rle4c3Rzovz7nwsWnNONnMMf+B8/gA2D4/4</latexit>

↵ = 2
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Figure 10. Time series of the macroscopic stress (left panels) and probability density function

of the macroscopic damage increment (right panels) for De0 = 0.1 (∆̃t = 10−10, Th = 10−5) and

δd = 0.1, 0.3, 0.5, 0.7, 0.9 and (a) α = 2, (b) α = 3, (c) α = 4, (d) α = 6, (e) α = 8.

We further analyze the temporal evolution of the surface horizontal velocity dur-907

ing each loading-unloading cycle, that is, over a period of time that starts at the onset908

of each stress release phase and extents until the next phase, as delimited by the dashed909

lines and arrows on figures 11a, b and c, d. In the first case, using δd = 0.1, the model910

reproduces a power law decay of the velocity of the form911

V (t) ∼ 1

tp
, (20)912

–27–



manuscript submitted to JGR: Solid Earth

where t is the time after the onset of stress release, and the exponent p is slightly smaller913

than 1 (see figure 11e). This behaviour is akin to the observed Omori-like decay of post-914

earthquake surface velocities (Perfettini & Avouac, 2004; Savage et al., 2005; Ingleby &915

Wright, 2017; Periollat et al., 2022), which suggests that long-term temporal correlations916

in the system control the evolution of post-earthquake surface velocities in the case of917

classical earthquakes. It is important to note however that in the present case, this trend918

spans a little more than two orders of magnitude, which is much less than what the ob-919

servations cover. This is due to the fact that, for the purpose of this paper, we have cho-920

sen our mechanical parameters (in particular the ratio C0/E0, which controls the sys-921

tem loading time, see section 5.3.1) to be consistent with the typical recurrence time of922

slow earthquakes, not with the larger time scales associated with classical earthquakes.923

In the second case, using δd = 0.5, the post-rupture surface velocities are signif-924

icantly smaller than in the previous case, and remain relatively stable for some time, be-925

fore slowly decaying at larger timescales (see figure 11f). Such behaviour is similar to926

what is observed during some largest SSEs for which the details of the displacement time927

series can be resolved (Cotte et al., 2009; Radiguet et al., 2012).928

These results suggest that the proposed modeling framework could be able to re-929

produce both slow earthquakes and classical earthquakes. Numerically at least, it can930

do it because it is efficient enough.931

One important point however is that, not over the entire range of model param-932

eter values but over the range that generates a mechanical behaviour most analogous to933

slow and classical earthquakes, the model definitely exhibits a pseudo-periodic behaviour.934

While it might be consistent with slow earthquakes (e.g., Dragert et al., 2001; Cotte et935

al., 2009; Radiguet et al., 2016), such behaviour is less consistent with classical earth-936

quakes. While recent studies have found that large (classical) earthquakes occur more937

regularly than a purely random process (e.g., T. Williams et al., 2019; Griffin et al., 2020),938

the temporal evolution of classical earthquakes in general is indeed more intermittent939

and their recurrence time, hardly predictable (e.g., Gardner & Knopoff, 1974; Michael,940

2011). We however believe that more variability in recurrence times and stress drop mag-941

nitudes and an intermittent behaviour covering a wider range of time scales could be ob-942

tained by incorporating additional physical components to the model. Leaving aside the943

more complex dynamics of fluids aspects, we list some simple and logical options below.944

The first consists in moving to a healing law that does not prescribe a unique, con-945

stant healing time. Such a law would be in better agreement with available observations.946

Measurements of relative seismic velocity changes after majors earthquakes indeed in-947

dicate a healing rate that is not constant but decrease in time after the main shock, sug-948

gesting that the damaged region within the fault regains strength rapidly in the early949

stage of the interseismic period and progressively more slowly in the later stages (e.g.,950

Li & Vidale, 2001; Brenguier et al., 2008). In the present model, this behaviour could951

be parameterized through a logarithmic healing law that does not include any charac-952

teristic time for healing but that instead depends locally on the time elapsed since the953

last damage event. Such a law would agree with the aging version of the rate-and-state954

interface model of (Ruina, 1983), which imply that the surfaces that are in contact and955

at rest strengthen logarithmically and would allow the system to evolve in a less deter-956

ministic manner.957

The second consists in accounting for a representation of the rheological stratifi-958

cation of subduction zones, which is known to depend strongly on temperature (e.g. Pea-959

cock, 2009) and therefore on depth. In the present 2-dimensional, idealized numerical960

experiments, this stratification could be coarsely accounted for by allowing the bulk, un-961

damaged viscosity of the host rock in the two plates to vary as a simple function (for in-962

stance, linear) of the horizontal distance (x) parallel to the interface, so that to repre-963

–28–
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<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="dX0gF/yD8qXB74kiqbSO5oTArDU=">AAACE3icbVDLSgMxFM34rPVVdekmWAQRLDNS1KXoxmUFawvtUDLpnTaYeZDcKZZh/sGNv+LGhSJu3bjzb0zHWWjrgYTDOffe3BwvlkKjbX9Zc/MLi0vLpZXy6tr6xmZla/tWR4ni0OSRjFTbYxqkCKGJAiW0YwUs8CS0vLvLid8agdIiCm9wHIMbsEEofMEZGqlXOewi3GOa3/m0VEE/S3WifMaB3h+NQEZc4DjLepWqXbNz0FniFKRKCjR6lc9uP+JJACFyybTuOHaMbsoUCi4hK3cTDTHjd2wAHUNDFoB203yLjO4bpU/9SJkTIs3V3x0pC7QeB56pDBgO9bQ3Ef/zOgn6Z24qwjhBCPnPQ34iKUZ0EhDtCwUc5dgQxpUwu1I+ZIpxNDGWTQjO9Jdnye1xzTmp1a/r1fOLIo4S2SV75IA45JSckyvSIE3CyQN5Ii/k1Xq0nq036/2ndM4qenbIH1gf38Nvn/k=</latexit> su
rf

ac
e

x
-v

el
o
ci

ty

<latexit sha1_base64="l0IaUB3oUU+nKO48LOkq4ohl5L0=">AAACEnicbVC7SgNBFJ31GeMramkzGAQtDLsS1DJoYxnBPCAJYXZyNxky+2DmriQs+w02/oqNhSK2Vnb+jZNNCk08MMPhnHvn3jluJIVG2/62lpZXVtfWcxv5za3tnd3C3n5dh7HiUOOhDFXTZRqkCKCGAiU0IwXMdyU03OHNxG88gNIiDO5xHEHHZ/1AeIIzNFK3cNpGGGGS3dlriSsZH6aJjpXHONDRWU/oqJSm3ULRLtkZ6CJxZqRIZqh2C1/tXshjHwLkkmndcuwIOwlTKLiENN+ONURmFutDy9CA+aA7SbZESo+N0qNeqMwJkGbq746E+VqPfddU+gwHet6biP95rRi9q04igihGCPh0kBdLiiGd5EN7QgFHOTaEcSXMrpQPmGIcTYp5E4Iz/+VFUj8vORel8l25WLmexZEjh+SInBCHXJIKuSVVUiOcPJJn8krerCfrxXq3PqalS9as54D8gfX5A1GFnyA=</latexit> su
rf

a
ce

x
-d

is
p
.

<latexit sha1_base64="2RRwxLXlY8TROIoM98j2WcOjpro=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI97xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8Ai5mNUw==</latexit>

(a)

<latexit sha1_base64="oMYcx8nAFvX5nnYPeedyKOzsjl4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzI77xVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi4p3WaneV0u1myyOPJzAKZTBgyuowR3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AjqONVQ==</latexit>

(c)
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10 -1

10 0
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 u
sf

c
 

<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="ho4PmDtT2eEmgazjr49cxkmh85c=">AAACAnicbVDLSgNBEJyNrxhfUU/iZTAIXgy7EtRj0IvHCOYBSQizk95kyOyDmd6QsAQv/ooXD4p49Su8+TdOkj1oYkFDUdVNd5cbSaHRtr+tzMrq2vpGdjO3tb2zu5ffP6jpMFYcqjyUoWq4TIMUAVRRoIRGpID5roS6O7id+vUhKC3C4AHHEbR91guEJzhDI3XyRy2EESY6Vh7jQEfnQ5AhFziedPIFu2jPQJeJk5ICSVHp5L9a3ZDHPgTIJdO66dgRthOmUHAJk1wr1hAxPmA9aBoaMB90O5m9MKGnRulSL1SmAqQz9fdEwnytx75rOn2Gfb3oTcX/vGaM3nU7EUEUIwR8vsiLJcWQTvOgXaGAoxwbwrgS5lbK+0wxjia1nAnBWXx5mdQuis5lsXRfKpRv0jiy5JickDPikCtSJnekQqqEk0fyTF7Jm/VkvVjv1se8NWOlM4fkD6zPHxl6l+Q=</latexit> su
rf

ac
e

x
-v

el
o
ci

ty

<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1

<latexit sha1_base64="NUvJWY4nPSEWtRiIZudJfNYoFj4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlhzKe94olt+LOQVaJl5ESZKj3il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmRcW7rFTvq6XaTRZHHk7gFMrgwRXU4A7q0AAGA3iGV3hzhPPivDsfi9ack80cwx84nz+RrY1X</latexit>

(e)

<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="ho4PmDtT2eEmgazjr49cxkmh85c=">AAACAnicbVDLSgNBEJyNrxhfUU/iZTAIXgy7EtRj0IvHCOYBSQizk95kyOyDmd6QsAQv/ooXD4p49Su8+TdOkj1oYkFDUdVNd5cbSaHRtr+tzMrq2vpGdjO3tb2zu5ffP6jpMFYcqjyUoWq4TIMUAVRRoIRGpID5roS6O7id+vUhKC3C4AHHEbR91guEJzhDI3XyRy2EESY6Vh7jQEfnQ5AhFziedPIFu2jPQJeJk5ICSVHp5L9a3ZDHPgTIJdO66dgRthOmUHAJk1wr1hAxPmA9aBoaMB90O5m9MKGnRulSL1SmAqQz9fdEwnytx75rOn2Gfb3oTcX/vGaM3nU7EUEUIwR8vsiLJcWQTvOgXaGAoxwbwrgS5lbK+0wxjia1nAnBWXx5mdQuis5lsXRfKpRv0jiy5JickDPikCtSJnekQqqEk0fyTF7Jm/VkvVjv1se8NWOlM4fkD6zPHxl6l+Q=</latexit> su
rf

ac
e

x
-v

el
o
ci

ty

<latexit sha1_base64="B4ftCFz+M5cV8Yz+JIj7kIGQpeE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3J43iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxXvslK9r5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AkzKNWA==</latexit>

(f)

10 -9 10 -8 10 -7 10 -6
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c
 

<latexit sha1_base64="2nUONHBnoiRhSIYrxT8o6UqH5u4=">AAACAnicdVDLSgNBEJyNrxhfUU/iZTAInpZdY0xyC3rxGME8IFnC7OzEDJmdXWZ6xbAEL/6KFw+KePUrvPk3Th6CihY0FFXddHf5seAaHOfDyiwsLi2vZFdza+sbm1v57Z2mjhJFWYNGIlJtn2gmuGQN4CBYO1aMhL5gLX94PvFbN0xpHskrGMXMC8m15H1OCRipl9/rAruFNCRURTggxmWYS6rscS9fcGz3uFwuudixq9VquVScEadYwa7tTFFAc9R7+fduENEkZBKoIFp3XCcGLyUKOBVsnOsmmsWEDs2KjqGShEx76fSFMT40SoD7kTIlAU/V7xMpCbUehb7pDAkM9G9vIv7ldRLoV7yUyzgBJulsUT8RGCI8yQMHXDEKYmSIyYCbWzEdEEUomNRyJoSvT/H/pHlsu6d26fKkUDubx5FF++gAHSEXlVENXaA6aiCK7tADekLP1r31aL1Yr7PWjDWf2UU/YL19As4Ul7o=</latexit> m
a
cr

o
d
am

ag
e

in
cr

.

2 4 6 8 10
time 10 -6

0

0.2

0.4

0.6

0.8

1

1.2

 
sf

c
 

10 -6

0

2

m
ac

ro
 d

am
ag

e 
in

cr
.

10 -4

2 4 6 8 10
time 10 -6

0

1

2

3

 
N

 

10 -7

-40

-20

0

 u
sf

c
 

<latexit sha1_base64="BaZSWQUoBdDOZHMru194pYW/hFY=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2J2IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2I2gjYvWAkwT8iA2VCAVnaKVuD+EJMxQRTPvlilt156CrxMtJheRo9MtfvUHM0wgUcsmM6Xpugn7GNAouYVrqpQYSxsdsCF1LFYvA+Nn85Ck9s8qAhrG2pZDO1d8TGYuMmUSB7YwYjsyyNxP/87ophtd+JlSSIii+WBSmkmJMZ//TgdDAUU4sYVwLeyvlI6YZR5tSyYbgLb+8SloXVe+yWruvVeo3eRxFckJOyTnxyBWpkzvSIE3CSUyeySt5c9B5cd6dj0VrwclnjskfOJ8/+6aRuQ==</latexit>

time

<latexit sha1_base64="l0IaUB3oUU+nKO48LOkq4ohl5L0=">AAACEnicbVC7SgNBFJ31GeMramkzGAQtDLsS1DJoYxnBPCAJYXZyNxky+2DmriQs+w02/oqNhSK2Vnb+jZNNCk08MMPhnHvn3jluJIVG2/62lpZXVtfWcxv5za3tnd3C3n5dh7HiUOOhDFXTZRqkCKCGAiU0IwXMdyU03OHNxG88gNIiDO5xHEHHZ/1AeIIzNFK3cNpGGGGS3dlriSsZH6aJjpXHONDRWU/oqJSm3ULRLtkZ6CJxZqRIZqh2C1/tXshjHwLkkmndcuwIOwlTKLiENN+ONURmFutDy9CA+aA7SbZESo+N0qNeqMwJkGbq746E+VqPfddU+gwHet6biP95rRi9q04igihGCPh0kBdLiiGd5EN7QgFHOTaEcSXMrpQPmGIcTYp5E4Iz/+VFUj8vORel8l25WLmexZEjh+SInBCHXJIKuSVVUiOcPJJn8krerCfrxXq3PqalS9as54D8gfX5A1GFnyA=</latexit> su
rf

ac
e

x
-d

is
p
.

<latexit sha1_base64="dX0gF/yD8qXB74kiqbSO5oTArDU=">AAACE3icbVDLSgMxFM34rPVVdekmWAQRLDNS1KXoxmUFawvtUDLpnTaYeZDcKZZh/sGNv+LGhSJu3bjzb0zHWWjrgYTDOffe3BwvlkKjbX9Zc/MLi0vLpZXy6tr6xmZla/tWR4ni0OSRjFTbYxqkCKGJAiW0YwUs8CS0vLvLid8agdIiCm9wHIMbsEEofMEZGqlXOewi3GOa3/m0VEE/S3WifMaB3h+NQEZc4DjLepWqXbNz0FniFKRKCjR6lc9uP+JJACFyybTuOHaMbsoUCi4hK3cTDTHjd2wAHUNDFoB203yLjO4bpU/9SJkTIs3V3x0pC7QeB56pDBgO9bQ3Ef/zOgn6Z24qwjhBCPnPQ34iKUZ0EhDtCwUc5dgQxpUwu1I+ZIpxNDGWTQjO9Jdnye1xzTmp1a/r1fOLIo4S2SV75IA45JSckyvSIE3CyQN5Ii/k1Xq0nq036/2ndM4qenbIH1gf38Nvn/k=</latexit> su
rf

ac
e

x
-v

el
o
ci

ty

<latexit sha1_base64="KWh0RLJ0bw8em/x3PU2+HIlN2FQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh3Jw3iuW3Io7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaFxXvslK9r5ZqN1kceTiBUyiDB1dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AjR6NVA==</latexit>

(b)

<latexit sha1_base64="H0+vPkOYIB9WILVirvWzNP/lO+0=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXinosevFY0X5Au5RsNtuGZrNLkhXK0p/gxYMiXv1F3vw3pu0etPXBwOO9GWbm+Yng2jjONyqsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJWXZ9oJrhkLcONYN1EMRL5gnX88e3M7zwxpXksH80kYV5EhpKHnBJjpYdqcD4oV5yaMwdeJW5OKpCjOSh/9YOYphGThgqidc91EuNlRBlOBZuW+qlmCaFjMmQ9SyWJmPay+alTfGaVAIexsiUNnqu/JzISaT2JfNsZETPSy95M/M/rpSa89jIuk9QwSReLwlRgE+PZ3zjgilEjJpYQqri9FdMRUYQam07JhuAuv7xK2hc197JWv69XGjd5HEU4gVOoggtX0IA7aEILKAzhGV7hDQn0gt7Rx6K1gPKZY/gD9PkDkCiNVg==</latexit>

(d) <latexit sha1_base64="2nUONHBnoiRhSIYrxT8o6UqH5u4=">AAACAnicdVDLSgNBEJyNrxhfUU/iZTAInpZdY0xyC3rxGME8IFnC7OzEDJmdXWZ6xbAEL/6KFw+KePUrvPk3Th6CihY0FFXddHf5seAaHOfDyiwsLi2vZFdza+sbm1v57Z2mjhJFWYNGIlJtn2gmuGQN4CBYO1aMhL5gLX94PvFbN0xpHskrGMXMC8m15H1OCRipl9/rAruFNCRURTggxmWYS6rscS9fcGz3uFwuudixq9VquVScEadYwa7tTFFAc9R7+fduENEkZBKoIFp3XCcGLyUKOBVsnOsmmsWEDs2KjqGShEx76fSFMT40SoD7kTIlAU/V7xMpCbUehb7pDAkM9G9vIv7ldRLoV7yUyzgBJulsUT8RGCI8yQMHXDEKYmSIyYCbWzEdEEUomNRyJoSvT/H/pHlsu6d26fKkUDubx5FF++gAHSEXlVENXaA6aiCK7tADekLP1r31aL1Yr7PWjDWf2UU/YL19As4Ul7o=</latexit> m
a
cr

o
d
am

ag
e

in
cr

.

<latexit sha1_base64="Hpeli/Qom1OudDl1GPmPF3m2HqM=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7ArQT0GvXiMYB6QLGF20psMmX0w0yuGJf6KFw+KePVDvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx61dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/fzPz2Aygt4ugeJwl4IRtGIhCcoZH6drmH8IhZyLiKqUYFWk/7dsWpOnPQVeLmpEJyNPr2V28Q8zSECLlkWnddJ0EvYwoFlzAt9VINCeNjNoSuoRELQXvZ/PgpPTXKgAaxMhUhnau/JzIWaj0JfdMZMhzpZW8m/ud1UwyuvExESYoQ8cWiIJUUYzpLgg6EAo5yYoj5XphbKR8xxTiavEomBHf55VXSOq+6F9XaXa1Sv87jKJJjckLOiEsuSZ3ckgZpEk4m5Jm8kjfryXqx3q2PRWvBymfK5A+szx+Sr5Vh</latexit> m
ac

ro
st

re
ss

Figure 11. (a, b) Temporal evolution of the macroscopic stress (black curve) and of the

surface x-velocity at the upper left corner of the domain (red curve) for a simulation in which

De0 = 0.1 (∆̃t = 10−9, Th = 10−4), α = 4 and (a) δd = 0.1 and (b) δd = 0.5. (c, d) Correspond-

ing temporal evolution of the cumulated surface x-displacement at the upper left corner of the

domain (black curve) and of macroscopic damage increment (cyan curve). (e, f) Corresponding

surface x-velocity at the upper left corner of the domain as a function of the time elapsed be-

tween each unloading event, as indicated by the dashed lines and arrows on figures (a) to (d). In

figures a, b, e and f, the prescribed forcing velocity, U , is subtracted from the x−velocity.

sent a more brittle (high viscosity) behaviour towards the surface and a more ductile (low964

viscosity) behaviour at depth. Such a dependence of the viscosity with depth would al-965

low mitigating the impact of finite size effects and at the same time, exploring spatial966

and temporal interactions between the different types of mechanical behaviours simu-967

lated by the model, that is, an essentially brittle behaviour akin to low-depth, classical968

earthquakes, a mixed brittle-ductile behaviour akin to slow-slip events and diffuse, duc-969

tile deformations akin to the deeper parts of subduction zones. In the same line of ideas,970

the use of the full Burger model, that is, incorporating the Kelvin component that was971

left aside in the present experiments but which is meant to accounts for the deforma-972

tion of the mantle (e.g., Nur & Mavko, 1974; Pollitz et al., 2001), would act as an ad-973

ditional source of post-seismic transient deformation and as such would bring some ex-974

tra complexity in the temporal behaviour of the model.975

The third addition would account for friction, which most likely plays a first-order976

role in the brittle part of the shear zone (e.g., Byerlee, 1967; Scholz, 1998, and many oth-977

ers), where asperities can become locked, thereby allowing for stresses to locally build-978
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up and local quakes to be triggered. To simulate the effect of static friction in a simple979

manner, an additional threshold on the the minimum stress required for the occurrence980

of viscous deformation (as opposed to damage) could be coupled to the viscous stress981

dissipation term of equation 1. This criterion, of the cohesion-less Mohr-Coulomb type,982

would ensure that for low states of stress, slip would be hindered and elastic stresses would983

build-up locally towards critically.984

7 Conclusions985

In this paper, we have presented a continuum, volumetric mechanical model suited986

for modelling slow earthquakes. We have also presented a numerical framework for this987

model that is efficient enough to cover several deformation cycles in very reasonable sim-988

ulation times in a 2-dimensional setup, while allowing to resolve both the very short-term989

and localized damage initiation and propagation processes associated with the co-seismic990

rupture and the diffuse deformations within the bulk of the host rock that relaxes stresses991

over very long time scales. In between these very short and very long time scales and992

over a certain range of parameters, the model can simulate a correlated seismic (i.e., dam-993

age) activity as well as different transient, seismic and aseismic processes akin to clas-994

sical and slow earthquakes, such as the post-seismic stress relaxation phase.995

In particular, the fact that the model can reproduce the observed Omori-like de-996

cay in surface post-seismic velocities over a certain range of mechanical parameter val-997

ues, even in the presently highly idealized simulation setup, is an important result, as998

it supports the hypothesis of (Ingleby & Wright, 2017) that visco-elastic models, either999

of the Maxwell or the Burgers type, require a continuously varying viscosity or, equiv-1000

alently, a continuously varying relaxation time, to reproduce this observed trend. Here,1001

this continuous variation in the relaxation time is achieved by applying a unique rheo-1002

logical law over the entire system, hence avoiding the need to prescribe the mechanical1003

behaviour in different parts of the system or the location of the shearing zone, but let-1004

ting both the elastic modulus and viscosity evolve in time and in space as simple func-1005

tions of the level of damage.1006

Leaving aside for the moment the inclusion of the dynamics of fluids, we have sug-1007

gested several simple additions to the current rheological framework that aim at extend-1008

ing its application to the representation of the entire seismic ”cycle”: that is a deforma-1009

tion that comprises both classical and slow earthquakes. The one-by-one inclusion of these1010

additions - a logarithmic, time-since-damage-dependant healing law, a variation of the1011

viscosity with depth and a deformation threshold for static friction -, the evaluation of1012

their respective impact on the simulated mechanical behaviour and the assessment of their1013

relative contribution towards a more realistic reproduction of the deformation cycle of1014

faults is the aim of our next paper.1015

Appendix A Adimensional system of equations1016

The model is made adimensional with respect to1017

1. the horizontal extent, L, of the domain in the direction of the forcing,1018

2. the prescribed forcing velocity, U ,1019

3. the undamaged elastic modulus, E0.1020

The time characterizing the deformation process is therefore T = L
U . In the following,1021

the superscript ’˜’ is used for all dimension-less variables and operators, which are listed1022

in table A1.1023
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Variables, dimensions and operators Non-dimensional equivalent

Spatial (2D) dimension x x̃ = x
L

Time t t̃ = t
T

Velocity u ũ = u
U

Internal stress σ σ̃ = σ
E0

Level of damage d, d′ d, d′

Del Operator ∇ ∇̃ = L∇
Table A1. Dimensional model variables and operators and their adimensional counterpart.

In terms of these adimensional variables and operators, the momentum equation1024

reads:1025

∇̃ · σ̃ = 0 (A1)1026

for either the pre- or post-damage stress, σ or σ′.1027

The full constitutive equation becomes1028

U

L
E0

∂σ̃

∂t̃
+

E0

λ0(1− dα−1)
σ̃ =

U

L
E0(1− d)K : ˜̇ε,1029

or1030

∂σ̃

∂t̃
+

1

De0(1− d)α−1
σ̃ = (1− d)K : ˜̇ε, (A2)1031

where De0 = η0

E0

U
L is the (undamaged) Deborah number. The constitutive equation for1032

the post-damage stress redistribution is:1033

σ̃′ − δdσ̃ = (1− d′)K : ε̃. (A3)1034

Damage being a non-dimensional variable, the damage equation (5) is itself adimensional:1035

1− d′ = δd (1− d) . (A4)1036

The adimensional healing equation reads1037

1

T

∂d′

∂t̃
= − 1

th
d′, 0 ≤ d′ < 1,1038

or1039

∂d′

∂t̃
= − 1

Th
d′, 0 ≤ d′ < 1. (A5)1040

where Th = th
T .1041

Appendix B Numerical Scheme1042

Here we present the time discretization and the numerical algorithm employed to1043

solve the system of equations in the shearing experiments. For simplicity, the superscript1044

′˜ ′ for adimensional variables is drop in the following notations.1045

This system of equations (A1 for σ and for σ′, A2, A3, A4, A5) forms a problem1046

that is solved for the following unknowns : ε̇ and ε′ (3 components each), σ and σ′ (31047

components each) and d′, starting from an initial state of rest and zero damage. It is solved1048
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over a closed 2-dimensional domain Ω ∈ R (see figure 4), with an external boundary1049

partitioned as ∂Ω = Γtop,Γbottom,Γleft,Γright. A constant x−velocity is applied on Γbottom.1050

It is fixed to 0 during the steady-state, stress redistribution process. The z−velocity is1051

fixed to 0 on Γbottom and ux = 0 on the right upper corner of the domain. The top and1052

lateral boundaries are free, hence σ · n = 0 on Γtop, Γleft and Γright.1053

B01 Time discretization1054

We discretize the time, t, such that tn = n∆t, with ∆t > 0 and n = 0, 1, 2, ....1055

and use a backward Euler (implicit) scheme of order 1. Expressing the strain rate ten-1056

sor as ε̇ = D(u) = 1
2

(
∇u+∇uT

)
and the strain tensor as D(u)∆t, the time-discretized1057

system of equations reads:1058

∇ · σn+1 = 0,1059

σn+1 − σn

∆t
+

1

De0 (1− dn)
α−1σ

n+1 = (1− dn)K : D(un+1),1060

1− d′n = δd (1− dn)1061

∇ · σ′n+1 = 0,1062

σ′n+1 − δdσn+1 = (1− d′n)K : D(u′n+1∆t),1063

d′n+1 − d′n

∆t
= − 1

Th
d′n, 0 < d′n+1 ≤ 1.1064

The numerical scheme divides this time-discretized problem, Pd, into three subprob-1065

lems. Using the superscript k = 0, 1, 2, ... for the steady-state stress-redistribution sub-1066

iteration in subproblem 2, these problems reads:1067

(P1d) The momentum and constitutive equations are first solved simultaneously for the1068

fields of velocity and stress, σn+1 and un+1 at the current time step, by apply-1069

ing the constant x−velocity forcing on Γbottom and the other boundary conditions1070

and using the level of damage at the previous time step, dn.1071

(P2d) The steady-state stress redistribution equations are solved iteratively, with the x−velocity1072

on Γbottom now set to zero. In this subproblem, the damage equation is first solved1073

for d′n,k+1 by comparing the field of stress at the current subiteration, σn+1,k, to1074

the local damage criteria, σc. The updated level of damage is then substituted into1075

the post-damage constitutive equation. Together with the momentum equation,1076

it is solved for the adjusted fields of velocity, u′n+1,k+1, and stress, σ′n+1,k+1. These1077

steps are iterated until all of the adjusted stresses become sub-critical. Then the1078

post-damage level of damage, d′n, is set to d′n,k+1.1079

(P3d) The healing equation is finally solved for the level of damage at the current time1080

step, d′n+1 and dn+1 is set to d′n+1.1081

The complete algorithm reads:1082

Initialization (n = 0)1083

un = 0 in Ω,1084

σn = 0 in Ω,1085

dn = d′n = 0 in Ω.1086

For n ≥ 0, set k = 01087
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(P1d) With σn and dn known, find σn+1 and un+1 such that1088

∇ · σn+1 = 0,1089

σn+1 − σn

∆t
+

1

De0 (1− dn)
α−1σ

n+1 = (1− dn)K : D(un+1),1090

1091

and with1092

un+1
z = 0 on Γbottom,1093

un+1
x = 1 on Γbottom,1094

un+1
x = 0 on Γtop ∩ Γright,1095

σn+1 · n = 0 on Γtop,Γleft and Γright, .1096

IF anywhere in Ω σn+1
1 > qσn+1

2 + σc, set σ
′n+1,k = σn+1 and d′n,k = dn.1097

(P2d) For k ≥ 0,1098

1. Find d′n,k+1 such that1099

1− d′n,k+1 = δd
(
1− d′n,k

)
,1100

2. Find σn+1,k+1 and un+1,k+1 such that1101

∇ · σn+1,k+1 = 0,1102

σ′n+1,k+1 − δdσ′n+1,k = E0(1− d′n,k+1)K :
(
D(u′n+1,k+1)∆t

)
1103

and with1104

u′n+1,k+1
z = 0 on Γbottom,1105

u′n+1,k+1
x = 0 on Γbottom,1106

u′n+1,k+1
x = 0 on Γtop ∩ Γright,1107

σ′n+1,k+1 · n = 0 on Γtop,Γleft and Γright, .1108

IF σ′n+1,k+1
1 ≤ qσ′n+1,k+1

2 + σc,1109

STOP and set σn+1 = σ′n+1,k+1 and d′n = d′n,k+1 (P3d) Find d′n+1 such that1110

d′n+1 − d′n

∆t
= − 1

Th
d′n, 0 < d′n+1 ≤ 1.1111

Set dn+1 = d′n+1.1112

Appendix C Convergence1113

Figure C1 shows the probability density function of Ebrit/∆̃t obtained in the case1114

of De0 = 0.1 and De0 = 10, using α = 4, δd = 0.1 and Th = 10−4 and Th = 10−3 re-1115

spectively. The PDFs indicate that the macroscopic model response converges as ∆̃t is1116

decreased, as for the case of De0 = 0.001 described in section 5.2. The values of ∆̃t for1117

which the response is not converged are indicated in red in table 3. The value of ∆̃t cor-1118

responding to each De0 value and used in the sensitivity analyses on Th, α and δd are1119

indicated in green in the same table.1120
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Figure C1. Probability density function of Ebrit/∆̃t for simulations using α = 4, δd = 0.1 and

(a) De0 = 0.1, Th = 10−4 and ∆̃t = 10−10, 10−9, 10−8, 10−7, 10−6 and (b) De0 = 10, Th = 10−3

and ∆̃t = 10−9, 10−8, 10−7, 10−6, 10−5 (corresponding to ∆t = 104 s, 105 s, 106 s, 107 s, 108 s re-

spectively).
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1. Captions for Movie S1

Introduction The movie provided as Supporting Information is an animation of the

numerical model simulation results that supplements the description of the model me-

chanical response provided in section 5.1. The simulation is ran with a specific set of

model parameters, but the main features of this mechanical response are also observed

over a range of parameter values.

Movie S1.

Animation of the numerical simulation results obtained using the following model me-

chanical parameters: De0 = 0.001, Th = 10−5, ∆̃t = 10−10, α = 4, δd = 0.1, and corre-

sponding to the snapshots and time series presented in figure 5, described in section 5.1.

The upper panel represents the temporal evolution of the field of level of damage, d (in

logarithmic scale) and the lower panel, the corresponding temporal evolution of the macro-
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scopic shear stress, calculated by integrating the shear stress on the entire top boundary

of the domain (black curve) and of the macroscopic damage increment, calculated as in

equation (17) (grey curve).

March 14, 2023, 8:27pm


