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Abstract

Fault zones are usually composed of a granular gouge, coming from the wear material of previous slips, which contributes to

friction stability. Once considering a mature enough fault zone that has already been sheared, different types of infill materials

can be observed, from mineral cementation to matrix particles that can fill remaining pore spaces between clasts and change the

rheological and frictional behaviors of the gouge. We aim to understand and reproduce the influence of grain-scale characteristics

on slip mechanisms and gouge rheology (Riedel bands) by employing the Discrete Element Method. A 2D-direct shear model

is considered with a dense assembly of small polygonal cells of matrix particles. A variation of gouge characteristics such

as interparticle friction, gouge shear modulus or the number of particles within the gouge thickness leads to different Riedel

shear bands formation and orientation that has been identified as an indicator of a change in slip stability (Byerlee et al.,

1978). Interpreting results with slip weakening theory, our simulated gouge materials with high interparticle friction or a high

bulk shear modulus, increase the possible occurrence of dynamic slip instabilities (small nucleation length and high breakdown

energy). They may give rise to faster earthquake ruptures.
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Key Points: 

• 2D-DEM simulations performed on numerical fault gouges composed of a very dense 

assembly of polygonal-shaped particles 

• A small change in grain-scale gouge properties impacts Riedel shear bands formation, 

their orientation angle and the type of Riedel structure formed  

• High interparticle friction and high bulk shear modulus increase the breakdown energy 

and the occurrence of dynamic slip instabilities 

Plain Language Summary 

The center of a seismic fault zone is usually composed of a material with granular particles 

highly contributing to the way the fault moves. This zone may be composed of various infill 

materials from mineral cementation to smaller particles that can fill remaining pore spaces 

between larger particles and change the properties of the fault zone. We aim to understand and 

reproduce the influence of grain-scale characteristics on slip mechanisms by employing 

numerical simulations. A variation of granular particle characteristics leads to different 

deformation patterns that can be identified as an indicator of a change in slip stability. The 

obtained results suggest that some granular materials with high interparticle friction or a high 

bulk shear modulus, increase the possible occurrence of dynamic slip instabilities which may 

lead to faster earthquake ruptures. This work investigates in more depth the link between the 

characteristics of the granular material, the deformations of the fault core, and the possible 

occurrence of an earthquake. 
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Abstract 

Fault zones are usually composed of a granular gouge, coming from the wear material of 

previous slips, which contributes to friction stability. Once considering a mature enough fault 

zone that has already been sheared, different types of infill materials can be observed, from 

mineral cementation to matrix particles that can fill remaining pore spaces between clasts and 

change the rheological and frictional behaviors of the gouge. We aim to understand and 

reproduce the influence of grain-scale characteristics on slip mechanisms and gouge rheology 

(Riedel bands) by employing the Discrete Element Method. A 2D-direct shear model is 

considered with a dense assembly of small polygonal cells of matrix particles. A variation of 

gouge characteristics such as interparticle friction, gouge shear modulus or the number of 

particles within the gouge thickness leads to different Riedel shear bands formation and 

orientation that has been identified as an indicator of a change in slip stability (Byerlee et al., 

1978). Interpreting results with slip weakening theory, our simulated gouge materials with high 

interparticle friction or a high bulk shear modulus, increase the possible occurrence of dynamic 

slip instabilities (small nucleation length and high breakdown energy). They may give rise to 

faster earthquake ruptures. 

1. Introduction 

Within the fault core, the fault gouge is known to deeply contribute to friction stability [(Marone 

& Scholz, 1988), (Reches & Lockner, 2010)] and to play an important role in the sudden energy 

release during seismic sliding (Sammis et al., 1987). For local fault scale studies, one of the key 

points remains to be able to relate geological and physical properties of the gouge to the slip 

behavior and types of dynamic slip instabilities [(Leeman et al., 2015), (Collettini et al., 2019)]. 

One way to determine the laboratory rock failure stability is to compare the loading stiffness of 

the fault with its weakening rate. The friction within gouge sliding can then be modeled either 

with classical Slip dependent laws or Rate-and-State friction laws to compare the weakening 

rate 𝐾𝑐 to the fault stiffness 𝐾  and infer on dynamic slip occurrence and behaviors [(Dieterich, 

1972), (Scholz et al., 1972), (Ohnaka, 2013), (Spagnuolo et al., 2016), (Im et al., 2019), (Scuderi 

et al., 2020)]. Slip instabilities may occur if the loading stiffness of the fault K (i.e. stiffness of 

the loading system) appears to be lower than 𝐾𝑐 (𝐾𝑐 > 𝐾).  

This weakening rate is also related to the breakdown energy released during the slip. The total 

energy budget ∆𝑊 (𝐽. 𝑚−2) associated with this rupture propagation, also based on classical 

slip weakening models [(Kanamori & Heaton, 2000), (Rice & Cocco, 2002), (Abercrombie & 

Rice, 2005), (Aubry et al., 2018)], is the total deformation energy dissipated in the fault process 

and the sum of a breakdown energy 𝐸𝐵 (on-fault energy), a radiated energy 𝐸𝑅 (off-fault energy 

propagating by the mean of elastic waves) and a frictional energy 𝐸𝐻 (dissipated within the slip 

zone by frictional heating). The post-peak rupture energy 𝐸𝐵, or Breakdown Energy, is the 

energy needed to weaken the fault. While 𝐸𝐵 was often assimilated to the fracture energy 𝐺𝑐 

(Abercrombie & Rice, 2005), it is now useful to differentiate that the breakdown work appears 

to be the sum of the fracture energy (the very first peak of weakening) and the overshoot energy 

or other second weakening process [(Paglialunga et al., 2021), (Ke et al., 2022), (Casas et al., 

2022)]. 



Manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

3 

 

Previous analysis of fault zone rheology has shown that the onset of instabilities requires some 

shear localization (i.e. fault fabric development), although the reverse proposition is not 

necessarily true. These shear deformations are complex structures, that can be observed at 

specific Riedel angles (Tchalenko, 1970). They have been the subject of considerable interest 

for many years [(Riedel, 1929), (Byerlee, 1978), (Katz & Weinberger, 2005), (Haines et al., 

2013), (Hadizadeh et al., 2015), (Scuderi et al., 2020)], and reflect a heterogeneous stress field 

developing in response to deformation [(Marone & Scholz, 1989), (Morgan & Boettcher, 1999), 

(Kaminskaite et al., 2019)]. The presence of these Riedel bands has been identified as 

potentially responsible for mechanical weakening [(Gu & Wong, 1994), (Beeler et al., 1996)] 

and they can be both associated with slow‐slip events or fast earthquakes. The angle between 

Riedel bands and the direction of shearing, depending on the physical properties of the fault 

gouge, is also an indicator of a change in slip stability (Byerlee et al., 1978). However, the link 

between the angle orientation of Riedel bands and slip patterns is not yet fully understood. 

In this paper, the slip mechanism studied takes place in a mature fault, i.e. a fault that has already 

lived numerous successive slips during previous geological times. This fault may have been 

cemented over time without slip, due to rock dissolution or partial melting [(Walderhaug, 1994), 

(Di Toro et al., 2009), (Fondriest et al., 2020), (Rodrigues et al., 2021)], or filled with matrix 

particles (i.e. very thin cohesionless particles) produced by local comminution (Daouadji & 

Hicher, 2010) or by the introduction of other sediments within the fault gouge [(Lee & Kim, 

2005), (Woodcock & Mort, 2008)]. In (Casas et al., 2022), we simulated a cemented granular 

fault gouge (dry contact) with 2-D Discrete Element Modeling (DEM), establishing a link 

between the initial amount of porosity and cementation within the gouge and the type of 

rheological behavior observed. In order to have a better understanding of the link between 

grain-scale properties and gouge-scale deformations through Riedel shear bands evolution, 

another 2D-DEM model is proposed hereafter, focusing on thin matrix particles. This granular 

medium represents a highly dense packing of particles revealing Riedel bands formation with 

direct shear experiments. The first section presents the numerical model and granular materials 

used for the study. Then the second part of this paper is devoted to the study of the timing of 

Riedel bands formation and evolution as a function of gouge characteristics. All the lithologic 

variations presented are then summarized into only three main parameters: the interparticle 

friction (micro-scale), the effective shear modulus of the gouge layer (macro-scale), and the 

ratio of gouge thickness to grain size (i.e. number of particles within the gouge thickness). In 

the last section, the roles of these three parameters are discussed by comparing Riedel angle 

orientation and effective friction peak. Then, the obtained results are interpreted according to a 

very simplified model such as the linear slip weakening model, to establish a connection with 

the occurrence of dynamic slip instabilities. 

2. Methodology for sheared fault gouge modeling 

Even though certain continuous methods are used to model geological fault structures (Lynch 

& Richards, 2001), they commonly face difficulties in reproducing experimental observations 

due to the continuity assumption they need to adopt. As an alternative to the classical Finite 

Element Method (FEM) and Finite Difference Method (FDM), the Discrete Element Method 

(DEM) describes the flow of granular materials where each particle has its own behaviors and 
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interactions with its neighbors [(Cundall & Strack, 1979), (Potyondy & Cundall, 2004)]. The 

DEM has been successfully used in fault mechanics to understand some frictional and contact 

properties inside the fault core [(Morgan & Boettcher, 1999), (Morgan, 1999), (Guo & Morgan, 

2004), (Aharonov & Sparks, 2004), (Da Cruz et al., 2005), (Cho et al., 2008), (Zhao et al., 

2012), (Zhao, 2013), (Ferdowsi et al., 2014), (Dorostkar et al., 2017a), (Dorostkar et al., 2017b), 

(Gao et al., 2018), (Ferdowsi & Rubin, 2020), (Mollon et al., 2021)]. It enables to observe the 

nucleation and propagation of discrete structures during shearing. In this study, the code 

MELODY2D is used for the simulation of a 2D fault gouge [(Mollon, 2016), (Mollon, 2018)]. 

This is a C++ code allowing to simulate of a broad variety of granular media in two dimensions. 

In this numerical framework, each particle has its own motion and trajectory, driven by 

Newton’s laws of motion. The motion is controlled by user-defined and physics-based contact 

interactions, Figure 1 (a). In the present case, each contact is based on standard frictional contact 

laws. The contour of each grain is discretized by a piecewise linear frontier with nodes and 

segments, and a two-pass node-to-segment contact algorithm is employed [(Mollon, 2018), 

(Casas et al., 2022)], to avoid interpenetrations between very irregular non-convex particles. 

We also underline the importance of using non-circular particles for rigid bodies, since this 

choice has a strong influence on the effective friction measured within the gouge [(Mair et al., 

2002), (Nouguier-lehon et al., 2003), (Anthony & Marone, 2005), (Mollon et al., 2020)]. A 

granular sample with only matrix particles is created as a dense assembly of small polygonal 

cells. This work is seen as the first step toward future simulations considering mixtures of 

angular grains surrounded by matrix cells representing a matrix of fines. To generate this kind 

of granular medium, a small code called Cvoro (C++) using a Voronoï tessellation algorithm 

(Mollon & Zhao, 2012) allows the creation of a dense packing of polygonal particles. For this 

model, an almost constant size of cells is considered for all particles (∅𝑒𝑞 ≈ 20 μm), with 

slightly irregular polygons, Figure 1 (b). For an initial gouge thickness equal to 2 mm, 

consistent with the literature [(Biegel et al., 1989), (Rice & Cocco, 2002)], the length of the 

gouge is settled to 20 mm in order to have a Representative Surface Element and be able to 

observe sufficient shear deformations, as performed in (Casas et al., 2021). To be able to realize 

parametric studies, a “Matrix-Sample” (M-S) is defined as a reference model (summary of 

characteristics in Table S1). An interesting point is that the initial porosity within the gouge is 

negligible here (≪ 1 %), resulting in an extremely dense compacted sample. 

The granular matrix is then submitted to direct shear experiments, Figure 1 (c). The lower rock 

wall is fixed in displacement and a normal stress of 40 MPa and slip velocity of 1 m s⁄  are 

imposed on the upper rock wall. Periodic boundary conditions are present on both right- and 

left-hand sides of the sample to maintain the continuity of the movement at large slips, but the 

upper rock wall can freely move in the y-direction to allow dilatancy to take place. These 

boundary conditions with non-deformable walls can induce differences in the results found with 

those of the literature studying stick-slip experiments (in particular, in the formation of the 

Riedel bands). A dry contact model is considered with rigid bodies (rock density equal to 2600 

kg/m3) and without gravity. A Coulomb friction contact law is also adopted, meaning that 

every contact between particles depends on the interparticle friction 𝜇𝑛𝑢𝑚, contact stiffnesses 

𝑘𝑛 and a numerical damping 𝛾. In the (M-S) reference sample 𝜇𝑛𝑢𝑚 is equal to 0.3 to test the 



Manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

5 

 

property of matrix particles as a weak material with limited friction, 𝑘𝑛 is constant and equal to 

1015  Pa m⁄  for (M-S) and derived from numerical calibration realized by (Casas et al., 2022), 

and, 𝛾  is set to 0.2. To avoid wall-slip effects which occur with smooth boundaries, an 

arbitrarily high cohesion of 500 MPa is introduced at the interface between matrix and rock 

walls. It enables the creation of a certain roughness by cementing particles of the top and bottom 

layers to their respective boundaries. We also checked that the inertial number remains lower 

than 10−3 in order to avoid any inertial effect with the gouge shearing and to remain in a quasi-

static dense granular flow (Da Cruz et al., 2005). Finally, independent numerical biaxial 

simulations were run (Text S2 and Figure S1) to recover Coulomb-Mohr data and compare 

samples to values of real rocks, (Table S2 and Figure S2). For the reference case, almost no 

cohesion is observed for matrix material (6.4 MPa) in the sense of Coulomb-Mohr, with an 

internal friction angle 𝜑 equal to 43.3°. The resulting Elasticity modulus equals 19 GPa and 

increases with increasing contact stiffness. 

 
Figure 1. (a) Sketch of a DEM contact between two particles A & B, constituted by interparticle friction 

𝜇𝑛𝑢𝑚  and stiffness 𝑘𝑛 and 𝑘𝑡 , and damping 𝛾𝑛  and 𝛾𝑡  which are numerical parameters; (b) Matrix 

material shape and size: left, image from (Riedmüller et al., 2001); center, zoom in on a 500 𝜇𝑚 x 

500 𝜇𝑚 square part ; right, zoom in on this sample with grains of equivalent diameter Φ𝑒𝑞 = 20 μm; 

(c) DEM model of a direct shear experiment with granular fault gouge composed of 115 825 matrix 

particles (for the reference sample). V is the applied shearing velocity of 1 m/s, 𝜎𝑁 is the normal stress 

of 40 MPa , 𝑡ℎ𝑖  is the initial gouge thickness of 2 mm (only for the reference sample). The first 

simulation step consists in compacting the sample with a normal stress of 40 MPa to create a stabilized 

packing of granular material. As the generated sample is already very compact, this compaction stage is 

only influenced by the numerical stiffness and interparticle friction inserted between particles in contact. 

At the end of the compaction the sample is almost identical, but with a little interpenetration between 

particles (~ 0.1 % of the size of the particle) which provides mechanical equilibrium. 
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3. Results  

3.1. Typical results for the reference sample 

This subsection aims to present typical results obtained for the reference granular sample (M-

S), as it will be used for comparison in the rest of the paper. Typical effective friction 𝜇∗ =

 𝜏 𝜎𝑁⁄  and dilation 𝜀𝑦 = ∆𝑡ℎ 𝑡ℎ𝑖  ⁄  (the thickness variation ∆𝑡ℎ in the vertical direction, divided 

by the initial granular sample thickness) are presented in Figure 2. Effective friction is 

recovered at the interface between the gouge and the upper rock wall, with 𝜏 depending on the 

normal stress applied to the rock wall. Shear deformation profiles are observed at different times 

of the simulation thanks to the solid fraction which enables underlining zones of slip and shear 

concentration, Figure 3.  

 
Figure 2. Effective friction 𝜇∗(black curve) and dilation 𝜀𝑦 (red curve) as a function of the slip distance 

(𝜇m) of the upper rock wall for the reference case (M-S). A is the end of the elastic zone. The zone from 

zero to B describes the pre-peak zone, followed by the slip weakening zone (B to D) and then by the 

steady-state zone (D to E). 𝜀𝑦𝑝
  represents the critical dilation, i.e. the dilation at friction peak. It is also 

important to note the difference between the effective friction peak 𝜇𝑝
∗  (maximum effective friction) and 

the steady-state effective friction 𝜇𝑠𝑠
∗  which is the average value of the effective friction once the plateau 

zone is reached and for a constant applied shearing velocity. The effective friction is not to be confused 

with the Coulomb-Mohr friction coefficient 𝜇𝑓 , or the interparticle friction 𝜇𝑛𝑢𝑚. 

Four main zones are highlighted with direct shear, Figure 2 & Figure 3, consistent with the 

main stages of Riedel shears formation (Marone, 1998). A pre-peak zone is first observed, 

composed of an elastic phase (0-A) allowing to define the shear modulus of the gouge. As 

dilation has not started yet, no significant volumetric deformation is observed within the gouge. 

Once the elastic zone is over, the sample is deforming in a non-reversible way until the friction 

peak (A-B), for which the maximum shear strength of the gouge is reached (B). During all this 

zone, the sample dilates (red curve), with a critical dilation 𝜀𝑦𝑝
  still lower than the averaged 

steady-state dilation 𝜀𝑦𝑆𝑆
 . Riedel shear bands appear, following closely what is commonly 

observed in natural faults (Katz et al., 2004): primary 𝑅-bands 𝑅3, 𝑅4, and 𝑅5, are first activated 

just before friction peak, and followed by secondary 𝑅-bands 𝑅1 and 𝑅2 at effective friction 

peak, with slightly lower Riedel angle orientation 𝛼𝑖. During the slip weakening period, or post-
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peak stage (B to D), the friction gradually decreases until it reaches a friction stabilization 

plateau and maximum dilation at D. In this zone, primary 𝑅-bands are de-activated in favor of 

the two mains secondary 𝑅-bands 𝑅1 and 𝑅2, which localize all the gouge deformation (Figure 

3). A boundary shear 𝑌1 also starts growing at the top of the gouge layer propagating from one 

R-band to another. In fact, it can be identified that the softening part between C and D 

corresponds to this propagation: going progressively from a fully coupled Y-band to a fully 

sliding Y-band, which causes this softening (Movie S1). Once the steady-state zone is reached 

(D to E), the gouge reaches a stationary state of evolution. The friction then fluctuates very 

weakly around a mean value which is similar in most of the simulations and ranges between 

0.4 and 0.5. From this moment, the dilation of the granular sample is maximum and stabilized. 

In this regime, the main R-bands do not evolve anymore, a secondary 𝑌2-band is partly observed 

at the bottom rock wall, and the 𝑌1 -band is fully formed at the top rock wall (D) and 

accommodates all the relative velocity (Movie S2). 

Conjugate Riedel bands 𝑅′ are also observed in the simulations, oriented at about 𝛼′ ≈ 60° 

from the top wall, a higher angle than for simple tensile 𝑇-bands (oriented in the direction of 

the major principal stress at 45°), but lower than that described for 𝑅′-bands observed in the 

literature, which approaches 75° [(Davis et al., 2000), (Katz et al., 2004)]. It is assumed that 

this is a rotation of the 𝑇-bands tending towards 𝑅-bands. Moreover, the theory of Riedel bands 

is based on the Coulomb-Mohr model, which is an idealized model that does not consider the 

post-peak decrease of the shear resistance. It is thus considered that the bands observed between 

50 and 60° are indeed 𝑅′-bands according to their link with the observed Riedel structures. 

The shapes of the Riedel bands observed are also interesting to study as they are most of the 

time not really linear and present some lower angle at the boundaries, as found by (Hirata et al., 

2017). This can be partly due to the influence of boundary conditions. 
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Figure 3. Solid fraction snapshots for reference sample (M-S). The solid fraction is used here to observe 

the rheology and deformations within the granular gouge. It is the ratio between the total surface of 

particles on the total surface of gouge (particles and voids). In the present case, it is plotted as a field, 

i.e. each pixel corresponds to the value of the solid fraction in its close neighborhood. The solid fraction 

is plotted between 0.8 and 1. Letters correspond to different steps in the effective friction curve in Figure 

2. 𝑅1 and 𝑅2 are secondary R-bands, 𝑅3, 𝑅4, and 𝑅5 are primary R-bands, orientated at angle 𝛼𝑖 from 

the direction of shearing. 𝑅 
′ are conjugate Riedels orientated at angle 𝛼𝑖

′ from the direction of shearing. 

Y is the slip localization at the boundary: 𝑌1 is the main localisation zone occupying all the slip surface 

and 𝑌2 is a partially-developed boundary zone at the opposite surface. (Movie S1) 

3.2.  Link between particles characteristics, friction, and rheology 

To characterize this matrix material, series of parametric studies were performed, varying 

geometrical (shape, size) or physical (interparticle stiffness and friction) properties of the matrix 

to represent different rock lithologies. These studies were done not only to observe the influence 

of each parameter on the mechanical behavior but also to observe how each characteristic is 

linked to the rheological behavior through Riedel band formation and evolution. All these 

lithologic variations are summarized into only three parameters: the interparticle friction 𝜇𝑛𝑢𝑚 

(microscale), the effective shear modulus 𝐺 = 𝜏 𝛾 ⁄  (at the macroscale, the ratio between the 

shear stress 𝜏 and shear strain 𝛾 in the elastic regime), and the ratio of gouge thickness to grain 

size 𝑛𝑝 (i.e. number of particles within the gouge thickness). 
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3.2.1. Interparticle friction controls Riedel shear bands orientation 

A change in interparticle friction coefficient from 0.1 to 0.6 yields significant augmentation in 

effective friction peak values, and a small increase in the steady-state effective friction as shown 

in Figure 4 (a). Preliminary results had been shown in this sense (Casas et al., 2021). The slip 

weakening behavior thus evolves from a smooth (low 𝜇𝑛𝑢𝑚) to an abrupt friction weakening 

(high 𝜇𝑛𝑢𝑚), prone to switch the fault behavior from a ductile and aseismic slip to a more brittle 

and seismic one, Figure 5 (ii). An evolution in the interparticle friction between particles also 

drastically increases the orientation angle of the main Riedel bands from the beginning of the 

simulation and until steady-state, (≈ 6 ° for 𝜇𝑛𝑢𝑚 = 0.1 and ≈ 16 ° for 𝜇𝑛𝑢𝑚 = 0.6), Figure 4 

(b) and Figure 5. This is a typical result of Coulomb-Mohr's theory [(Tchalenko, 1970), (Katz 

et al., 2004)]. (Gu & Wong, 1994) plotted the evolution of Riedel angles 𝛼𝑖 as a function of 

effective friction and also found an increase in 𝛼𝑖 with the increase of internal friction angle. 

The theory requires an angle equal to 𝛼𝑖 = 𝜑/2  for direct shear (𝜑 internal friction angle), but 

the value of 𝜑 can be questioned: should it be the one of the peak, or the one of the plateau? 

The former seems inaccurate as numerical values of 𝛼𝑖 are smaller than theoretical ones (which 

should be equal to 21.5° for the (M-S) case, Table S2). The latter does not work either, because 

the plateau is at the same friction coefficient for all cases, whereas the 𝛼𝑖 values can vary a lot. 

It therefore appears that 𝛼𝑖 is not only a material property, but also a structural property. 

 
Figure 4. (a) Effective friction at peak 𝜇𝑝

∗  and steady state 𝜇𝑠𝑠
∗ , as functions of inter-particle friction. 

And the effect of an increase in particles angularity (in red) ; (b) Orientation angle of Riedel bands 𝛼𝑖  as 

a function of the effective friction peak for a variation in interparticle friction (black curve), from (a) to 

(b), or of the angularity of particles (red curve). Letters a, b, and b2 refer to Fig.5 for gouge kinematics. 

Increasing interparticle friction also seems to increase the number of Riedel bands formed 

during shearing, resulting in a reduced average distance between two successive bands. These 

results are consistent with [(Lefevre et al., 2020) & (Jiao et al., 2021)] who reproduced 

sandboxes with different widths and found a link between the internal friction angle and the 

distance between Riedel shears.  

An evolution of Riedel structures, i.e. the combination between Riedel bands and conjugate 

Riedels (≫ 45 ° from the horizontal shear direction), is also observed at steady-state for a low 

𝜇𝑛𝑢𝑚, while only low Riedels are observed with increasing 𝜇𝑛𝑢𝑚, Figure 5. However conjugate 
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Riedels are also more pronounced with higher friction during the weakening part. We carried 

out a similar study by slightly changing the shape of particles, giving more or less regularity 

and therefore more or less angular polygons, Figure 4 & Figure 5. The results are consistent 

with [(Mair et al., 2002), (Nouguier-lehon et al., 2003)] and show that the increase of angularity 

increases the resistance to friction, and thus the effective friction peak. Moreover, the angularity 

of particles seems to be quite important in the development of Riedel shear bands (Figure 5 b 

(b2)). In the same way as interparticle friction, a higher angularity  𝑖 (similar to more disorder 

in the grain shape) results in a larger number of Riedels at friction peak. They are also less 

marked and of lower thickness. The change of angle orientation at steady-state is very small, 

meaning that the angularity of particles is too small to have a major influence on Riedel's angle 

orientation. 

 
Figure 5. Riedel patterns as a function of the interparticle friction (horizontal axis) and the angularity 

(vertical axis), during the weakening part (C), or at steady-state (𝜇𝑠𝑠
∗  ). (i) Initial solid fraction for 

sketches – Reference case (M-S) at point C. (ii) Effective friction as a function of the sliding distance 

for the four different cases. 

3.2.2. Gouge shear modulus influence on Riedel structure 

It is interesting to mention that an increase in the interparticle stiffness (purple in Figure 6) and 

an increase in the particle size (orange in Figure 6) both lead independently to an increase in 

the shear modulus, Figure S4. This augmentation of shear modulus increases the effective 

friction peak, Figure 6 (a), and the total energy released during the weakening phase, Figure 6 

(b). A modification of the interparticle stiffness 𝑘𝑛 manages the type of material behavior. 

Concerning the grain size effect, it is clearly a modeling artifact: a sample with large grains is 

simply stiffer because the number of elastic accommodation sites (interparticle contacts) is 
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reduced while their compliance is constant, thereby artificially stiffening the granular assembly. 

It also appears to change the number of particles within the gouge thickness, which also affects 

gouge behavior. In the remainder of the paper, we will only deal with the increase in shear 

modulus data coming from an increase in the contact stiffness between the particles. 

Comparing two different shear modulus (M-S) and (g), the pattern of the friction curve was 

predictable for the elastic part, as numerical stiffness is only supposed to play on the overlapping 

of particles which controls the elastic part of the effective friction curve: an augmentation in 

interparticle stiffness increases the global stiffness, and thus the shear modulus. 

 
Figure 6. (a) Effective friction as a function of secant shear modulus (GPa) for friction peak 𝜇𝑝

∗  and 

steady state friction 𝜇𝑠𝑠
∗ . The increase in shear modulus corresponds to an increase in interparticle 

stiffness (purple points, 1015 Pa/m, 2 1015 Pa/m and 1016 Pa/m) and to an increase in the size of 

particles (orange points, 20 μm ,  0 μm, 40 μm,  and 50 μm with the same interparticle stiffness of 

1015 Pa/m.  Details on shear modulus calculation and values are in (Figure S3 and Table S3). (b) 

Effective friction profile of gouge (M-S) and gouge with an increase in shear modulus (g). 

How does shear modulus affect Riedel band formation? Figure 7 presents simulation snapshots 

of Riedel shear bands for the reference case and the maximum shear modulus obtained (patterns 

for an increase in stiffness, (g) letter in Figure 6). The orientation angle of the main Riedel band 

𝛼𝑖 is reduced from 12° to 7°. From friction peak to steady state, the increase in 𝐺 completely 

changes the kinematics inside the gouge, Figure 7 (a) & (b). The gouge material (g) has a single 

final 𝑅-band that runs the length of the gouge and appears to have two slopes with different 

orientations. A Riedel structure is formed with many conjugate Riedels, Figure 7 (b), as 

opposed to the reference case (M-S) counting with only two secondary Riedel shear bands. 

Hence, an increase of shear modulus not only leads to a decrease in the angle orientation of the 

main Riedel bands but also to the formation of a complex Riedel structure. Figure 7 only shows 

the case with the highest shear modulus, but the intermediate cases show a progressive 

evolution of the rheology from the reference case (M-S) to the case (g). More results can be 

found in (Casas, 2022). 
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Figure 7. Solid fraction between 0.7 and 1 for the two samples (a) at effective friction peak 𝜇𝑝

∗  and (b) 

at steady-state 𝜇𝑆𝑆
∗ . For an increase in shear modulus, the Y-localization occurred on the lower part of 

the gouge, as the entire upper part moves as one unit, unlike the (M-S) material which localizes at the 

top, due to the left Riedel band which only allows part of the gouge to move along the x-axis. 

Conjugate Riedel shear bands, 𝑅 -bands, are rarely observed because of their short lifespan and 

limited thickness. They rotate at a higher speed than the 𝑅-bands and usually disappear as they 

grow [(Morrow and Byerlee, 1989), (Logan et al., 1992), (Morgan & Boettcher, 1999)]. That 

is why in several studies [(Schmocker et al., 2003), (R. Katz et al., 2006)], the 𝑅-bands are the 

only bands observed. In this study, conjugate Riedel bands 𝑅  are very pronounced in the case 

of the highest shear modulus. These 𝑅′-bands are present during the whole simulation and seem 

to be responsible for the difficulty of the material (g) to deform by shearing, inhibiting multiple 

𝑅-bands formations. The distribution of force chains in the two types of gouges, Figure 8, 

allows us to better understand the formation of 𝑅′-bands. In both cases the total transmitted 

force is similar, but the transmission of forces goes through different paths. In areas without 

Riedel, the material is very compacted and the force transmission is diffuse (i.e. continuum-

like). Within Riedels, where the localization of deformation takes place, the material is granular 

with high porosity, so force chains are very localized, forming a rather discrete network. On the 

other hand, the junction between the different bands are places of stress concentrations, 

reflecting kinematic incompatibilities. It can also be noted that the observed thickness of 

conjugate Riedels is thus linked to the magnitude and width of the force chains network: 

conjugate Riedels will have a higher thickness (more visible) for stiffer or stronger materials 

with a higher magnitude of force chains. An overview of force chains within the material can 

therefore help to characterize the different types of deformations related to the two types of 

Riedel bands. 
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Figure 8.  Zoom in on Figure 7 (b). The solid fraction is shown between 0.7 and 1 and a snapshot of 

force-chains networks is plotted from 0 to 104 N. Force chains are defined according to the typical level 

of stress present in the system (here the applied normal stress) and thickness and color are evaluated 

between the minimum and maximum contact force (0 to 104 N). A cut-off is made at 104 N to have the 

same visualization for all cases (higher force chains are observed for higher stiffness). 

3.2.3. Role of the number of particles within the gouge thickness 

Figure 9 presents the angle orientation of the main Riedel shear band 𝛼𝑖 as a function of the 

number of particles in the gouge thickness 𝑛𝑝, which is also the ratio between gouge thickness 

and size of particles. Hence, a change in 𝑛𝑝 is tested by changing two parameters: a 

modification in the initial gouge thickness with the same size of particles (green), and an 

increase in the size of particles, with the same initial thickness and with a corrected stiffness 

effect (blue, keeping the shear modulus constant). 

A modification of 𝑛𝑝  alone has no important influence on the shear modulus, nor on the 

observed effective friction, (Figure S5). However, a link is found between 𝑛𝑝 and the type of 

Riedel structure formed. Reducing the number of particles in the thickness tends to favor the 

formation of a Riedel structure composed of many conjugate Riedels and for which the 

orientation of Riedel bands is lower, Figure 9 (c) & (e). This confirms that the orientation of 

Riedel bands is not only a material property but also depends on other fault properties. Some 

very thin gouges were also modeled with extremely low 𝒏  (𝑡ℎ𝑖 = 200 𝜇𝑚, 10 particles), and 

it was found that a minimal 𝑛𝑝  (around 10-15 particles) is necessary to observe any slip 

localization and deformation in our simulations. Below this number, bulk shearing of the whole 

gouge is observed. This low number of particles can be related to a very young fault where few 

wear particles would still be formed (Scholz, 1987). On the other hand, a very large 𝑛𝑝 favors 

a multiplication of Riedels with a higher orientation angle. This result was only partially 

discussed in the literature, in the sense that particle size evolution was found to be responsible 

for the 𝑅-band angle as well as the gouge thickness, but the link between these two parameters 

was less investigated. When increasing the initial gouge thickness, a change in orientation is 

observed close to the boundaries, which may come from effects due to the larger sample. 
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Besides, fault gouges with an identical number of particles within the gouge thickness, and no 

variation of shear modulus will show the same slip behavior (effective friction and 

deformations), Figure S6. 

 

Figure 9. Schematic view of the angle orientation of the main Riedel shear band 𝛼𝑖 as a function of the 

ratio 𝑛𝑝, with distinction between 3 increasing parameters: (c) to (d) increase in the gouge thickness 

𝑡ℎ𝑝𝑖, (M-S) to (e) increase in the size of particles Φ𝑒𝑞with corrected contact stiffness k𝑒𝑞to keep the 

same shear modulus for each gouge, (M-S) to (g) increase in the shear modulus 𝐺. The sense of the 

arrow represents an augmentation of all the parameters previously presented as detailed within the 

legend. Riedel structure patterns are represented below the figure and correspond to the extreme cases 

of the numerical campaign at steady-state. Details on Shear modulus values can be found in Table S3. 

3.3.  Slip weakening and breakdown energy 

In the proposed models the sliding is imposed by artificial boundary conditions (imposed slip 

velocity), and therefore cannot be claimed to be realistic. In seismic faults, the sliding is driven 

by the elasticity of the surrounding medium, and can therefore take place in a stable or unstable 

way, and involve the existence of a propagating front. The models used here are local 

micromechanical studies of the behavior of fault gouges, which are designed to be inserted in 

larger-scale dynamic models. But to have a broader understanding of these mechanisms our 

results are interpreted through slip weakening models. 
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The well-known critical distance 𝐷𝑐  is the slip distance corresponding to a drastic decrease in 

frictional strength (Rabinowicz, 1951), and is considered to be the distance necessary for the 

renewal of the contact surfaces (Dieterich, 1979). We can thus define the slope of friction drop 

or weakening rate (in Pa/m) as follows  

𝐾𝑐 =
|𝜇𝑠𝑠

∗ − 𝜇𝑝
∗ |

𝐷𝑐
𝜎𝑁 (1) 

Slip instabilities may occur if the loading stiffness of the fault K (i.e. stiffness of the loading 

system) appears to be lower than 𝐾𝑐 (𝐾𝑐 > 𝐾). The linear fitting of the weakening part of the 

effective friction curve may however induce errors because this weakening is sometimes rather 

far from being linear. We, therefore, adopt a different approach to determine it. This weakening 

slope is indeed very much related to the breakdown energy released during the slip. In our 

model, 𝐸𝐵 can be calculated as the area under the friction-slip curve, corrected by subtracting 

the steady-state friction, and will lead to the extraction of the weakening slope, Figure 10 (i): 

(𝜏𝑝 − 𝜏𝑠𝑠) ∗
𝐷𝑐
2
≡ 𝐸𝐵 = ∫ (𝜇 

∗(𝑈) − 𝜇𝑆𝑆
∗  )𝜎𝑁 𝑑𝑈

𝐷𝑐
+

 

(2) 

Where (𝜇 
∗(𝑈) − 𝜇𝑆𝑆

∗  ) 𝜎𝑁 is equal to ( 𝜏(𝑈) − 𝜏𝑆𝑆 ), where 𝐷𝑐
+ is any sliding distance larger than 

𝐷𝑐 (this can be checked afterward), and where the lower bound of the integral corresponds to 

the instant of the peak, from which Dc is considered. 𝐷𝑐 is therefore inverted from the peak and 

steady-state frictions and from the breakdown energy required to slide from the former to the 

latter. 

As observed in section 3.2, interparticle friction has a large impact on the 𝐾𝑐 value, Figure 10 

(a), while its influence on breakdown energy is not so important compared to other variations, 

Figure 10 (d). A higher increase in 𝐸𝐺 is observed when decreasing 𝑛𝑝 with the opposite effect 

on 𝐾𝑐, Figure 10 (f) and (c). A high value of initial tangent shear modulus increases both 𝐾𝑐 

and 𝐸𝐺 , although its influence is less important than 𝑛𝑝 or 𝜇𝑛𝑢𝑚, Figure 10 (b) and (e). An 

increase of 𝐾𝑐 (even for a low energy) can be quite influential as it also implies a reduction of 

the sliding distance necessary to weaken the fault, which could tend to more sudden slips and 

therefore to an unstable sliding. These results agree with the Riedel structure observed in section 

3.1: materials with low 𝐾𝑐 present lower Riedel angles and a highly visible Riedel structure, 

promoting slip stability (high 𝐷𝑐). 
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Figure 10. (i) Reference sample (M-S) results where the shear stress variation (Pa) is observed as a 

function of the slip distance (m). The slope Kc is calculated to have the same energy in J/m² for the 

triangle generated by the slope line than the 𝐸𝐵 (colored in grey). With 𝜏p the maximum shear stress 

(Pa), 𝜏ss the dynamic (or steady-state) shear stress (Pa) and 𝐷𝑐 the critical slip weakening distance (m). 

In this figure 𝐾𝑐 fits well with the shape of the decreasing shear stress, but it is not as satisfactory for all 

the models tested, Figure S6. (ii) legend with color-coded shapes; Evolution of the critical weakening 

slope as a function of the (a) interparticle friction, (b) the initial tangent shear modulus 𝐺𝑡𝑎𝑛, and (c) 

number of particles within the gouge stiffness. Evolution of the breakdown energy as a function of (d) 

the interparticle friction, (e) the initial tangent shear modulus, and (f) the number of particles within the 

gouge stiffness. Each graph represents the influence of a certain variable on the evolution of 𝐾𝑐 ou 𝐸𝐵, 

but we have only shown the data that changes with the indicated abscissa. 

4. Discussion on gouge rheology and slip weakening 

4.1. Link between gouge characteristics and Riedel bands patterns 

A small change in gouge characteristics impacts Riedel shear bands formation through their 

orientation angle 𝛼𝑖 and the type of Riedel structure formed. It is interesting to note that all the 

tested parameters influence 𝛼𝑖 in a certain way, meaning that Riedel shears are not only linked 

to the external loading conditions but also depend on internal fault gouge properties. As 

previously highlighted, three relevant quantities control the principal orientation angle of 𝑅-

bands at steady-state: the interparticle friction 𝜇𝑛𝑢𝑚, the number of particles within the gouge 
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thickness 𝑛𝑝, and the effective shear modulus 𝐺. Figure 11 presents the angle orientation of the 

main Riedel shear band 𝛼𝑖 as a function of the effective friction peak, for all the studied cases 

compared to the standard case (M-S) described in section 3.1. 

 
Figure 11. Schematic view of the orientation of R-bands 𝛼𝑖 at steady-state as a function of the effective 

friction peak 𝜇𝑝
∗ , with distinction between six major zones of interest: reduction or increase of 

interparticle friction 𝜇𝑛𝑢𝑚 , reduction or increase of 𝑛𝑝 (without modification of the shear modulus) and 

reduction or decrease of the effective gouge shear modulus 𝐺. This graph only presents the Riedel 

patterns at steady-state because 𝛼𝑖 variations with other instant of the simulation are not very significant 

(~1 − 2 °). These variations were not studied in the present study but could be monitored at a different 

moment of the simulation (elastic phase, effective friction peak, weakening part…) in future research 

work. 

Figure 11 zone (i) gathers fault gouges with a high 𝜇𝑛𝑢𝑚  or a high 𝑛𝑝 . These parameters 

increase the orientation angle 𝛼𝑖 of Riedel bands and the number of Riedel shear bands 

appearing during the simulation (from effective friction peak to steady-state). By increasing 

only  𝒏𝒖  (ex. due to mineral transformation, chemistry, surface, and grain shape roughness), 

both the maximum shear stress, and thus 𝜇𝑝
∗   are increased without changing the shear modulus. 

A reduction of the critical slip distance is observed, leading to a more sudden post-peak 

weakening, which is prone to switch the fault behavior from a ductile aseismic response to a 

brittle seismic slip, depending on the stiffness of the surrounding medium. Materials with high 

interparticle friction coefficient (and low stiffness) are also known to present greater slippage 

and a decrease in the recurrence time between two slip events (Dorostkar & Carmeliet, 2019). 

At constant grain size, increasing the gouge thickness automatically increases 𝒏 . Interpreted 

in terms of real fault, these 𝒏  variations correspond to different locations within the sliding 

zone, but not to the evolution of the same sliding gouge part (since it would imply wear or a 

reduction of the size of certain particles in the center of the sliding zone). For these materials 

𝜇𝑝
∗  slightly decreases and the orientation angle of Riedel bands increases. According to (Scholz 
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et al., 1972), an accumulation of gouge layers tends to stabilize the system, and according to 

(Moore & Byerlee, 1992)'s theory, small Riedel angles also tend to stabilize the system. In our 

case, it seems that we have two competing effects: an increase in both the thickness of the gouge 

layer and in the orientation angle of the 𝑅-bands. These results could also be related to the stick-

slip phenomenon obtained by (Lyu et al., 2019) when testing a variability of gouge thickness 

with different normal stresses. They observed that an increase in layer thickness, (i.e. an 

augmentation of the number 𝑛𝑝 ) implies a reduction of stress drop and friction and has a 

significant effect on stick-slip. On the top left of the graph we notice an area without 

measurement points. Following the logic of the graph, we suppose that it corresponds to fault 

gouges with a very low shear modulus. This result remains to be verified with future simulation 

or experimental results. 

Conversely, Figure 11 zone (ii) gathers fault gouges with a low 𝜇𝑛𝑢𝑚, a low 𝑛𝑝, or a high 𝐺. 

For these materials, a similar rheological behavior is observed with a decrease in the orientation 

angle 𝛼𝑖 of Riedel bands and the presence of a well-formed Riedel structure at steady-state 

(Riedels and conjugate Riedels). The mechanical or physical changes applied to the fault gouge 

enhance the lifespan of 𝑅 -bands in their maximum size, explaining why more Riedel structures 

are observed, which may also increase the critical weakening length.  However, their 

consequences on gouge strength and breakdown energy lead to different types of sliding 

behavior. Materials with low  𝒏𝒖  show a reduction in the maximum effective friction. From 

the point of view of (Moore & Byerlee, 1992), they are prone to enhance stability within the 

gouge sample by reducing the stress drop. They can be related to weak gouges behavior 

[(Collettini et al., 2019), (Bedford et al., 2022)] which are supposed to have a very small 

effective friction. As opposed, materials with high 𝑮 produce a higher resistance to slipping. 

The stiffness of the fault was found to depend on the ratio of the shear modulus to the size of 

the rupture nucleation zone (Leeman et al., 2016). A reduction in the 𝒏  is not necessarily 

linked to an increase in shear modulus, and the effective friction peak 𝜇𝑝
∗  is almost no affected. 

For very “young” fault gouge with a very thin granular layer (extremely low 𝒏 ≪ 10 − 15), 

and for any combination in the other gouge characteristics, Riedel bands formation is prevented, 

Figure 11 (iii). The maximum shear stress also increases whereas the dilation is slightly 

reduced, as previously found by (Biegel et al., 1989) for a reduction in fault gouge thickness. 

This means that in order to observe shear localization in fault gouges, they must be mature 

enough to have a sufficiently thick and comminuted gouge to allow Riedel localization. 

4.2. Occurrence of dynamic slip instabilities 

Even though 𝐾𝑐 can be extracted from each model, the difficult question remains: what is the 

stiffness of the crust, and to what quantity should the shear stiffness be compared? In laboratory 

experiments, it should be the stiffness of the loading apparatus, but for numerical experiments, 

we don’t have such a value to consider. From crack theory, the global loading stiffness 𝐾  is 

defined by the ratio of stress to displacement. The fault stiffness 𝐾 is found to be proportional 

to the ratio 𝐺 𝐿 ⁄ , with G the shear modulus and L the length of the slipping fault section, 

meaning that the loading stiffness decreases as the slipping fault section increases, Figure 12 
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(a). If the slipping region is treated as an elliptical crack (Scholz, 2002), the critical nucleation 

length before dynamic slip instabilities 𝐿𝑐  can be calculated as 

𝐿𝑐 =
𝐸

2(1 − 𝜈2)𝐾𝑐
( ) 

With E a relevant young modulus (or equivalent elasticity modulus), 𝜈  the Poisson ratio and 𝐾𝑐 

the critical weakening slope. The fault is supposed to be unstable when the slipping fault section 

𝐿 exceeds the critical nucleation length 𝐿𝑐 . Figure 12 (b) illustrates the dynamic behavior 

observed when 𝐿𝑐 is reached, with a sudden transition from the nucleation to the unstable phase.  

 
Figure 12. (a) A schematic figure showing the nucleation length 𝐿  on a frictional fault plane. (b) 

Initiation of dynamic rupture from a smooth nucleation model, (figure redrawn from (McLaskey, 2019)). 

From our numerical data, we can use Eq. (3) to extract the nucleation length 𝐿𝑐. The objective 

here is not to predict the “exact” value of 𝐿𝑐 , but to observe trends and to put forward a 

dependence of 𝐿𝑐 on certain gouge characteristics. The linear slip weakening approximation 

allows us to identify certain slip behaviors and link them with the previously observed rheology 

of gouges. At a first glance, the nucleation length is observed to evolve linearly with the increase 

of the breakdown energy, Figure 13 (a). Around this trend, several outliers deserve to be 

mentioned. The area (i) gathers simulations performed with low inter-particle friction, they 

result in a higher 𝐿𝑐 than the standard case (M-S) and a rather low breakdown energy 𝐸𝐵. In 

this case, there is much more mobility within the fault due to the large distance of slipping 

before dynamic slip instabilities happen. When 𝑛𝑝  is reduced, in zone (ii), the observed 

breakdown energy 𝐸𝐵 increases as well as the critical nucleation length 𝐿𝑐. The mechanical 

behavior is similar to the one of weak materials, but with a material that takes more time to 

stabilize over time, explaining the higher fracture energy observed. It also means that this long 

and smooth slip weakening decreases the probability of dynamic instabilities to occur, but that 

they will present a larger stress drop should they happen. These two cases showed Riedel 

structure at a steady state of sliding. In zone (iii), fault gouge materials with high 𝐺 or high 

𝜇𝑛𝑢𝑚, produce a higher resistance to sliding, giving a shorter nucleation length and medium 

breakdown energy value. A rather unstable behavior could be observed as a smaller slip is 

needed before dynamic slip instabilities happen. However, the link is still not clear between 

Riedel structures and dynamic slip stabilities because this zone (iii) presents different 

localization patterns at steady-state with a Riedel structure for a high 𝐺 and only Riedels for 

high 𝜇𝑛𝑢𝑚, despite the similar value for breakdown energy and nucleation length. 
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Figure 13. (a) Evolution of the critical nucleation length 𝐿𝑐  (m) as a function of the Breakdown Energy 

𝐸𝐵 (J/m²) for all the matrix simulations, linear-scale. (b) A larger picture of the 𝐿𝑐  (m) as a function of 

𝐸𝐵 (J/m²), log-scale, with results from (Casas et al., 2022) on cemented fault gouges with a variation of 

the percentage of cement for both dense (dark grey markers) and mid-dense samples (light grey 

markers). Matrix fault gouges of the present study are colored in blue. The choice was made to compare 

all the results using the same Young modulus and Poisson coefficient in Eq. (3) as if the same fault rock 

material was compared. Medium values for granite material are considered, 𝐸~60 𝐺  , and 𝜈 = 0. , 

with an approximate 𝐾𝑚𝑒𝑎𝑛~900 GPa/m (considering the 20 𝑚𝑚- length gouge). All these results 

come from numerical experiments. 

The comparison of these results with previous studies on cemented fault gouges from (Casas et 

al., 2022) in the same Figure 13 (b) provides a more comprehensive view of the behavior of 

fault gouges. Both initial porosity and initial percentage of cementation influence gouge 

weakening and slip behaviors, playing a role in the gouge strength (brittleness, cohesion) and 

granular flow (particles agglomerates, Riedel bands). While the evolution of 𝐿𝑐 with respect to 

𝐸𝐺 of matrix gouges is rather linear, the behavior of cemented gouges evolves in two steps 

depending on the initial porosity in the sample and the percentage of cement initially present in 

the numerical fault gouges. It is indeed clear from these revisited results that an increased 

porosity decreases 𝐸𝐵, and that an increased cementation decreases 𝐿𝑐. 

− Fault gouges with high 𝐿𝑐 (≫ 1 𝑚) and low 𝐸𝐵 (≪  .103 𝐺  ), (green zone 1), correspond 

to loose materials, fault gouges with no or very few infill material (cement), or small inter-
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particle friction. They present a low friction peak and weakening rate. These materials are 

close to those defined as weak gouge materials [(Orellana et al., 2018), (Collettini et al., 

2019), (Bedford et al., 2022)] with a rather ductile behavior that tends to increase both the 

critical slip distance and the critical nucleation length. Greater mobility is thus allowed 

within the fault, and the associated breakdown energy remains low. They may lead to stable 

sliding or slow slip in the fault zone: very low shear modulus combined with large regions 

of nucleation is more likely to tend toward slow slip nucleation [(Leeman et al., 2016), 

(Scuderi et al., 2020)]. Regarding rheology, low cemented materials follow a rather ductile 

behavior without observation of apparent Riedel bands inhibited by a critical dilation higher 

than 1%, may the tested samples be dense and mid-dense. Their behavior is close to fault 

gouges with small interparticle friction presenting a Riedel structure with a very low Riedel 

angle orientation.  

− A second domain, with low 𝐿𝑐  (≪ 0.5 𝑚) and high 𝐸𝐵  (≫  .103 𝐺  ) , (red zone 2), 

gathers both dense and highly cemented fault gouges and matrix fault gouges from the zone 

(iii) previously described with high interparticle friction or shear modulus. They present a 

high friction peak and a high weakening rate. However, for these materials, the observed 

stress drop is much larger and also steeper (sharp, short, and intense peak), which means 

that if the shear stress peak is reached, the observed slip is more likely to occur in an unstable 

manner and with high energy release. The nucleation length decreases with an increase in 

cementation or interparticle friction, confirming that not much mobility is allowed within 

the system before the onset of dynamic instability, and increasing the risks of seismic 

instabilities to happen. Riedel bands are significantly affected by a change in contact laws 

between particles (cohesion or friction) occurring with cement breakage. They appear for 

dense materials when a threshold of cementation is reached and are directly linked to the 

importance of the dilation phase, [(Caniven et al., 2021), (Casas, 2022)] since the majority 

of the gouge remains cemented even after the weakening phase. Cementation and high 

interparticle friction play a major role in the triggering of instabilities and perhaps also in 

fast earthquake rupture behaviors. 

It is clear from this picture that both internal characteristics of the fault gouge and infill 

materials have a very important role in the occurrence of dynamic slip instability, and this 

observation gives new considerations to the study of the different classes of slow earthquakes 

and fast earthquake rupture [(Leeman et al., 2015), (Bürgmann, 2018), (Passelègue et al., 2019), 

(Im et al., 2020)]. There is an evident link between mechanics (friction) and energy-related 

quantities such as 𝐿𝑐 and 𝐸𝐺, but the link between R-bands and dynamic instability occurrence 

is still unclear. Although Riedel bands are not sufficient to detect unstable behavior, they are 

nevertheless a necessary condition (Moore et al., 1989), leading to the conclusion that dense 

and highly cemented materials are more likely to generate unstable behaviors, while mid-dense 

or dense materials with very low cementation will rather tend towards a ductile, and stable 

behavior. Next objectives will be to link the presence of a Riedel structure or conjugate Riedels 

to a characteristic increase or decrease of critical nucleation length and breakdown energy. 
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5. Conclusions 

A set of 2D-DEM simulations was performed with numerical fault gouges composed of a very 

dense assembly of polygonal-shaped particles. The first aim was to explore the link between 

grain-scale gouge characteristics and fault gouge kinematics with shear bands formation during 

friction weakening. It was found that a small change in gouge characteristics such as the 

interparticle friction, gouge shear modulus or the number of particles within the gouge thickness 

impacts Riedel shear bands formation through their orientation angle and the type of Riedel 

structure formed. Moreover, in order to observe any shear localization in fault gouges, they 

must be mature enough to have a sufficiently thick and comminuted gouge to allow Riedel 

localization. 

Then it appears that, even for similar rheological behaviors, different consequences can be 

observed on breakdown energy and the occurrence of dynamic slip instabilities. Fault gouges 

with low interparticle friction, (or with no or very few cementation), allow greater mobility 

within the fault and give low breakdown energy. They also present a decrease in the orientation 

angle of Riedel bands assumed to be characteristic of a more stable fault gouge. These materials 

lead to rather ductile behavior with low friction peak and weakening rate (weak gouge) and are 

expected to lead to a rather stable sliding or slow slip. On the contrary, materials with high 

interparticle friction or high bulk shear modulus, (or dense and highly cemented fault gouges), 

are less compliant materials. Not much slip is needed before going into dynamic slip 

instabilities, and high breakdown energy is observed. They present a high friction peak and a 

high weakening rate, which is prone to switch the fault behavior from a ductile aseismic 

response to a brittle seismic slip and increase fast Earthquake Rupture.  

This study reinforces our convictions about the importance of Riedel shear bands within the 

fault, and the need to understand their link with the occurrence of dynamic slip instabilities. In 

the next step, we will focus on an energic method to link the behavior of each band of 

deformation with the friction observed in the gouge. 
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Introduction  

This supporting information gives details, methodology  and figures that couldn’t fit within 

the paper. It presents a reference table with all the numerical and physical properties of 

the model (Text S1) and (Table S1). Then biaxial tests are used to characterize the gouge 

material in the sense of Coulomb-Mohr Theory, they are explained in (Text S2) and (Figure 

S1). Their detailed results are then gathered in (Table S2) and (Figure S2). (Text S3) and 

(Figure S3) shows how the shear modulus is computed and its value for each fault gouge 

sample is presented in (Table S3). (Figure S4) plots the evolution of effective friction as a 

function of shear modulus. In (Text S4) and (Figure S5), the evolution of the shear modulus 

is plotted as a function of the number of particles within the gouge thickness. We also 

show in (Text S5) and (Figure S6), that, for two samples with different geometries, but with 

the same number of particles within gouge thickness, the obtained results are identical. 

Finally, the last (Text S6) and (Figure S6), present the effective friction curves for each 

numerical experiment done with their associated linear weakening slope. 



 

 

2 

 

Text S1. Summary of numerical and physical characteristics for the reference sample 

(MS) 

Table S1 gathers all the numerical data settled for the reference matrix sample used in 

section 3.1 of the paper. Grey values at the top of the table are used for all simulations, 

whereas the bottom lines are changing depending on the properties tested. The 

perturbation Pi is not detailed on the paper, it is just used to define the angularity of the 

polygonal shape of particles.  

Table S1. Numerical setup and properties for the numerical campaign (set for reference case). The 

top part of the table (grey color) concerns properties that do not vary within the simulation 

campaign.  

Property Associated variable Value 

Normal stress 𝜎𝑁 40 𝑀𝑃𝑎 

Shear velocity V 1 𝑚/𝑠 

Rock density 𝜌𝑟 2600 k𝑔/𝑚3 

Interparticle cohesion 𝐶𝑛𝑢𝑚 500 𝑀𝑃𝑎 at boundaries 

Interparticle friction 𝜇𝑛𝑢𝑚 0.3 

Contact stiffness 𝑘𝑛 & 𝑘𝑡 1015 𝑃𝑎/𝑚 

Perturbation  𝑃𝑖  0.5 

Sample size 𝑡ℎ𝑖 x 𝐿𝑔   2 x 20 𝑚𝑚 

Particle equivalent diameter 𝜙𝑒𝑞  20 𝜇𝑚 

Number of particles 𝑁  115 825 

DEM time step Δ𝑡 5.10−10 s 

Proximity updating period Δ𝑡−𝑐𝑜𝑛𝑡𝑎𝑐𝑡 10−8s 

 

Text S2. Characterization of matrix material with biaxial tests 

Using a Coulomb-Mohr representation, independent biaxial simulations of samples 

were run with the characteristics presented for sheared fault gouge (in terms of grain 

shapes, size distributions, initial solid fraction, interparticle cementation, and interparticle 

friction). Rectangular granular samples (4 𝑚𝑚 wide and 10 𝑚𝑚 high) are placed between 

four rigid walls. The lower wall is fixed in displacement and the upper wall is submitted to 

a constant downwards velocity 𝑉𝑦, and the lateral walls are submitted to a confining 

pressure 𝜎3, fixed in vertical and rotational motions, and free to move horizontally. Three 

tests are performed on the standard case (M-S), with confining stresses of 10 𝑀𝑃𝑎, 

40 𝑀𝑃𝑎, and 80 𝑀𝑃𝑎 and for two interparticle stiffnesses (𝑘𝑛 = 1015, 1016 𝑃𝑎/𝑚), Figure 

S1 (a) and (b). Vertical stress 𝜎1 is monitored during vertical compression, providing a 

series of pictures of cumulated slip (vertical displacement minus the elastic part), Figure 

S1 (c). In Figure S1, the slope of shear bands changes between the peak (e) and the plateau 

(h), this is because the effective friction also changes, corresponding to a reorganization 

of the failure pattern and a rotation of the stress field. Based on the observed results, Table 

S2: 

• Almost no cohesion is observed for matrix material (in the sense of Coulomb-Mohr), 

which is in adequation with an incohesive material.  
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• A change in interparticle stiffness does not have much influence on the internal friction 

angle but increases the effective friction peak observed, in Table S2. By multiplying by 

ten the numerical stiffness, the resulting Elasticity modulus is ten times higher. This will 

probably have an impact on gouge kinematics.  

• The orientation angle of the major shear bands formed is growing from the effective 

friction peak to the steady-state zone, Figure S1 (c). 

Figure S2 plots the internal friction angle as a function of the Cohesion (MPa) in the sense 

of Coulomb-Mohr for standard rocks, for previous results on cemented gouges (Casas et 

al., 2022) and for the two results from this study. 

 
Figure S1. Illustrative results for a standard material (M-S) with different initial interparticle stiffness 

(a) Major principal stress as a function of vertical shortening, and (b) associated Mohr circles, for 

three confining stresses (10 MPa, 40 MPa, and 80 MPa) for samples with 𝑘𝑛 = 1015 Pa/m and 𝑘𝑛 =

1016 Pa/m. (c) Snapshots of cumulated slip (vertical displacement minus the elastic part) for biaxial 

experiment with an elastic membrane, for an applied stress 𝜎𝑛 = 10 MPa for a standard case with 

𝑘𝑛 = 1015 Pa/m. Each point in the curve corresponds to an image above. The evolution of shear 

bands can be observed and the orientation angle increases with vertical shortening (𝛼ℎ > 𝛼𝑒). 

Table S2. Numerical results of the biaxial campaign for two interparticle stiffnesses.  

Property 𝒌𝒏 = 𝟏𝟎𝟏𝟓 𝐏𝐚/𝐦 𝒌𝒏 = 𝟏𝟎𝟏𝟔 𝐏𝐚/𝐦 

Effective friction peak 𝜇𝑝
∗  0.94 1.17 

Internal friction angle 𝜑 43.3° 49.5° 

Cohesion C 6.4 MPa 2.0 MPa 

Elasticity Modulus E 18.96 GPa 118.39  GPa 
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Figure S2. Internal friction angle as a function of the cohesion in the sense of Coulomb-Mohr (MPa) 

for standard rocks, previous cemented gouges studied (Casas et al., 2022), and values obtained for 

matrix samples with two interparticle stiffnesses. 

Text S3. Shear modulus calculi 

The shear modulus, Figure S3, can be calculated as 

G =
τ

γxy
=
τ. thi
∆x

(1) 

where τ is the shearing stress (MPa), thi the initial gouge width (m) and ∆x the slip distance 

at the secant point (m). We compute both the secant shear modulus (at 40% of the 

maximum shear stress) and the initial tangent shear modulus, Figure S3. The results for all 

the models are presented in Table S3. The evolution of the effective friction with an 

increase in shear modulus (respectively with an increase of inter-particle stiffness or size 

of particles) is presented in Figure S4. 

 

Figure S3. Automatic calculation with Matlab 2020a. Sketch of the shear stress as a function of the 

shear strain with the secant shear modulus at 40 % of the maximum shear stress (red) and the initial 
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tangential shear modulus (blue). Example realized for the thin gouge of the standard case (size 20 

x 0.2 mm², μnum = 0.3, kn = 1015 Pa/m, P0.5, Φ = 20 μm). 

Table S3. Secant shear modulus and tangential shear modulus for the different gouge samples.  

Name 

Size 

𝑳𝒈  × 𝒕𝒉𝒊 

(𝒎𝒎) 

Friction 

𝝁𝒊 

- 

Stiffness 

𝒌𝒏 

(𝑷𝒂/𝒎) 

Diameter 

𝜱𝒊 

(𝒎𝒎) 

Angular 

𝑷𝒊 

- 

Gsec 

𝑮𝒔 

(𝑮𝑷𝒂) 

Gtan 

𝑮𝒕 

(𝑮𝑷𝒂) 

M-S 20x2 0.3 1015 0.02 0.5 5.52 10.4 

M-S-bis 20x2 0.3 1015 0.02 0.5 5.73 12.2 

M-F01 20x2 0.1 1015 0.02 0.5 5.38 12.4 

M-F02 20x2 0.2 1015 0.02 0.5 5.71 12.8 

M-F06 20x2 0.6 1015 0.02 0.5 5.05 9.04 

M-PS-30 20x2 0.3 1015 0.03 0.5 8.36 16.1 

M-PS-30-Keq 20x2 0.3 6.8.1014 0.03 0.5 6.22 12.2 

M-PS-40 20x2 0.3 1015 0.04 0.5 11.2 23.3 

M-PS-40- Keq 20x2 0.3 4.7.1014 0.04 0.5 6.2 12.2 

M-PS-50 20x2 0.3 1015 0.05 0.5 14.1 32.4 

M-PS-50- Keq 20x2 0.3 4.1014 0.05 0.5 6.86 13.6 

M-Kx2 20x2 0.3 2. 1015 0.02 0.5 10.5 24 

M-Kx10 20x2 0.3 1016 0.02 0.5 41.9 170 

M-P-02 20x2 0.3 1015 0.02 0.2 5.87 9.83 

M-P-08 20x2 0.3 1015 0.02 0.8 5.02 10.9 

M-Th-1 20x1 0.3 1015 0.02 0.5 5.77 12.2 

M-Th-3 20x3 0.3 1015 0.02 0.5 5.41 9.015 

M-Th-4 20x4 0.3 1015 0.02 0.5 5.35 9.15 

 

 
Figure S4. Effective friction as a function of inter-particle stiffness 𝑘𝑛at friction peak 𝜇𝑝

∗  and steady 

state 𝜇𝑠𝑠
∗ . The stiffness increases from respectively 1015 𝑃𝑎/𝑚, 2 1015 𝑃𝑎/𝑚, 5 1015 𝑃𝑎/𝑚 and 

1016 𝑃𝑎/𝑚, for two samples lengths (𝐿𝑔 = 4 𝑚𝑚 𝑎𝑛𝑑 20 𝑚𝑚). (b) Effective friction curves for a 

variation in cells size only (from 20 to 50 μ𝑚 with an interparticle stiffness of 1015 𝑃𝑎/𝑚). 
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Text S4. The combined effect of the number of particles within the gouge thickness 

and shear modulus 

Figure S5 presents the Secant shear modulus 𝐺𝑠𝑒𝑐  (𝐺𝑃𝑎) as a function of the number of 

particles within the gouge thickness 𝑛𝑝. A change in gouge thickness and size of particles 

(with correction of interparticle stiffness) only changes the number of particles within the 

gouge thickness. Interparticle stiffness changes the shear modulus observed. A change of 

particles size without a constant value of shear modulus is an artifact and influences both 

the shear modulus and 𝑛𝑝. 

 
 

Figure S5. Secant shear modulus 𝐺𝑠𝑒𝑐  (𝐺𝑃𝑎) as a function of the number of particles within the 

gouge thickness 𝑛𝑝. An increase in interparticle stiffness in purple from (M-S) to (g), an increase in 

the gouge thickness in green from (c) to (d), increase in the size of particles in orange from (M-S) 

to (f), and increase of the size of particles with corrected equivalent stiffness in blue from (M-S) to 

(e).  

Text S5. Same number of particles within gouge thickness 

Figures S6 (a) and (b) present results for two different studies: a change in gouge thickness 

and a change in the size of particles (with equivalent stiffness). Two gouge samples with a 

similar number of particles within the gouge thickness (𝑛𝑝 = 50) are compared, Figure S6 

(c) and (d). They correspond to a sample with an initial thickness of 1 mm and equivalent 

cells diameter of 𝜙20 and the sample with an initial thickness of 2 𝑚𝑚 and equivalent cells 
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diameter of 𝜙40 (with equivalent stiffness of 4.7 1014 𝑃𝑎/𝑚). It appeared that the 

normalized results (friction and dilation) and the deformation within the gouge are 

identical for the same number of particles within the gouge thickness.  

 
Figure S6. (a) Effective friction as a function of the number of particles within the gouge 

thickness 𝑛𝑝, (b) averaged dilation at steady-state, obtained for variations in gouge thickness 

(green) and variations of the size of particles (blue, study with equivalent stiffness). The dashed 

rectangles surround the two samples with the same number of particles within the gouge thickness 

(𝑛𝑝 = 50 particles) for the sample with an initial thickness of 1 mm and equivalent cells diameter of 

𝜙20 and the sample with an initial thickness of 2 𝑚𝑚 and equivalent cells diameter of 𝜙40 (with an 

equivalent stiffness of 4.7 1014 𝑃𝑎/𝑚). (c) Effective friction 𝜇∗ as a function of 𝑛𝑆𝑑 , which is the ratio 

between the fault slip distance 𝑆𝑑 and the equivalent diameter of particles 𝜙𝑒𝑞 . Dimensionless 

dilation 𝑛𝑌 (number of particles) as a function of 𝑛𝑆𝑑. (d) The solid fraction between 0.7 and 1 at 

steady-state for the two samples in the hyphen box. 
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Text S6. Weakening slope 

Figure S7 plots the effective friction curves as a function of slip distance for all samples 

used with the associated linear slope of weakening. 

 
Figure S6. Shear stress (Pa) as a function of the slip distance (m) for matrix models. The red slope 

is the linear slip weakening slope needed to equal the breakdown energy 𝐸𝐺 . (a) to (c) Variation of 

the interparticle stiffness 𝑘𝑛  =  10
15 → 1016 ; (d) to (f) Variation of the interparticle friction 𝜇𝑛𝑢𝑚  =

 0.1 → 0.6 ; (g) to (i) Variation of the gouge thickness   𝑡ℎ𝑖 = 1 → 3 mm ; (j) to (l) Variation of the size 

of particles  𝛷𝑒𝑞 = 20 → 50 𝜇𝑚 with equivalent stiffnesses. 
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Movie S1. Riedel localization for the Reference case (MS) for the entire simulation (fast 

version). The solid fraction is used here to observe the rheology and deformations within 

the granular gouge. It is the ratio between the total surface of particles on the total surface 

of gouge (particles and voids). In the present case, it is plotted as a field, i.e. each pixel 

corresponds to the value of the solid fraction in its close neighborhood. The solid fraction 

is plotted between 0.8 and 1. 

Movie S2. Riedel formation with Kinematics fields for the reference case (MS) for the entire 

simulation. Normalized 𝑥-displacements, 𝑦-displacement (m), 𝑥-Velocity (m/s) and 𝑦-

Velocity (m/s) 
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