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Abstract Seismic faults are known to exhibit a high level of spatial and temporal complexity, and the causes
and consequences of this complexity have been the topic of numerous research works in the past decade. In this
paper, we investigate the origins and the structure of this complexity by considering a numerical model of
laboratory earthquake experiment, where we introduce a fault with homogeneous mechanical properties but
allow it to evolve spontaneously to its natural level of complexity. This is achieved by coupling the elastic
deformability of the off‐fault medium (and therefore allowing for heterogeneous stress fields to develop) and the
discrete degradation and gouge formation at the fault plane (and therefore allowing for structural heterogeneity
to develop). Numerical results show the development of persistent stress, damage, and gouge thickness
heterogeneities, with a much larger variability in space than in time. Strong positive correlations are found
between these quantities, which suggest a positive feedback between local normal stress and damage rate, only
mildly mitigated by the mobility of the granular gouge in the interface. For a wide range of confining stresses,
after a sufficient number of seismic cycles, the fault reaches a state of established disorder with a constant
roughness, a certain amount of periodicity at the millimetric scale, and a power law decay of the Power Spectral
Density at smaller spatial scales. The typical height‐to‐wavelength ratio of geometrical asperities and the
correlations between stress and damage profiles are in good agreement with previous field or lab estimates.

Plain Language Summary Earthquakes occur on faults in the Earth curst, and these faults are known
to be highly complex, both from a geometrical and structural point of view. This complexity is now introduced
artificially in many numerical and theoretical models of faults in order to derive meaningful knowledge related
to earthquake mechanics. There is little knowledge, however, about the way this complexity develops. In this
paper, we employ a numerical model to observe the spontaneous development of this complexity, in order to
understand its origin, its structure, and its evolution.

1. Introduction
Seismic faults are broadly planar weakness zones in the lithosphere, comprising a relatively thin fault core
surrounded by a damage zone, which is itself embedded in the intact country rock. The fault core is the region
which accommodates most of the relative motion between the two sides of the fault plane, and is composed of
fault rocks (gouge, cataclasite, breccia) that develop due to comminution or other processes which completely
destroy the fabric of the initial rock (Tesei et al., 2014). The damage zone, in turn, is composed of country rock
submitted to fracturing and secondary faulting, and keeps a memory of its initial fabric. Earthquakes generally
occur along such faults which, being natural features associated with brittle weaknesses in the lithosphere, are
subject to a large amount of complexity. One of these complexities is the spatial and temporal heterogeneity in
fault properties that can be inferred from seismological measurements before, during, and after earthquakes
(Scholz, 2019), as well as from field assessment (Chester et al., 1993; Mitchell & Faulkner, 2009; Shipton &
Cowie, 2001) and geodetic studies (Perrin et al., 2016). A recent review of such heterogeneities is proposed in
(Ben‐Zion & Dresen, 2022; Tesei et al., 2014), including hierarchical geometrical heterogeneities and damage
zones, that affect and complexify rupture dynamics (Beroza & Mikumo, 1996; Gounon et al., 2022; Latour
et al., 2013). An important concept is the notion of asperity, seen as a local characteristic of the fault which is
prone to concentrate phenomena such as rupture nucleation or initiation (Kemeny & Hagaman, 1992; Sammis
et al., 1999; Selvadurai & Glaser, 2017; Zielke et al., 2017). In some contexts, asperities are seen as purely
geometrical features belonging to the real‐contact area, the latter being only a very small fraction of the whole
interface. While this concept has been experimentally validated in the lab in the case of bare surfaces (Dieterich &
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Kilgore, 1994; Dillavou & Rubinstein, 2018), it is difficult to reconciliate with field observations of natural faults,
which are generally filled with a certain amount of gouge or cataclasite (Agosta & Aydin, 2006) and seem to have
a real contact area close to the apparent one. In some other contexts, asperities are essentially regions of larger
stress, either because of past sliding events or because of fault topography (Schmittbuhl et al., 2006). Finally,
some studies represent fault asperities as purely rheological features, that is, as regions where the friction law is
different (e.g., stronger, or with a different rate‐dependency) from their surroundings (Chen & Lapusta, 2009;
Dublanchet et al., 2013; Luo & Ampuero, 2018). Frictional heterogeneities have been reported to be related to a
large number of local variations, such as fault fabric (Collettini et al., 2009), normal stress and fault roughness
(Harbord et al., 2017), or rate of gouge production from initially bare surfaces (Noël et al., 2023). In fact, it is often
stated that asperities are both geometrical and rheological features (Sagy & Brodsky, 2009), since geometry
influences stresses (Kim et al., 2004), which in turn influence rheology. The precise causalities between these
different fault properties (geometry, structure, rheology) remain however unclear, which raises the question of the
emergence of fault heterogeneity. Another difficulty is related to scales since asperities are reported both at the
regional scale (tens of km, Ghosh et al., 2012) and at the very local scale (tens of μm, Aubry et al., 2018).

Experiments on artificial heterogeneous faults (Bedford et al., 2022) showed that the average frictional response
of such faults is not just an integrated average of the local friction properties. As a good example, a glimpse into
the complexity of rupture propagation in a homogeneous fault with a localized patch of granular gouge may be
found in Rubino et al. (2022). A recent trend in earthquake science is to investigate the consequences of fault
complexity on phenomena relevant to earthquake mechanics, such as rupture nucleation, propagation, or arrest.
Investigated heterogeneities cover properties alternation (Luo & Ampuero, 2018), roughness (Bruhat et al., 2020;
Cattania & Segall, 2021; Tal et al., 2018), multiple segments (Romanet et al., 2018), heterogeneous stress level
(Ripperger et al., 2007), weakening length (Albertini et al., 2021; Lebihain et al., 2021), off‐fault inelasticity (Mia
et al., 2022), variability in Rate‐and‐State Friction response (Chen & Lapusta, 2009; Dublanchet et al., 2013), etc.
Many such studies rely on the artificial generation of random heterogeneous properties of the fault, to be
introduced in numerical codes or in theoretical frameworks in order to derive meaningful conclusions. However,
there is little knowledge about what should be the adequate properties of such random fields, for example, in terms
of Probability Density Functions (PDF) or of autocorrelation functions of the spatially‐varying quantities. A good
way to observe the emergence of complexity is to perform laboratory earthquakes in controlled conditions,
starting from a homogeneous initial state, and to monitor the spontaneous development of seismic cycles (Aubry
et al., 2020; Bayart et al., 2018; Bolton et al., 2020; Dresen et al., 2020; Goebel et al., 2013; Guérin‐Marthe
et al., 2023; Kandula et al., 2019; Leeman et al., 2016; Li & Zhou, 2021; Marty et al., 2019; McLaskey, 2019;
Passelègue et al., 2016; Scuderi et al., 2017; Sobolev et al., 1996; Xu et al., 2019). This can be nicely com-
plemented by numerical simulations, provided that they are able to reproduce the main physics at stake, which
include rock elastodynamics, damage mechanics, and granular physics (Casas et al., 2022, 2023; Dorostkar
et al., 2017; Guo &Morgan, 2007; Mair et al., 2002; Mollon et al., 2021; Morgan & Boettcher, 1999; Papachristos
et al., 2023; Taboada & Renouf, 2023; Wang et al., 2019). In the present paper, we revisit numerical data
originating from a set of simulations described in details in Mollon et al. (2023). These simulations take inspi-
ration from triaxial tests on sawcut marble samples reported in Aubry et al. (2018), albeit at a reduced scale and
limited to 2D plane‐strain kinematics (Figure 1). We employ this model to investigate and quantify in more depth
this emerging fault complexity and provide hypothesis regarding its causes and consequences. Since they are
inspired by a lab test, our simulations disregard some types of heterogeneities that are inherent to natural faults
(e.g., lithological or large‐scale geometrical ones), and focus on local quantities such as stress fields, gouge
thickness, and damage intensity. Section 2 presents the main features of the model, and Section 3 describes the
spatial variability of normal and shear stresses along the fault, and subsequently of the corresponding effective
friction. It also focuses on the time variability of these quantities. In Section 4, the focus is put on the hetero-
geneity associated with the surface damage and the progressive build‐up of the granular gouge layer, while
Section 5 explores correlation structures in the data set. Section 6 proposes a discussion on the obtained results
and links them to the literature on small‐scale fault complexity, while Section 7 concludes this work.

2. Methods
The proposed model is based on a direct coupling between continuum and discrete representations of rock. The
sample dimensions are 10× 20 mm2 (Medium‐size, or “M‐fault” in the nomenclature ofMollon et al. (2023), with
a fault zone ∼18 mm long), and its two halves are essentially represented as elastic solids, using a Lagrangian
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meshfree continuum approach (Mollon, 2016, 2018). However, in the close vicinity of the fault plane (i.e., in the
first 200 μm behind the surface on each side), a discrete representation is adopted where rock is represented as a
collection of cohesively bonded rigid conformal polygons (Mollon, 2015; Saksala & Jabareen, 2019). This
representation allows to simulate the progressive damage of the surface (breakage of the bonds between the
grains) and the production of a gouge layer (kinematic separation of grains and transition toward a granular layer).
In addition, an elastic bonding is used between the continuum regions and the discrete ones in order to ensure
mechanical continuity. The elastic parameters of the continuum regions are chosen to simulate the Carrara marble
used in the experiments (i.e., a Young's modulus of 70 GPa, a Poisson's ratio of 0.29, and a resulting shear
modulus of 17.1 GPa). The contact parameters between the grains composing the discrete region follow a
Cohesive Zone Model (CZM, Kim & Buttlar, 2009) which was calibrated by comparison with experimental
results on Carrara marble taken from the literature (Fredrich et al., 1989), as described in details in Mollon
et al. (2023). This calibration allows to represent in a fairly consistent way the elasticity of the intact rock (thanks
to the elastic intact bonds between the grains) and its localized or distributed damage and breakage (thanks to the

Figure 1. Coupled continuum‐discrete numerical model of laboratory earthquakes. (a) Full view of the model and of its boundary conditions; (b) Zoom on the upper
contact area between the sample and the loading system; (c) Zoom on a typical section of the fault; (d–f). Effective friction time series for confining stresses of 45, 90,
and 180 MPa respectively. Insets are zooms on the early stages of the simulations, indicating the (approximate) time for yield ty and the first major stress drop tp.
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elastic limit of these bonds and their post‐breakage cohesion). The grain size is set to ∼10 μm, which is much
smaller than the typical size for calcite grains (∼150 μm) in order to discretize as finely as possible these regions.
This grain size corresponds to the typical size of large gouge particles identified in the lab (Passelègue et al., 2016)
or in the field (Sagy & Brodsky, 2009). Overall, the model contains ∼83,000 grains, as well as ∼115,000 degrees
of freedom in the elastic regions. An explicit integration scheme is used, with a time step of 0.2 ns. In the intact
state of the discrete region, bonds are established between any pair of contacting grains. More specifically, a bond
is created for any node of a grain A in contact with a segment of a grain B, and is attributed an initial damage equal
to 0 and a length equal to the sum of the half‐lengths of the two segments around the considered node of grain A.
Along simulation, damage of each bond is only allowed to increase gradually from 0 to 1 following the CZM law
described in Mollon et al. (2023). The damage attributed to each grain (and used in the metrics we employ in this
work) is therefore a weighted sum of the damages of all its nodes. The model parameters are summarized in Table
S1 in Supporting Information S1.

The two half‐samples are initially separated, and positioned between two deformable elastic blocks (Figure 1),
which simulate the compliance of the loading system and allow a better dissipation of the elastic waves traveling
in the sample. A confining stress σ3 is first applied on the sides of the sample and on the loading system, which
activates the contacts between the half‐samples along the fault plane. This stage is pursued until mechanical
equilibrium is reached. The boundary conditions of the loading system are then switched to displacement‐driven:
the lower boundary of the system is maintained fixed while the upper boundary is assigned a downwards velocity
which leads to an average vertical strain rate of 2.5 s− 1 in the whole system. This loading rate is orders of
magnitude faster than the experimental one, and is chosen as a trade‐off between computational costs and system
stick‐slip dynamics (Mollon et al., 2023; Scott, 1996): it is chosen as high as possible, provided that it allows to
clearly identify dynamic sliding events and locked periods. Three confining stresses of 45, 90, and 180 MPa are
tested (labeled M45, M90, and M180 respectively), as in the target experiments. As shown in the curves of
Figures 1d–1f, all simulations initiate with an elastic loading period, where shear stress on the fault plane in-
creases steadily until a yield point (time ty). The curve slope then starts to slowly decrease, and fluctuations in the
shear stress appear (See insets in Figure 1.). At the end of this yield period, at time tp, a first major stress drop
occurs, with a peak effective friction close to 0.3 for all three confining stresses. From thereon, all three faults
enter into a succession of a large number of seismic cycles, with successive episodes of fault locking and sliding.
The yield point can only be roughly estimated because yield occurs gradually, but we extract ty ≈ 0.13 , 0.31, and
0.39 ms for confining stresses of 45, 90, and 180 MPa respectively. In contrast, the times for the first major stress
drops are well‐defined as tp = 0.32 , 0.58, and 0.96 ms respectively. As illustrated in Mollon et al. (2023), the
inter‐event times, durations, average velocities, sliding distances, and stress drops of these events are extremely
variable: the largest events rupture the whole 18 mm of the fault and reach both extremities, leading to stress drops
of several tens of MPa and sliding distances of several tens of μm; while the smallest events are entirely localized
in small patches inside the fault without reaching its extremities, and are not even detectable as stress drops in the
loading system. This variability is made possible by the elastic compliance of the rock surrounding the fault, in
contrast with more common Discrete Element Modeling (DEM) where rigid walls impose a perfectly synchro-
nized sliding along the whole simulated fault zones (see a discussion in Papachristos et al., 2023).

No precise statistics were extracted yet from this catalog of events, and this work is kept for future studies since
it is not at the core of the present paper. This stick‐slip accommodation regime is pursued until a total sliding
distance of ∼500 μm is reached for each of the three simulations, which corresponds to a simulated time of
5 ms. During all this duration, and as hundreds of seismic cycles of various sizes occur, the contacting surfaces
get more and more damaged, grains detach from the damaged rock, and a gouge layer is progressively formed.
This may modify the frictional response of the fault by delocalizing slip accommodation, and indeed the first
few major stress drops are more intense than the following ones because they occur at larger peak shear
stresses, before a fully granular gouge layer is established. The initial thickness of the discrete region (200 μm
on each surface) is sufficient to avoid wall‐effects, which means that the “damage front” which progresses
deeper and deeper along time does not reach the interfacial zone between the discrete and continuum regions.
As shown and quantified in Mollon et al. (2023), the rate of thickening of this damage zone is proportional to
the confining stress and its thickness eventually increases linearly with the cumulated strain in the sample. In
contrast, the rate of thickening of the gouge layer participating to accommodation remains largely independent
from the confining stress, and the gouge thickness eventually increases linearly with the cumulated sliding
distance on the fault plane. These results are only in partial agreement with the Archard law (Archard, 1953):
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the proportionality of wear volume to both sliding distance and normal stress is not fully ensured, and the very
notion of wear rate is rather ill‐defined (Mollon et al., 2023). Interestingly, the Archard law is now often
described as inaccurate and oversimplified in the tribological literature (Hu et al., 2022; Reichelt & Cap-
pella, 2021). It is worth mentioning at that point that the simulated fault is mechanically homogeneous in its
initial state. It is nominally flat, apart from a small‐scale roughness related to the shapes of the surface grains,
and the initially bonded granular packing has homogeneous statistics in terms of sizes, shapes, and orientations
of the grains (Figure 1c). Yet, numerical results provided in Mollon et al. (2023) indicate that fault hetero-
geneity naturally emerges from this simulated system, under the form of localized slip events, patches of stress
concentration, or localized damaged areas.

3. Variability in Stress and Friction
The continuum elastic character of the major part of the sample makes it possible to monitor the full stress tensor
field during the entire duration of a simulation (Mollon et al., 2023). It is useful to project this stress tensor in the

local frame of the fault plane { n→, t→} (Figure 1a) and to consider the normal stress σnn and the shear stress σnt
expressed in that frame. Such fields are plotted in the upper part of Figure 2, in the upper half‐sample at the end of
the simulation M90. Two levels of heterogeneity are observed. At the scale of the whole sample, both normal and
shear stress are subject to large variations which are attributed to finite‐strain effects (Mollon et al., 2023). More
specifically, at that stage of the simulation the fault has slid by ∼500 μm, while the horizontal motion of the upper
and lower half samples were restricted by their frictional contact with the loading system (in accordance with the
target experimental conditions), leading to this loss of macroscopic stress homogeneity.

At a smaller scale and in the vicinity of the fault plane, a different kind of heterogeneity is observed, which is
directly related to phenomena occurring in the fault interface during the seismic cycles. The lower part of Figure 2

Figure 2. Normal σnn and tangential σnt stress heterogeneities on the upper half of the numerical fault (hanging wall) under a confining stress σ3= 90 MPa. Black dashed
line indicates the first major sliding event, which can also be noticed in the friction history on the left.
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(and Figure S1 in Supporting Information S1) allows to follow these heterogeneities in time, alongside the
resulting average friction measured on the fault. Both normal and shear stress profiles were first filtered (gaussian
filter with a sigma‐value of 80 μm) in order to remove small scale noise related to the local contact conditions at
the boundary between continuous and discrete regions. We observe that both normal and shear stresses develop
large heterogeneities along the fault plane. These heterogeneities appear to grow progressively during the initial
elastic loading, that is, before the first major stress drop, and to keep growing during the first few seismic cycles,
up to t = 1 ms (especially σnn). When slip accumulates, stress patterns appear to develop and to remain somewhat
persistent in time. The average normal stress on the fault is close to 115 MPa, but local values can range between
20 and 200 MPa. Likewise, the average shear stress is close to 28 MPa (with an average friction on the fault close
to 0.24), but typically ranges between 5 and 60 MPa. Such large variations of the interfacial stresses are rather
unexpected on such a small system with initially homogeneous mechanical properties.

This is illustrated in more details in Figure 3 (completed by Supplementary Movie S1), which focuses on a
selected patch on the fault during the whole M90 simulation and provides both the field of damage in the

Figure 3. Evolution of the shear stress field and of the damage distribution in a selected area of the numerical fault (marked as a white rectangle in the upper‐left caption)
under a confining stress σ3 = 90 MPa. Large‐scale stress heterogeneities in the sample (upper‐left caption) are due to lateral kinematic restrictions at the boundaries of
the sample, in accordance with the experiments where these boundaries were not lubricated, as commented in (Mollon et al. (2023)).

Journal of Geophysical Research: Solid Earth 10.1029/2023JB028626

MOLLON ET AL. 6 of 26

 21699356, 2024, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

028626 by C
ochrane France, W

iley O
nline L

ibrary on [25/07/2024]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



degradable region and the field of shear stress around it. Several interesting observations can be made. At
t = 0.2 ms, the fault is still in a state of elastic loading, and no evidence of damage is visible. During the yield
period, at t= 0.4 ms, first evidences of damage start to appear way before the first major stress drop (which occurs
around t = 0.58 ms in that case), with the appearance of a thin and discontinuous layer of damaged grains in the
interface and some hints of localized crack initiations in the degradable region of the sample. Moderate shear
stress concentrations can be observed on each side of the discrete region. At t= 0.6 ms, a first major sliding event
just took place, and the damaged layer is now continuous along the whole fault. We also notice that this layer is
not perfectly straight (i.e., we can observe a surface at the gouge‐host rock interface rougher than the initial bare
surface), with some more intense cracking patterns initiating at several locations in the interface and progressing
toward the bulk intact rock. These cracks seem to correlate well with the locations of the shear stress concen-
trations, which increase in amplitude (see for example the lower part of the observation window). A direct
comparison of these damaging patterns with experimental ones is rendered difficult by the relatively large size of
the discrete grains, which does not allow a sufficient resolution to derive conclusions on such phenomena as crack
preferred orientation (Renard et al., 2018). This resolution is however sufficient to describe the main phenomena
at stake, that is, progressive damaging and wear. As sliding progresses and as seismic cycles accumulate, the
central layer of fully damaged grains gets thicker, which corresponds to the progressive build‐up of a gouge layer.
Meanwhile, a damage front progresses toward intact rock, but not in a homogeneous manner. At t = 2.0 ms, for
example, we can clearly discern two areas of larger damage (associated with an intense crack network) separated
and surrounded by three patches of more intact rock. The shear stress patterns also gain in intensity, and
sometimes fluctuate in time, but remain essentially stationary on the fault despite the large number of sliding
events that take place between each caption. At t= 5.0 ms, we observe that the damage front is getting close to the
interface between the discrete and continuum regions, which indicates that simulations should be stopped in order
to avoid wall‐effects. Generally speaking, it seems that shear stress concentrations tend to coalesce and to be less
numerous and more distant as the fault matures (see also Figure 2). This can be clearly seen by comparing the
stress patterns at t = 1.5 ms, where two areas of stress concentration are visible on each side of the fault, and
t = 5.0 ms, where only one large stress concentration is visible on each side of the fault in this area. It seems
reasonable to call this area an asperity, since it appears to be permanently established (Figure 2) and to bear a
much larger load than its surroundings.

It is interesting to observe that, because of the finite thickness of the degradable region (∼400 μm, including the
granular gouge layer), the shear stressesmeasured on the footwall and on the hangingwall (at the boundary between
the continuous and discrete regions) are not equal (Figure 3, top‐left). This is not related to a lack of mechanical
equilibrium, but to the fact that they are measured at a certain distance from the central “mathematical” plane of the
fault (on which continuity of stress fields is guaranteed). Hence, if the shear stress history on the foot wall was
plotted in the samemanner as in Figure 2, it would not coincide with that plotted for the hanging wall (although the
integrals of these stresses on the entire fault are exactly balancedwhen the fault is locked). As amatter of fact, under
such spatial fluctuations of the shear stress and in the presence of a relatively thick gouge layer, it is difficult to
define a univocal value of the shear stress at a given location of the fault plane, and this concept is only valid in
idealizedmodels based on an infinitely thin fault zone (Wibberley et al., 2008). Figure 4 provides away to solve this

Figure 4. Illustration of the spatial shift between the normal and tangential stresses measured at the interface between the continuous and discrete regions (σ3 = 90 MPa,
t = 5 ms, end of the simulation): (a) Normal stress concentration; (b) Shear stress concentration at the same location; (c) Orientations of the normal and shear stress
patterns; (d) Cross‐correlation function between normal and shear stress on the hanging wall (computed on the whole fault and during the entire duration of the
simulation), with a clear maximum for a spatial lag of 280 μm.
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issue. It shows, at the same location as in Figure 3, the fields of normal stress (Figure 4a) and of shear stress
(Figure 4b), and seems to indicate that the normal stress is symmetrically distributed while the shear stress is
shifted between the footwall and the hanging wall. This is confirmed quantitatively in Figure 4d, which shows the
cross‐correlation function between the normal and shear stress on the hanging wall. A clear peak is observed for a
spatial shift of 280 μm, which indicates that σnn and σnt are strongly correlated in space (0.64) if this fault‐parallel
shift of the shear stress is accounted for. Histograms of Figure S2 in Supporting Information S1 provide addi-
tional evidence for this spatial correlation. Hence, in order to evaluate the local value of the fault effective fric-
tion, a relevant technique is to consider the sketch of Figure 4c. The normal stress at pointO can be approximated by
σnn,O = (σnn,M + σnn,N)/2, and the shear stress at point O can be approximated by σnt,O = (σnt,P + σnt,Q)/2. The
effective friction μO at point O is therefore computed the following way:

μO = (σnt,P + σnt,Q)/(σnn,M + σnn,N) (1)

where σnt,P and σnt,Q are the shear stresses measured at points P and Q (shifted by ±280 μm with respect to O, a
value which is consistent for all our simulations), and σnn,M and σnn,N are the normal stresses measured at points M
and N (aligned with O).

In order to visualize the variety of the stress states along the fault, Figure 5 shows bivariate histograms of the
distribution of σnn and σnt as expressed in the previous paragraph. In Figures 5a–5c, dashed lines correspond to
constant ratios of σnt and σnn, that is, of constant effective friction, ranging between 0.1 and 0.5. These distri-
butions confirm that normal and shear stresses are strongly correlated, since the bivariate histograms form very
elongated shapes in all cases. These shapes do not align with the origin, which indicates that they do not
correspond to a given friction coefficient. They do not align either with the theoretical loading path (white thick
lines) that would be expected on the fault plane in a perfectly homogeneous case:

σnn =
σ1 + σ3
2

+
σ1 − σ3
2

cos(2θ) (2)

σnt =
σ1 − σ3
2

sin(2θ) (3)

where θ = 60° is the angle between the fault plane and the minimum principal stress σ3 (which is equal to 45, 90,
or 180 MPa), and σ1 is allowed to vary. An analysis of the motion of each local stress state in the σnn− σnt frame
over the seismic cycles requires the precise definition of a catalog of events and the clear identification of the
stress state at failure, at each location and for each event. This work is kept for a future study, but for now, it is
interesting to observe (Figure 5d) that the local effective friction is generally comprised between 0.1 and 0.3,
which seems to be a point of fault “saturation” at all confining stresses. It is also interesting to point out that the
relative variability in stress states seems to be larger at low confining stresses (M45, Figure 5a) but more limited
under larger confinement (M180, Figure 5c).

A map of the effective friction on the fault along time is provided in Figure 6a for the case σ3 = 90 MPa. It shows
very clear patterns in space, with strong oscillations along the fault that remain generally persistent in time. When
averaged over the post‐peak period of the simulation (Figure 6b), these oscillations are found to remain between
0.15 and 0.3, and a periodicity clearly appears. This is confirmed by the average autocorrelation function of the
effective friction (Figure 6c), which exhibits a very clear secondary peak for a distance of 0.94 mm. Similar results
are obtained for the cases M45 and M180 (Figure S3 in Supporting Information S1), with respective spatial
periods of 1.06 and 0.96 mm. It therefore appears that this periodicity is independent from the confining stress and
that the effective friction period remains close to 1 mm in all simulations. An interesting point is that these friction
patterns seem to “nucleate” during the pre‐peak period in a much clearer manner than the stress patterns observed
in Figure 2. These initial heterogeneities in the elastic regime could arise (a) from the small irregularities in the
intact surfaces, related to the geometry of the grains, or (b) from the local patterns in the intact microstructure of
the discrete region. Unfortunately, it is not possible with the data at hand to discriminate between these two
potential sources of heterogeneity. We can be sure, however, that neither the continuous region not its connection
to the discrete region is the source of these patterns, as its homogeneity is nearly perfect.
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In order to get a better picture of the structure of the stress heterogeneities, it is useful to distinguish the stress
variabilities in time and in space. This is the purpose of Figure 7, which focuses on the field of normal stress on the
hanging wall of the fault (identical results were obtained for the foot wall). In Figure 7a, we focus on the vari-
ability in time: at each time increment, the mean value and the standard deviation of the normal stress σnn are
computed, and are plotted for the three cases M45, M90, and M180. The three simulations follow similar trends,
despite some minor differences: during the elastic loading, we observe a steady increase of the space‐averaged
normal stress, with a constant standard deviation. At the first major stress drop, both the average and the stan-
dard deviation decrease, which means that this event slightly homogenizes the stress state along the fault.
However, as the seismic cycles accumulate, we generally observe an increase in the standard deviation of σnn. In
the cases M45 and M180 this spatial variability tends to stabilize after ∼3 ms of simulation (i.e., ∼300 μm of
sliding), while it keeps increasing more steadily until the end of the simulation for the case M90. We observe that,
despite the rather high level of spatial variability, the spatial average of σnn is not submitted to large fluctuations in
time, and generally increases very slowly during all simulations.

Figure 5. Stress state distribution on the faults; (a–c). 2D histograms showing the joint distributions of normal and tangential stresses on the fault at each location and
time of the simulations (ignoring the elastic loading period before the first major stress drop). Dashed white lines indicate effective friction coefficient and thick solid
lines indicate the theoretical loading path on the fault plane; (d) The three histograms superimposed, with additional black lines highlighting the major data structures.
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Figure 7b (completed by SupplementaryMovie S2) adopts the opposite perspective: for each location on the fault,
a mean value of σnn is computed for the time period running from the first major stress drop to the end of the
simulation (marked in light color in Figure 7a). Likewise, a variability in time is computed through a standard
deviation of σnn on the same period. The obtained curves reveal that the time‐averaged normal stress strongly

Figure 6. Effective friction statistics for a confining stress of 90MPa; (a) Space‐time map of the effective friction along the fault. The black dashed line indicates the first
major stress drop; (b) Time‐averaged friction curve; (c) Autocorrelation function of the effective friction, (b) and (c) ignore the elastic loading period preceding the first
major stress drops.

Figure 7. Normal stress heterogeneities. (a) Evolution over time of the spatial average and standard deviation of σnn; (b) Variation along the fault of the time‐average and
standard deviation of σnn. Both (a) and (b) are compared to the general average and standard deviation computed on the whole simulation (excluding initial elastic
loading part).
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fluctuates in space, and that the amplitude of these fluctuations is much larger than the variation of σnn in time. In
the case M90, for example, the peak‐to‐trough amplitude in space is close to ∼60 MPa, while the typical standard
deviation in time at a given location is of the order of ∼15 MPa. Apparently, both space and time variabilities
increase with the confining stress. Generally speaking, this figure draws the picture of a fault subjected to
persistent patterns of normal stress concentration with limited fluctuation in time, despite the large number of
sliding events of all sizes taking place in the interface. This confirms the visual impression derived from Figure 2.

4. Variability in Damage and Gouge Thickness
To investigate the origins of the stress variability described in the previous sections, it is instructive to focus on the
phenomena that occur locally in the interface. As shown in Mollon et al. (2023) and illustrated in Figure 3, the
fault plane is subjected to a progressive damage of the initially intact rock, and to the production of a granular
gouge which progressively accumulates in a central layer. Despite the initial homogeneity and planarity of the
rock surfaces, Figure 3 shows that we should expect a spatial variability regarding these phenomena. In order to
quantify this, we adopt the procedure described in Figure 8. Figure 8a shows a selected area of the fault plane,
where each grain (may it belong to intact rock, damaged rock, or gouge) is colored with respect to its level of
relative damage. A relative damage equal to 0 means that all the bonds this grain had with initial neighbors are still
intact, while a relative damage of 1 means that all these bonds were broken. We then interpolate damage profiles
in the direction orthogonal to the fault plane every 20 μm (Figure 8b), and extract the transversal positions
corresponding to relative damages of 0.99 and 0.4, which gives four profiles along the fault (two profiles on each
side of the fault plane). These profiles are gaussian‐filtered (sigma‐value of 80 μm), and are then used to define
two quantities at each location of the fault: (a) the gouge thickness TG (region comprised between the two 0.99
profiles), and (b) the damaged thickness TD (sum of the regions comprised between the 0.4 and 0.99 profiles on
each side, Figure 8c).

These profiles evolve in time as seismic cycles accumulate, and the resulting space‐time maps are provided in
Figure 9 (Completed by Supplementary Movie S3) for a confining stress σ3 = 90 MPa (Figure S4 in Supporting
Information S1 provides the same data for the other cases). Since the damaging process is irreversible under the
assumptions of the present model (no healing is implemented), TG and TD can only increase in time, and indeed
this is what is observed in Figure 9. More specifically, the damaged thickness starts increasing early in the
simulation, at a time which we can broadly associate with the yield point ty, and well‐before the first major sliding
event. This is in good agreement with observations provided in Figure 3. Conversely, the gouge thickness starts
increasing later, when approaching the first major event. When this first large stress drop occurs at tp, important
spatial heterogeneities start to develop, both for TG and TD. As was observed for stresses (Figure 2) and friction
(Figure 6), these heterogeneities are persistent in time despite the continuous shearing of the interface. A clear
correlation appears between the spatial distribution of TG and TD, although the regions of higher damage seem
“sharper” (i.e., less spatially extended) than those of larger gouge thickness. This is certainly to be attributed to the
larger mobility of the grains within the gouge layer, which allows them to spread along the fault and to smoothen
the gouge thickness profile. This smoothing effect is not sufficient, however, to produce a perfectly homogeneous
gouge layer. Similar observations can be derived from Figure S4 in Supporting Information S1, for the cases M45
and M180.

A more quantitative picture is drawn in Figure 10, which provides the evolution in time of key quantities.
Figures 10a and 10b show the evolution in time of the average gouge and damage thicknesses for the three
simulations (M45, M90, and M180), along with their standard deviations in space. As mentioned in Mollon
et al. (2023), it shows that the damaging process follows different stages: after a short period of fully elastic
loading without damage, this process strongly accelerates because of the local breakage of small asperities and
interlocking grains, until a large jump is observed during the first major sliding event. The rate of damage and of
gouge production then progressively decreases as a thicker gouge layer protects the surfaces, and seems to sta-
bilize to a constant, low damage rate toward the end of the simulations (Boneh et al., 2014; Queener et al., 1965).
Figure 10a indicates that the gouge layer is slightly larger when the confining stress is increased, but that its spatial
variability tends to reach a constant level. The spatial standard deviation of gouge thickness (as materialized by
the width of the colored patches around the mean curves) stabilizes close to 13 μm for all three confining
pressures. Faults therefore seem to converge toward a constant state of disorder in terms of gouge thickness,
despite a steady increase of the mean value of this thickness. Conversely, Figure 10b shows that the spatial
variability in damage thickness increases both with the sliding distance and with the confining stress: from the
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first major stress drop to the end of the simulation, the standard deviation of TD increases from 9 to 15 μm for
σ3 = 45 MPa, and from 15 to 40 μm for σ3 = 180 MPa. It therefore appears that the fault complexity in terms of
damage thickness increases with slip, and that this increase is enhanced at larger confining stresses. Combined
with the persistence in space of damage patterns observed in Figure 9, this result tends to point toward a positive
feedback of local damage, that is, to the fact that areas with a larger damage at a given time are likely to exhibit a
larger rate of damaging in later stages of the simulations.

Figure 10c shows the evolution of the fault quadratic roughness Rq (root‐mean‐square of the heights), measured at
the boundaries between the gouge layer and the damaged rock (i.e., at the profiles corresponding to a relative
damage equal to 0.99, Figure 8). For all the confining stresses, it shows a strong and steady increase of the
roughness during the yield period (i.e., between ty and tp), in concomitance with the initiation of damage.

Figure 8. Determination of the distribution of the gouge and damage thicknesses TG and TD. (a) Close‐in view of a selected region of the fault with each grain colored
according to its relative damage state; (b) Interpolation of transversal damage profiles at each location along the fault; (c) Thresholding of the damage distribution and
definition of the gouge and damaged regions (unfiltered on this figure).
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However, this roughness peaks when the first major sliding event occurs, and then does not vary very much during
the following numerous seismic cycles: it slowly decreases toward a constant value for M45 and M180, but
steadily increases for M90. The numerical value of quadratic roughness seems to be hardly affected by the
confining stress: it peaks between 8 and 9 μm for all cases, and stabilizes between 7 and 9 μm at the end of the
simulations. Hence, in a similar way to the gouge thickness, faults appear to tend toward an established roughness,
roughly independent from the sliding distance and the confining stress, with a quadratic roughness slightly lower
than one grain diameter (equal to 10 μm under the assumptions of the present model). Fault profiles at early stages
(i.e., just before the first major event) and in a mature state (at the end of the simulations) are provided in
Figures 10d and 10e, and confirm visually the previous observations: The progression of the damage front toward
intact rock is faster and more heterogeneous for large confining stresses, but this trend is not reproduced by the
gouge layer profile because the larger grain mobility favors reorganization and therefore attenuates these
heterogeneities.

5. Correlation Structures
Figures 2, 6, and 9 clearly demonstrated the existence of patterns in stress, friction, and damage along the fault.
The relationship between these patterns, however, deserves a deeper analysis. In this section, we focus on three
quantities: σnn, TG, and TD. As illustrated in Figures 7 and 10, these quantities all vary in time following some
increasing trend. In order to decouple the spatial patterns from the temporal evolution, we define the quantities
∆σnn, ∆TG, and ∆TD in the following way:

∆σnn(x,t) = σnn(x,t) − σnn(t) (4)

where σnn(t) is the spatial average of σnn (x, t) at a given time t, and likewise for ∆TG and ∆TD. The PDF of these
three quantities are provided in Figure 11 for the simulations M45, M90, and M180. The deviation in normal
stress∆σnn is normalized by the applied confining stress σ3. These distributions remain essentially symmetric, but
are bounded and have a somewhat triangular shape, in particular for the distribution of∆σnn. It appears that a large
confining stress tends to reduce the relative variability of the normal stress on the fault plane, but to increase the
variability in damage thickness. The variability of gouge thickness seems relatively unaffected.

We can then analyze the possible correlations between these three quantities. The results are provided in Figure 12
for the case M90, and in Figure S5 in Supporting Information S1 for M45 and M180. Figure 12 shows the

Figure 9. Space‐time maps of the evolution of the gouge thickness TG and the damage thickness TD under a confining stress
σ3 = 90 MPa.
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statistical distribution of every fault state (i.e., each location at each time of the simulation, ignoring the elastic
loading period before the first major stress drop) in the 3D space {∆σnn, ∆TG, ∆TD}. This distribution is rep-
resented by three 2D histograms in the three planes defined by each pair of quantities. They are all centered on
0 by construction. A zero‐mean trivariate normal distribution is fitted on this empirical distribution, and

Figure 10. Evolution of the fault complexity. (a) Evolution of the average gouge thickness (spatial average ± one standard deviation); (b) Evolution of the average
damage thickness (spatial average ± one standard deviation); (c) Evolution of the fault quadratic roughness Rq; (d) Fault complexity at an early stage (end of the elastic
loading, prior to stress peak, at t = tp− 0.01 ms); (e) Fault complexity at a late stage (end of the simulation). For (d) and (e), the vertical scale is dilated by an arbitrary
factor 10 to ease visualization. The gouge layers are represented in light yellow, and the damaged layers in orange.

Figure 11. Probability Density Functions (PDF, arbitrary units) of the spatial deviations in normal stress (normalized by the
confining stress), in gouge thickness, and in damage thickness, for the three confining stresses. Elastic loading before the first
major stress drop is ignored in these statistics.
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represented in the same planes. It is found to fit relatively well the data, although each quantity apparently follows
a slightly non‐gaussian distribution (Figure 11).

This figure provides several interesting observations. It demonstrates a clear correlation structure between ∆σnn,
∆TG, and ∆TD, which are all positively correlated (with correlation values generally larger than 0.5, see also
Figure S5 in Supporting Information S1). The most correlated quantities are ∆TG and ∆TD, as inferred in the
previous section, but it is also clear that both gouge and damage thickness variations are correlated with normal
stress variations on the fault. Based on these joint distributions, we can derive some first order linear relationships
between these three quantities (derived from their correlation matrix), which express the general trends existing
between local deviations to the spatial means. We observe, for example, that, for σ3= 90MPa, a local deviation in
damage thickness ∆TD is likely to be close to 2.16 times the local deviation in gouge thickness ∆TG.

Figure 13 allows to quantify the ratios associated with the first order linear relationships between ∆σnn, ∆TG, and
∆TD, for the three confining stresses. As σ3 increases, the ratio∆TD/∆σnn increases as well, which indicates that a
certain local deviation in normal stress statistically induces a larger deviation in the damage thickness. This effect
cumulates with the fact that the deviations in normal stress are much larger as σ3 increases, and leads to the
observation of Figure 10b, where the standard deviation of TD is highly sensitive to the confining stress.
Conversely, the ratio ∆TG/∆σnn essentially decreases with σ3, which leads to a large increase of the ratio ∆TD/
∆TG. Hence, under a low level of confinement (σ3 = 45 MPa), a given deviation to the average damage thickness
correlates with a roughly equal deviation in gouge thickness (∆TD/∆TG = 0.97); while at large confining stresses
(σ3 = 180 MPa), the relative deviation in gouge thickness is about three times smaller (∆TD/∆TG = 3.13). This
confirms the attenuating role of the gouge layer regarding these spatial heterogeneities.

Figure 12. Correlation structure of the spatial deviations∆σnn,∆TG and∆TD at each location and time of the numerical fault,
illustrated by 2D histograms and isodensity ellipsoids of the best‐fitting trivariate normal distribution projected in the plane
of each pair of quantities, for a confining stress of 90MPa. Each figure also indicates (i) the slope of the largest principal axis
of this ellipsoid in each 2D plane and (ii) the coefficient of correlation between the quantities plotted in each plane. Elastic
loading before the first major stress drop is ignored in these statistics.
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Some additional information regarding the spatio‐temporal structure of these
correlations is brought by Figure 14 for the case M90. The blue curves
correspond to the average autocovariograms of σnn, TG, and TD during the last
millisecond of the simulation, identified as a period of statistical steady state
(in the sense that the statistical properties and spatial correlation structures of
the observed heterogeneities stabilize). These curves show a typical decrease
of the autocorrelation function as the lag distance is increased: Starting from a
perfect correlation of 1 at a lag distance of 0, it decreases to much lower
values after a certain distance. The lag distance at which the autocorrelation
drops below e− 1 is conventionally termed “autocorrelation length”, and
characterizes the size of the typical structures observed in a random signal. In
the case of σnn, the autocorrelation length is found equal to 650 μm, while it is
equal to 290 and 230 μm for TG, and TD, respectively. This indicates that the
typical regions of high or low values are more extended for the stress profiles
than for the damage and gouge thickness profiles. A second point of interest
of these autocovariograms is the existence of a secondary peak of positive
correlation, which indicates a certain level of spatial periodicity. It is inter-
esting to notice that, in the case M90, these peaks occur at a similar distance
for the three quantities: 3.30, 3.70, and 3.32 mm for σnn, TG, and TD,
respectively. This can be interpreted as an identical periodicity in the three
signals.

To get a sense of temporal evolution of this correlation structures, Figure 14 also provides maps of the evolution
of these autocorrelation functions in time. This is completed by the curves providing the temporal evolution of the
correlation coefficient between ∆σnn, ∆TG, and ∆TD (taken pairwise), in the left‐hand part of the figure. At the
beginning of the simulation (i.e., during the elastic loading and until 1 ms after the first major stress drop), we
observe that the autocorrelation function of σnn has a very sharp initial decrease (with a low autocorrelation length
of∼200 μm), and no clear secondary peak: in that state, the profiles of normal stress are therefore disordered, with
no clear periodicity, and sharp fluctuations in space. This observation also holds for ∆TG, and ∆TD, and is
confirmed by the fact that the levels of spatial correlation between the normal stress and the gouge/damage

Figure 13. First order linear relationships between∆σnn,∆TG, and∆TD (note
that ∆σnn is expressed in MPa, and ∆TG, and ∆TD are expressed in μm).

Figure 14. Spatial correlation structure of σnn, TG and TD, for a confining stress of 90 MPa. From left to right: (i) Evolution in time of the correlation coefficient of each
pair of quantities; (ii) Evolution in time of the autocovariogram of σnn and curve of the average autocorrelation function of σnn during the last millisecond of simulation
(in blue); (iii) Same plots for TG; (iv) Same plots for TD.
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thicknesses remains low (ρσnn − TG and ρσnn − TD are typically close to 0.2). The final, stable correlation structure is
therefore not established on the fault at that stage. However, as seismic cycles keep developing and as the sliding
distance increases, the profiles of σnn, TG, and TD get more and more structured: between 1.5 and 4 ms, the
correlation levels between stress and fault damage increase from 0.2 to 0.6, the autocorrelation distances of σnn,
TG, and TD increase toward their final values, and the secondary peaks progressively develop. After t = 4 ms,
these quantities do not seem to evolve any more, and the steady state pictured in the blue curves is reached. It
should be noted that, based on the maps of Figure 14, it is not possible to derive a clear causality relationship
between the different quantities: variations in σnn may be the cause of variations in TG, and TD, or it could be the
opposite. What is clear, however, is that these variations evolve together and get more and more synchronized in
space as the fault matures.

Cases M45 and M90 generally exhibit similar results (progressive increase of the correlations ρσnn − TG and ρσnn − TD,
of the autocorrelation lengths of σnn, TG, and TD, and appearance of secondary autocorrelation peaks, Figure S6 in
Supporting Information S1), although trends are a bit less clear. These results are summarized in Figure 15 as a
function of σ3, considering the last millisecond of each simulation. Figure 15a shows that the autocorrelation
lengths of TG and TD are always close to each other (typically between 200 and 300 μm), irrespective of the value
of σ3. The autocorrelation length of σnn is systematically larger (i.e., between 400 and 650 μm), which indicates
less sharp variations in space. Figure 15b provides the position of the secondary peaks of autocorrelation, and
shows that the spatial synchronization between σnn, TG, and TD is valid in all cases. The spatial period seems to be
larger in the intermediate M90 case, but the limited number of simulations does not allow to be conclusive on the
general relationship between this period and σ3. Minor correlation peaks extracted from Figure 14 and Figure S6
in Supporting Information S1 are also provided, and seem to cluster around a period of ∼1 mm. This corresponds
to the typical spatial periods observed in the effective friction profiles (Figure 6 and Figure S3 in Supporting
Information S1), and suggests an underlying spatial structure of the fault state (damage and gouge thickness)
which would be associated with friction rather than normal stress.

To complement this analysis, we analyze the Power Spectral Densities (PSD) of the unfiltered stress profiles. Four
such PSD are plotted in Figures 16a–16d, for both the normal (σnn) and the tangential (σnt) stress profiles on the
footwall and on the hanging wall, in the final state of simulation M90. These PSD all exhibit a first drop followed
by a clear peak close to 300 m− 1, which corresponds to the large‐scale periodicity emphasized in the previous
paragraphs. Beyond this peak, a power‐law decay is observed. Beyond a wavenumber of ∼6,000 m− 1, this decay
becomes blurred by the noise associated with the grain‐scale contact algorithm at the boundary between the
degradable and continuum regions of the model. We therefore extract a decay exponent − α (with α > 0) in the

Figure 15. Spatial correlation structure for different confining stresses and for the three quantities of interest: (a) Autocorrelation length; (b) Distance to the first major
autocorrelation peak. Note that all data points correspond to averages on the last millisecond of simulation. Minor autocorrelation peaks are marked with hollow circles.
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range 500–4,000 m− 1, corresponding to spatial periods of 250 μm (close to the thickness of the damaged layer) to
2 mm (close to the large‐scale periodicity of the fault heterogeneity), marked in gray in Figure 16. The evolution
of α in time is plotted in Figure 11e for the four evolving stress profiles. Since the range of wavenumbers used for
the extraction of α is limited, this estimate is subjected to a high level of noise, but the curves of Figure 11e
nevertheless exhibit a clear and systematic evolution. The PSD exponent of normal stress is initially close to a
value of 2.6, while that of shear stress is initially much lower, and close to 1.4. This observation holds for other
values of the confining stress, see Figure S7 in Supporting Information S1. However, during the elastic loading,
the four PSD exponents seemingly converge until they reach a similar value close to 2.0, and then follow a
common evolution. This convergence is particularly clear in the M180 case (Figure S7 in Supporting Informa-
tion S1). α then steadily increases up to values close to 3.0 as seismic cycles accumulate, and then decreases until
reaching a plateau close to 2.2, until the end of the simulation. In Figure 16f, the four curves are averaged in one
single curve and smoothed in order to ease the reading, and this averaged α is plotted for the three confining
pressures. The general evolution previously described is also valid for the cases M45 and M180, although with
some variations and with a clear time delay (associated with the duration of the initial elastic loading). We
checked that the fitting of a power law on these PSD at any point in time remained legitimate on the same range of
wavenumbers, and it appears to be the case. A point of caution, however, is that the locus of stress measurements
(i.e., the boundary of the continuum region) is fixed in space while the damage front is progressing toward it.
While this could be the cause of an artificial roughening of the measured stress field, we do not observe any major
difference between the cases M45 and M180 (Figure S1 in Supporting Information S1), while the damage front
gets much closer in the latter case. It therefore seems likely that the trends depicted in Figure 16f remain
meaningful.

Figure 16. Spectral analysis of the stress profiles. (a) Power Spectral Density (PSD) of the profile of normal stress σnn on the footwall at the end of simulation M90 (a
power law fit is performed between 500 and 4,000 m− 1, shown as a black segment in the gray region); (b) PSD of σnn on the hanging wall; (c) PSD of the profile of
tangential stress σnt on the footwall; (d) PSD of σnt on the hanging wall; (e) Evolution of the four PSD exponents α of σnn and σnt on both walls along time for the
simulation M90 (colors identical to (a–d.); (f) Averaged and smoothed PSD exponent α along time for the simulations M45, M90, and M180.

Journal of Geophysical Research: Solid Earth 10.1029/2023JB028626

MOLLON ET AL. 18 of 26

 21699356, 2024, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

028626 by C
ochrane France, W

iley O
nline L

ibrary on [25/07/2024]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6. Discussion
6.1. Persistent Stress Heterogeneities

The numerical results reported in the previous sections provide new insights into the emergence and charac-
teristics of fault complexity. Despite a fault zone with initially homogeneous mechanical properties, heteroge-
neous stress patterns start to appear early in the simulation, even before the first major stress drop (Figure 2). They
then develop in time as the sliding distance increases. The stress variability is much larger in space (variations in
fault local properties and structure) than in time (progressive loading and sudden unloading associated with
seismic cycles), as quantified in Figure 7. It indicates that the stress patterns are essentially stationary on the fault,
despite the numerous sliding events occurring at each location. This is in line with various observations reported
in the field and in the lab at various scales (Ben‐Zion &Dresen, 2022). To cite a few examples, Aubry et al. (2018)
reported stress concentrations (with a size of the order of ∼100 μm), apparently active during several stick‐slip
cycles, evidenced by localized shear heating in a lab‐scale fault; Cebry et al. (2022) identified regions of repeating
small events on a meter‐scale lab fault, and identified them as persistent secondary asperities (with a size of
several cm), developing from small heterogeneities in gouge distribution; Yamashita et al. (2021) provided direct
measurements of heterogeneous shear stress profiles along a meter‐scale lab fault, and confirmed that the stress
distribution remains essentially unaffected by the large number of sliding events taking place in the interface; At
the regional scale, Schmittbuhl et al. (2006) were able to infer the normal stress field on the Nojima fault before
and after the 1995 Kobe earthquake, and found that this field was both highly variable in space and not much
affected by the earthquake, which allowed them to conclude that the stress distribution and the asperities (about
10 km in size) were intrinsic properties of the fault itself; This comes in addition to the numerical study reported in
Radiguet et al. (2013), which showed that shear stress concentrations “survive” the passing of several rupture
fronts, although it was reported in the same study that a certain stress concentration only kept 1.6% of its initial
value after the propagation of five slip events (presumably because no permanent fault feature, either structural or
geometrical, was associated with this stress concentration).

6.2. Stress Probabilistic Distribution and Resulting Effective Friction

Profiles of shear stress and of normal stress were found to be strongly positively correlated in space and time
(Figure S2 in Supporting Information S1), and the heterogeneities gained in amplitude as the sliding distance
increased (Figure 7). Plotting the joint distribution of normal and shear stresses as a 2D histogram, we observe that
the distributions strongly differ from the expected average loading path that would exist on the interface if it was
perfectly homogeneous. This means that this heterogeneity is not related to some lack of synchronization of a
similar seismic cycle between different regions of the fault, but rather to the local structure of the fault, which
locally modifies this loading path (Figure 5). A possible explanation would be related to the rotation of the stress
tensor either in the damaged region (Faulkner et al., 2006) or in the gouge layer (Giorgetti et al., 2019), although
this seems unlikely since such a rotation is not expected to modify the normal and shear stresses resolved on the
fault plane. Normal stress was found to follow a non‐normal probability density function, with a somewhat
triangular, bonded, essentially symmetric shape (Figure 11). Effective friction was found to generally vary be-
tween 0.1 and 0.3 for all confining stresses, and friction patterns in space were observed to be just as persistent and
as structured as the stress patterns, albeit with an apparently different periodicity (Figure 6 and Figure S3 in
Supporting Information S1).

6.3. Heterogeneous Damaging Process

An interesting feature of the present numerical model is the possibility for the fault rock to damage and to produce
a layer of granular gouge. We indeed observe in all simulations that a damage profile develops, with a damage
gradient evolving from the gouge layer (full damage) to the intact rock (no damage), as commonly observed in the
field and in the lab (see for example Faulkner et al., 2006; Mitchell & Faulkner, 2009; Noël et al., 2023). We show
that patterns in gouge and damage thickness also appear along the fault, and develop during sliding. Just like stress
patterns, their locations are persistent in time (Figure 9 and Figure S4 in Supporting Information S1), with the
major difference that damage is a cumulative process since no healing is implemented in the simulations: these
patterns therefore come in addition to the continuous growth of the gouge layer and of the damaged region. Both
gouge and damage thicknesses increase with slip, but at a decreasing rate, which is in good agreement with both
lab (Boneh et al., 2014) and field (Sagy & Brodsky, 2009) estimates.
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In Kwiatek et al. (2024), Westerley granite samples with a rough fault (spontaneously nucleated from notches
during the test) were submitted to loading conditions similar to that used in the present model. Among other
findings, many local slip events attributed to asperity failures were measured, and the evolution of the aftershock
rates and of the b‐values associated with the resulting catalog suggested a general smoothing of the fault surface.
The authors postulated that fault damage and the evolution of roughness and stress across multiple stick‐slip
cycles tends to smooth small‐scale asperities but generates persisting large‐scale topography. It should be
noted however that these results were obtained in the case of a fault which is initially much rougher than ours. As
reported in Wang et al. (2024), starting with a planar and smooth fault also leads to the build‐up of a thin layer of
gouge, and triggers a certain roughening (see also the results from Aubry et al. (2020) on marble). In Wang
et al. (2024), stress heterogeneity and roughness were found to control hypocenter distribution, and events
clustering was shown to be closely correlated with the slip‐parallel gradient of surface topography, with estimated
source sizes spanning from 0.1 to 2.6 mm for acoustic events, not unlike the present findings. This is in overall
agreement with the suggestion by Ben‐Zion and Sammis (2003), that after a sufficient number of seismic cycles
faults locally reach a critical state of disorder. An interesting consequence of this progressive maturation of the
fault plane toward an established state was reported in Perrin et al. (2016), where the regions of largest slip of
large earthquakes were shown to be highly correlated with the level and gradient in fault maturity. In future
studies, such a prediction could be tested in our model by analyzing the slip profiles of large events and comparing
them to the heterogeneous levels of damage and gouge thickness we reported in the present work.

6.4. Correlations Between Stress, Damaging, and Gouge Production

The variations in normal stress, in gouge thickness, and in damage thickness (expressed as a deviation to the
instantaneous spatial mean to correct from temporal trends) were found to be strongly positively correlated
(Figure 12 and Figure S5 in Supporting Information S1). In other words, regions of larger normal and shear stress
(which are generally persistent in time) also are regions of increased gouge thickness and of increased damage
intensity. Gouge accumulation is observed to be correlated with damage, but with a certain amount of smoothing
in space, which is not surprising: gouge production is the direct consequence of rock damage, but the larger
mobility of gouge grains allows them to spread along the fault and to attenuate the evolution and the acceleration
of damage. Such a correlation between gouge thickness and fault geometry was also inferred in the field in Sagy &
Brodsky, 2009, on a normal fault with a cumulated slip of 100–200 m in an andesite/sandstone setting. In this
study, a feedback cycle was proposed: (a) slip on the fault produces a layer of wear particles, which has regions of
variable thickness; (b) these variations of thickness induce internal deformation of the granular non‐cohesive
layer; (c) this leads to a contrast in rheology which localizes slip, and therefore injects more new particles into
the granular layer; (d) eventually, this process generates fault topography. Our model cannot reproduce the full
complexity of a real fault zone: it has accumulated a much lower amount of slip, and the complex granular
processes in the active layer (e.g., comminution, healing, etc.) are not included in the simulations. However, the
conclusion of Sagy & Brodsky, 2009 stating that asperities are both geometrical and rheological inhomogeneities
is supported by the present results, and our model informs on the very early stages of such a long‐term process.

Also interesting is the correlation between damage and normal stress. This could be interpreted in two different
ways: a local increase in normal stress could lead to more damage in the same area; or a locally higher damage
could lead to larger normal stress through damage‐related restrained dilation. Both causalities could also be valid
at the same time. In any case, this observation is reminiscent of a field study which showed that the intensity of
shear heating (evidenced by the measured thickness of pseudotachylyte and possibly related to a locally larger
normal stress) was correlated with a larger fragmentation of the wall rock (Petley‐Ragan et al., 2019).

6.5. Fault Evolution

Before the deviatoric loading, the fault is mechanically homogeneous and planar, and the only heterogeneity is
related to the random shapes of the grains. However, as illustrated in Figures 2, 6, and 9, Figures S1, S3, and S4 in
Supporting Information S1, stress heterogeneities start to appear well‐before the first major stress drop (either
because of the randommicrostructure of the discrete region or because of the initial irregularity of the surfaces), in
conjunction with localized (not pervasive) damaging and gouge production related to minor sliding events
(described inMollon et al., 2023). Main structures however only appear after this major event, which establishes a
continuous layer of gouge in the interface and initiates the seismic cycles to follow. From thereon, the hetero-
geneity characteristics of different quantities follow different histories. The variability in normal stress is
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generally found to mildly increase with slip, although trends are not clearly identical for different confining
stresses (Figure 7). The variability in damage thickness increases steadily during the whole simulation
(Figure 10b), without modifying the damaging spatial patterns (Figure 9 and Figure S4 in Supporting Informa-
tion S1): areas with a large damage are prone to damage faster upon further sliding. Provided that damage is
positively correlated with local normal stress, this observation points toward a positive feedback loop between
local normal stress and damage rate (considered as deviations to the spatial mean). In contrast, both fault
roughness and variability in gouge thickness seem to reach a rather constant level after the first major stress drop
(despite the progressive growth of the gouge layer). Hence, regarding the gouge layer and its geometrical
boundaries, the fault very quickly reaches a state of established disorder (Figures 10a and 10c), despite the
increasing heterogeneities in stress and damage. In Noël et al. (2023), laboratory sliding tests were performed on
bare rock surfaces of highly porous sandstone (among others) under confining stresses of 20MPa and up to a final
sliding distance of∼25 mm. Sandstone was intensely abraded during sliding: the interface progressively got filled
with a layer of quartz grains pulled out from the surface and then submitted to comminution, until the end of the
tests where the bare surfaces were separated by a layer of submicrometric gouge grains about 100–200 μm‐thick.
Rock walls exhibited a damage level that decreased with the distance to the fault plane. These observations are
qualitatively consistent with the predictions of our model. An interesting point is that these experiments
demonstrated that, as slip accumulates in this gouge layer, stability properties of the fault might evolve. A
decrease of the Rate‐and‐State Friction parameters (a–b) and Dc (both rendering the fault more prone to unstable
sliding) was systematically observed, in particular during the initial rapid build up of the gouge layer. This was
however related to the development of localization patterns (R1‐bands and Y‐bands, see Casas et al., 2023), and
these are features that cannot be captured in our model because our grains are too large and we do not simulate
comminution. Our findings however enrich this picture by indicating that the rate of gouge thickening is variable
in space, and that the local evolution of the fault toward instability depicted in Noël et al. (2023) is certainly prone
to the same spatial variability.

Figure 14 and Figure S6 in Supporting Information S1 show that the correlation between gouge and damage
thickness is well‐established from the first major stress drop. In contrast, the correlation between damage and
normal stress steadily increases from ∼0.2–0.5 during the first seismic cycles to ∼0.6–0.7 after a sliding of
∼400 μm. This result agrees with the observations from Cebry et al. (2022), where experiments of laboratory
earthquake in a quartz gouge layer embedded in an elastic medium are reported. Despite the initial homogeneity
of the gouge layer and of the elastic medium, these authors describe the appearance of so‐called “secondary
asperities”, which are reported to persist over many stick‐slip cycles. They initiate from small heterogeneities in
the initial gouge distribution and affect the local slip dynamics (peak velocity, seismic radiations, etc.), with more
and more influence as cumulated sliding increases. This indicates that these asperities develop naturally as part of
the evolving fault fabric and stress redistribution, and grow stronger throughout experiment. This observation
agrees well with our predictions of persistent asperities materialized by increased stress. Besides, since the ex-
periments reported in Cebry et al. (2022) do not imply any fault rock damage nor gouge production, we may infer
that the primary cause for the appearance of these asperities stem from purely granular, fabric‐related, phe-
nomena. Our model brings the additional conclusion that, once initiated, these heterogeneities grow though a
positive feedback though fault rock damage, additional gouge production, and local increase of the stress level.

6.6. Spatial Structure

The analysis of the spatial autocorrelation functions of normal stress, damage thickness and gouge thickness
indicate that these quantities obey a clear spatial structuration (Figure 14 and Figure S6 in Supporting Infor-
mation S1). This structuration, however does not appear immediately during the first stress drop but rather needs a
large number of seismic cycles, corresponding to a slip of ∼400 μm, to completely establish. This amount of slip
seems to be also required to reach a maximum correlation between damage and stress (see previous paragraph).
From thereon, a statistical steady state seems to be reached, where stress and damage spatial distributions have
stabilized their spatial structure and tuned to maximize their correlation. In this established state, we observe that
the autocorrelation length (i.e., the typical size of notable features in a random field) is larger for the normal stress
(400–650 μm depending on the confining stress) than for the damage and gouge thicknesses (200–300 μm).
However, the secondary autocorrelation peak indicates that the three quantities are submitted to a large amount of
periodicity, with very similar periods in a given simulation (ranging between 2 and 3.5 mm depending on σ3).
Combining these two observations with the strong level of correlation between these quantities, we can confirm
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that damage and stress are strongly synchronized in space, but that the damage distribution is submitted to sharper
spatial variations. The fact that these variations are similar but somewhat smoothed for the stress field could
indicate that stress is the consequence while damage is the cause, but data do not allow to be conclusive on this
point. Faults tend to an established quadratic roughness close to 8 μm for all confining stresses, while the
periodicity of the gouge thickness profile (closely related to the fault roughness) is close to 3 mm. This leads to an
estimate of a typical height‐to‐wavelength ratio of ∼0.003 for the typical geometric asperity in the statistical
steady state of the fault. This estimate is in good agreement with field data provided in Sagy & Brodsky, 2009
(0.005) or in Power and Tullis (1991) (0.001–0.01). It is also interesting to mention that the asperities reported
through thermal measurements in the experiments of Aubry et al. (2018) (from which the present model is
inspired) had a typical size of 100 μm and a typical period of 450 μm. Although these asperities were measured
and characterized in the direction orthogonal to sliding, these measurements are not inconsistent with the present
numerical results.

At a scale below that of the main periodicity described in the previous paragraph, spatial structure is still present in
the stress field under the form of a power‐law decay of the PSD of stress fields, characterized by a time‐varying α
exponent. This hints at a possible self‐affinity of the stress fields that spontaneously develop in our model,
although the range of wavenumbers on which a power‐law can be fitted is not large enough to be conclusive.

Previous field (Candela et al., 2012), lab (Aghababaei et al., 2022; Persson, 2014) and numerical (Milanese
et al., 2019) works in fault mechanics and tribology demonstrated that the topography of rubbed surfaces tends to
a steady state of complexity, with a constant roughness and a constant Hurst exponent. This constant value, which
is close to 0.6 in the slip‐parallel direction of faults, is believed to be the product of a dynamic equilibrium
between roughening and smoothening processes. The self‐affine character of the stress field of an idealized fault
was demonstrated in Pétrélis et al., 2023 to control the b‐value of its earthquake cycles, and such a correspondence
will be investigated in future work on our numerical database.

6.7. Influence of the Confining Stress

Numerical results show that the confining stress has a limited effect on a number of phenomena related to fault
heterogeneity. The gouge thickness and its spatial variability, for example, are only moderately influenced by σ3.
This is also the case of the fault roughness, and more generally of the spatial structuration of the fault (including
periodicities, autocorrelation lengths and correlations among variables, Figure 15). Some parameters, however,
are more strongly confinement‐dependant. This is the case of the variability in stress and friction, which seems to
be relatively smaller as σ3 increases (Figures 5 and 11). This implies a certain (limited) homogenization of the
fault under larger mean stresses. In contrast, both the average damage rate and the amplitude of the damage
thickness heterogeneity increase monotonically with σ3 (Figures 10b and 11). Hence, when the confining stress
increases, a given deviation in normal stress leads to a larger deviation in damage thickness. Gouge thickness
appears to be much less sensitive thanks to granular reorganization. This draws the picture of faults which get
more mechanically homogeneous (normal stresses), more structurally heterogeneous (damage thickness), and
geometrically identical (roughness and gouge thickness, spatial structuration) as the confining stress increases.

7. Conclusion
The numerical results presented in this paper provide a new perspective on the emergence, evolution, and
characteristics of fault heterogeneity, and reveal strong positive correlations between mechanical (stress fields)
and structural (host rock damage intensity and fault gouge thickness) fault properties. Gouge production distri-
bution is a direct consequence of rock damage distribution (with a spatial variability attenuated by grain‐scale
mobility), which in turn appears to develop a mutual positive feedback with the normal stress profile on the
fault: regions of larger normal stress are submitted to a higher damage rate, which in turn promotes a local in-
crease of the normal stress (e.g., through damage‐related restrained dilation). A clear spatial structure emerges
after a certain amount of slip on the fault (and a certain number of sliding event), with typical feature sizes and
spatial periodicities seemingly independent on the confining stress. A key question is the origin of the spatial
scales that spontaneously appear in this simplified system. If they are essentially driven by granular phenomena
occurring within the gouge layer, they may be related to the grain size that was arbitrarily chosen in the model; but
if they are related to elasto‐frictional length‐scales associated with the dynamics of sliding events, they could
prove to be intrinsic fault characteristics. This will be the topic of future studies.
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An unexpected point is that the spatial structure of the effective friction (Figure 6 and Figure S3 in Supporting
Information S1) does not seem to follow that of the geometric asperities of the fault, but rather to obey to a
different (shorter) spatial periodicity for all values of σ3. The causes for this discrepancy remain unclear based on
the present data. What is clear, however, is that local effective friction is essentially uncorrelated with the local
damage level, gouge thickness, and normal stress (Figure 5). In future works, we will keep investigating this data
set by focusing on the sliding kinematics during the numerous sliding events occurring in each simulation. An
important work to be done is an accurate cataloging of all events in a given simulation (epicenter, size, duration,
slip, velocity, stress drop, etc.). An important line of investigation might be to determine what is the feedback
between fault heterogeneity and slip and stress drop distributions, as well as rupture nucleation, initiation,
propagation and arrest. The consequences of the structuration of the fault on the seismic cycles, and their evo-
lution during the maturation of the fault toward its established state of disorder, will be at the core of our future
research.

Data Availability Statement
All simulations were performed with the open‐source software MELODY version 3.94, developed by the first
author and described in (Mollon, 2018). The data generated is available at (Mollon et al., 2023).
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