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Introduction

Fluid overpressurization is one of the primary mechanisms at the origin of tectonic faults slip [START_REF] Guglielmi | Seismicity triggered by fluid injection-induced aseismic slip[END_REF][START_REF] Cappa | Stabilization of fault slip by fluid injection in the laboratory and in situ[END_REF], giant landslides evolution [START_REF] Cappa | Deep fluids can facilitate rupture of slow-moving giant landslides as a result of stress transfer and frictional weakening[END_REF][START_REF] Agliardi | Slow-to-fast transition of giant creeping rockslides modulated by undrained loading in basal shear zones[END_REF], or even glaciers deformation [START_REF] Mathews | Water pressure under a glacier[END_REF][START_REF] Boulton | Sediment deformation beneath glaciers: Rheology and geological consequences[END_REF]. In all cases, slip results from mechanisms taking place within localized shear zones where most of the strain is accommodated, and it is now well assumed that these mechanisms are very sensitive to variation of pore pressure due to hydrological forcing, related to either natural or anthropogenic processes. Shear zones in tectonically active faults, at the base of large creeping landslides, or in subglacial beds, are generally sub-critically stressed (i.e., subjected to stress condition slightly lower than their instantaneous strength), and their behavior is directly related to stress related perturbations. Fluid induced reactivation can be interpreted in such a context by considering the effective stress principle combined with Mohr-Coulomb (MC) theory [START_REF] Hubbert | Role of fluid pressure in mechanics of overthrust faulting: I. mechanics of fluid-filled porous solids and its application to overthrust faulting[END_REF]. Pore fluid pressure variations modify the stress state within the shear zone by reducing the effective normal stress while the shear stress remains constant. Following MC theory and assuming that the strength of the shear zone is known (defined through its cohesion c and friction coefficient µ), the critical stress state τ c at which failure will occur as a result of fluid pressurization is defined by the following criterion:

τ c = c + µ (σ N -P ) (1)
where σ N is the normal stress acting on the shear zone and P is the pore fluid pressure.

Nonetheless, the MC citerion does not give any information on the mechanisms developing before or after failure. This is rather limiting since shear zones can promote different modes of slip, stable or unstable, sometimes even before the critical sress state is reached [START_REF] Guglielmi | Seismicity triggered by fluid injection-induced aseismic slip[END_REF][START_REF] Scuderi | The role of fluid pressure in induced vs. triggered seismicity: insights from rock deformation experiments on carbonates[END_REF][START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF][START_REF] Cappa | Stabilization of fault slip by fluid injection in the laboratory and in situ[END_REF]. The rate-and state-friction (RSF) theory offers a sound and well established framework to characterize slip behaviors [START_REF] Dieterich | Modeling of rock friction: 1. experimental results and constitutive equations[END_REF][START_REF] Ruina | Slip instability and state variable friction laws[END_REF][START_REF] Aharonov | A physics-based rock friction constitutive law: Steady state friction[END_REF]. However, even with modifications specifically dedicated to fluid pressure perturbations [START_REF] Linker | Effects of variable normal stress on rock friction: Observations and constitutive equations[END_REF], the RSF theory seems in contradiction with certain behaviors observed in nature [START_REF] Cappa | Stabilization of fault slip by fluid injection in the laboratory and in situ[END_REF] or in laboratory [START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF], suggesting gaps in our understanding of the physical processes involved..

It is now well assumed that shear zones may accumulate displacement in two ways, through either stable creep, or unstable dynamic failure [START_REF] Dieterich | Modeling of rock friction: 1. experimental results and constitutive equations[END_REF][START_REF] Ruina | Slip instability and state variable friction laws[END_REF].

These two modes of deformation are incidentally related to the aseismic and seismic behaviors used to characterize tectonic faults slip [START_REF] Reinen | Seismic and aseismic slip indicators in serpentinite gouge[END_REF]. As a matter of fact, loading conditions as well as micro-to large scale fault zones structure and composition strongly influence the aseismic to seismic slip transition [START_REF] Bürgmann | The geophysics, geology and mechanics of slow fault slip[END_REF]. For instance, increase in the loading rate [START_REF] Mclaskey | Slow and fast ruptures on a laboratory fault controlled by loading characteristics[END_REF], heterogeneity in the normal stress related to fault roughness [START_REF] Wang | Invited review paper: Fault creep caused by subduction of rough seafloor relief[END_REF], and width and stiffness of the fault zone may favor the transition from slow to unstable slip. At the microscale, unconsolidated clay rich granular gouges seems to favor slow slip through mechanisms of dilatant strengthening [START_REF] Ikari | Frictional and hydrologic properties of clay-rich fault gouge[END_REF], while preferential alignment of gouge minerals (foliation) and/or pressure solution processes promote velocity-strengthening and slow slip [START_REF] Niemeijer | Velocity dependence of strength and healing behaviour in simulated phyllosilicate-bearing fault gouge[END_REF]. Seismic and aseismic slip behaviors have been both observed as a result of fluid pressurization [START_REF] Cornet | Seismic and aseismic slips induced by large-scale fluid injections[END_REF]. Nevertheless, despite the compelling evidence of slip phenomena caused by pore pressure perturbations, the mechanisms at play in the transition from stable to unstable slip remain poorly understood, probably because few works have addressed the complex hydromicromechanical origins [START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF][START_REF] Scuderi | Fluid Injection and the Mechanics of Frictional Stability of Shale-Bearing Faults[END_REF]. Indeed, the response of granular gouges to stress perturbations results from frictional sliding, rolling, breaking and rearrangement of grains which are undoubtedly more intricate in the presence of hydromechanical processes.

In this paper, we propose to relate the macroscopic response of a granular shear zone to the micromechanical phenomena at work during fluid pressurization. For that matter, we developed a numerical experiment inspired by the experiments performed in [START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF] where a sub-critically stressed granular layer is subjected to a progressive pore pressure increase. The numerical experiment is built upon a numerical model based on the discrete element method (DEM) which offers a unique approach to simulate complex emergent behaviors by treating the medium under consideration as an assembly of individual particles interacting one with another according to simplified contact laws [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF]. DEM models have proven effective in producing emergent behaviors representative of fault gouges dynamics for several decades now [START_REF] Morgan | Numerical simulations of granular shear zones using the distinct element method: 1. shear zone kinematics and the micromechanics of localization[END_REF][START_REF] Aharonov | Stick-slip motion in simulated granular layers[END_REF][START_REF] Ferdowsi | Microslips as precursors of large slip events in the stick-slip dynamics of sheared granular layers: A discrete element model analysis[END_REF][START_REF] Ferdowsi | A granular physics-based view of fault friction experiments[END_REF]. Recent efforts have actually illustrated their capability to investigate friction related fluid coupled processes [START_REF] Dorostkar | On the micromechanics of slip events in sheared, fluid-saturated fault gouge[END_REF][START_REF] Yang | Two sides of a fault: Grain-scale analysis of pore pressure control on fault slip[END_REF]. In this study, we use a hydromechanically coupled DEM model to simulate fluid induced reactivation of a sub-critically stressed shear zone, so as to highlight the micromechanical processes at the origin of the emergent macroscopic slip behaviors.

Method

To investigate the hydromechanics of sheared zones, we utilized a discrete element model coupled with a pore-scale finite volume (PFV) scheme implemented in the YADE DEM software (Šmilauer et al., 2010). The numerical medium consists of a 3D polydisperse assembly of 2.2 mm×2.2 mm×2.24 mm made up of 12,000 spherical particles with a uniform size distribution such that their diameters vary between 0.066 mm and 0.133 mm (the mean diameter being D p = 0.1 mm). The assembly is enclosed between two rigid walls in the y direction, and periodic boundaries are defined in both the x and z directions such that particles exit from one side and reappear on the other (Figure 1(a)). This configuration enables to simulate an infinite and homogeneous horizontal layer with a limited computational cost without sacrificing potentially important out of plane particle reorganizations which can be of significance in terms of emerging behaviors [START_REF] Hazzard | The importance of the third dimension in granular shear[END_REF]. The model's governing physics is similar to the one used by [START_REF] Scholtès | Modeling wave-induced pore pressure and effective stress in a granular seabed[END_REF] to study the hydrodynamics of coastal sediments. Particles interact one with another through linear elastic frictional interactions. Each particle is identified by its own mass, radius and moment of inertia. An explicit solution scheme is used to integrate Newton's second law so as to update the particles' positions according to the forces they are subjected to. The method is hydromechanically coupled in the sense that deformation of the pore space caused by particles' movements induces pore pressure variations and associated interporal flow, while pore pressure changes induce hydraulic forces on the solid particles and associated stress variations. A summary of the model's formulation, the numerical parameters, as well as of the emergent properties of the simulated shear zone are provided in the supporting information.

The numerical sample is prepared by first hydrostatically compacting a cloud of randomly positioned particles up to 1 MPa in order to generate an initially isotropic and homogeneous assembly with a controlled porosity (the porosity of the assembly is a function of the interparticle friction angle defined during the compaction phase). The sample is then subjected to a normal stress σ N of 5 MPa in the y direction through the displacement of the top and bottom walls (the walls are frictionless during this stage). Once equilibrium is reached, the particles in contact with the walls are glued to them in order to produce a certain degree of roughness at the interfaces. The top wall is then translated at a constant velocity equal to 2 × 10 -5 m s -1 while the bottom wall is fixed so as to reach a steady-state strength τ ss corresponding here to a cumulative shear strain γ = ∆x h = 1 (Figure 1(b)). The shear velocity was chosen to guarantee a quasi-static response of the system (the inertial number I = γDp √ σ N /ρp = 2.045 × 10 -7 , well below the upper limit of 10 -3 needed to ensure quasi-static flow as proposed in [START_REF] Midi | On dense granular flows[END_REF]). This preconditioning stage enables shear to localize within the simulated medium in the form of a shear band with a thickness of approximately 10 particles, as commonly observed in granular materials [START_REF] Rattez | Effect of grain size distribution on the shear band thickness evolution in sand[END_REF]. The top wall is then stopped and the control mode changes from displacement-controlled to stress-controlled for the pressurization stage.

Similarly to the creep experiments performed by Scuderi et al. [START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF], the shear stress τ is reduced to 80% of the steady-state strength τ ss and then kept constant at this sub-critical value while the pore fluid pressure P is increased step-wise to simulate a progressive reduction of the effective normal stress σ N = σ N -P (Figure 1(c)).

As shown in Figure 1, the servo-control is able to maintain a constant shear stress up to failure but cannot keep up afterward given the dynamic response of the medium, leading to a stress drop.

Macroscopic behaviors

The simulated emergent behavior shows strong similarities with slip behaviors observed in laboratory [START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF][START_REF] Scuderi | Fluid Injection and the Mechanics of Frictional Stability of Shale-Bearing Faults[END_REF][START_REF] Agliardi | Slow-to-fast transition of giant creeping rockslides modulated by undrained loading in basal shear zones[END_REF] and in situ [START_REF] Guglielmi | Seismicity triggered by fluid injection-induced aseismic slip[END_REF][START_REF] Cappa | Stabilization of fault slip by fluid injection in the laboratory and in situ[END_REF] experiments under similar conditions: slow steady slip is first observed up to the critical stress state (µσ N ≈ τ ss ) from which accelerated slip is then triggered. Those two stages have been assimilated by Scuderi et al. [START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF] respectively to the steady-state and unstable creep behaviors observed during secondary and tertiary creeps of intact rock [START_REF] Brantut | Time-dependent cracking and brittle creep in crustal rocks: A review[END_REF]. We can summarize our results by saying that fluid pressurization induces slip well before reaching the critical strength. Slip remains slow and steady as long as this critical state is not reached. It accelerates and becomes dynamic afterward, with some instabilities emerging from grain scale rearrangements. Dilation persists during the entire fluid pressurization and appears to develop at a quasi-constant rate, directly proportional to the pressure increase, whatever the emergent slip behavior.

The hydromechanical behaviors predicted by our numerical shear zone shows great similarities with behaviors observed both in laboratory and in situ on shear zones presenting different natures and subjected to different stress states [START_REF] Guglielmi | Seismicity triggered by fluid injection-induced aseismic slip[END_REF][START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF][START_REF] Scuderi | Fluid Injection and the Mechanics of Frictional Stability of Shale-Bearing Faults[END_REF][START_REF] Cappa | Stabilization of fault slip by fluid injection in the laboratory and in situ[END_REF][START_REF] Agliardi | Slow-to-fast transition of giant creeping rockslides modulated by undrained loading in basal shear zones[END_REF].

Besides the relevance of the method itself and the confirmation that our DEM model constitutes a good analog to study natural shear zones, our results confirm the consistency of shear zones' response to short term pore pressure variations despite the scale effect and the added complexity of natural environments.

Micromechanical processes

In order to get further insights into the mechanisms at work at the grain scale, we discretized the shear zone into 12 equal-sized sub-layers parallel to the shearing direction to estimate the vertical distributions of the quantities presented in Figure 2. Each layer is approximately 3 particles thick. The pressurization induced variations of slip, opening, number of contacts and porosity are presented in Figure 3 as vertical profiles corresponding respectively to 2 pre-failure states and 2 post-failure states (onset of failure occurs when the fluid pressure P increases from 1 MPa to 1.1 MPa).

In terms of displacements (Figures 3(a,b)), shear is preferentially localized within the shear band after failure. The profiles at sub-critical states (P =0.7 and 0.9 MPa) show slight but limited S-bend shapes compared to the post-failure states. The S-bend shape highlights the role of the shear band on the overall response and the relative passiveness of the surrounding bulk with regards to slip. A similar but less pronounced trend can be observed for the opening displacement profiles where inflexion points can be noticed at the shear band's boundaries. As observed macroscopically in Figures 2(a,b), the open- ing increments scale almost proportionally with the pore pressure increment at all stages, in contrast with the exponential increase of the post-failure slip increments.

The variations of number of contacts and porosity (Figures 3(cd)) clearly point out to 2 different mechanisms representative respectively of (i) the slow and steady pre-failure creep, and (ii) the accelerated and dynamic post-failure slip. Both quantities evolve quasimonotonically before failure across the entire layer, indicating an homogeneous response of the bulk to the pressurization: every increment of pore pressure leads to a loss of contacts as well as to a porosity increase which, as suggested by the macroscopic responses (Figures 2(cd)), are quasi-proportional to the pressure increase. After failure (P >1.1 MPa), both quantities highlight a localization of the deformation inside the shear band where contacts are gained and porosity decreases as described by the clear midheight spike observed at P =1.3 MPa in both profiles. This indicates shear induced compaction within the shear band. Interestingly, the evolutions of both quantities outside the shear band follow the trends observed prior to failure, namely, loss of contacts and porosity increase.

The coexistence of these somewhat opposite volumetric trends in and out of the shear band suggests deformation mechanisms taking place at the interfaces between the bulk and the shear band where a large amount of the opening is accommodated as suggested by the 2 spikes in the porosity profile at P =1.3 MPa ( y H ≈ 0.4, 0.8), in conjunction with a noticeable gain of contacts below these interfaces ( y H ≈ 0.3, 0.7). These post-failure profiles suggest sharply defined sub-horizontal structures that could actually be assimilated to the so-called Y-shears commonly observed in sheared materials in natural context [START_REF] Reinen | Seismic and aseismic slip indicators in serpentinite gouge[END_REF] and in experiments, either in the laboratory [START_REF] Scuderi | Fluid Injection and the Mechanics of Frictional Stability of Shale-Bearing Faults[END_REF] or in numerical analogs [START_REF] Morgan | Numerical simulations of granular shear zones using the distinct element method: 1. shear zone kinematics and the micromechanics of localization[END_REF].

Our observations suggest a high degree of particle rearrangement once accelerated slip occurs, leading to the generation of a hyperactive layer (the shear band) effectively disconnected from the surrounding material by discrete structures. By tracking the rotation of particles during the reactivation process (Figure 4(a)), we confirm the micromechanisms at play: slow steady creep corresponds to bulk deformation due to interlocked particles, while accelerated dynamic slip is mainly accommodated by interparticle rolling concentrated within the shear band. As discussed by [START_REF] Morgan | Numerical simulations of granular shear zones using the distinct element method: 1. shear zone kinematics and the micromechanics of localization[END_REF], shear loads within granular materials are borne by chains of particles carrying high forces. These chains evolve during shear and eventually fail due to interparticle rolling. We posit that post-failure accelerated slip is triggered by the sudden collapse of these force chains (a mechanisms identified as force-chain buckling in the literature by, e.g., [START_REF] Tordesillas | Force chain buckling, unjamming transitions and shear banding in dense granular assemblies[END_REF]) within the shear band. As shown in Figure 4 where most particle rearrangements are concentrated, but some particles also slip outside of the shear band. This is slightly different from what can be observed when the medium is sheared at constant rate where interparticle slips are concentrated within the shear band (see supporting information, Figure S3), most probably due to the dynamic character of the stress-controlled response versus the quasi-static strain-controlled response.

To sum up, pre-failure slow steady creep is associated with diffuse bulk deformation while post-failure accelerated dynamic slip results from localized deformation processes taking place within the shear band. Similarly to what was observed in laboratory experiments on a saturated granular till [START_REF] Rathbun | Effect of strain localization on frictional behavior of sheared granular materials[END_REF], the pressurization of the layer induces a progressive transition from distributed shear to localized deformation. Evidence of this bi-modal accommodation of slip has also been observed in dry serpentinite gouge by Reinen [START_REF] Reinen | Seismic and aseismic slip indicators in serpentinite gouge[END_REF] who concluded that the microstructures that form during shear may be used to identify the seismic behavior of natural fault zones.

Our numerical results tend to confirm her conclusions stating that stable fault creep results from distributed deformation, while localized deformation favors unstable dynamic slip. Before failure, grain reorganizations are very limited and the overall response of the shear zone is driven by bulk deformation. Once failure occurs, the shear band concentrates all the grain rearrangements at the origin of the accelerated slip. As suggested by [START_REF] Morgan | Numerical simulations of granular shear zones using the distinct element method: 1. shear zone kinematics and the micromechanics of localization[END_REF], failure is directly correlated to grain rotations which promote a dynamic response of the system.

Concluding remarks

We used a discrete element model to analyze the micromechanics of fluid induced reactivation of a sub-critically stressed granular shear zone. We were able to reproduce typical slip behaviors observed both in laboratory and in situ experiments: at constant shear stress, fluid pressurization reduces the normal stress and promotes (i) slow steady slip before the critical strength is reached, and (ii) accelerated dynamic slip afterward.

Our micromechanical analysis show that these two slip behaviors are respectively related to two distinct deformation modes: (i) a distributed mode where the entire layer deforms homogeneously in response to the pressure increase, and (ii) a localized mode where the shear band acts as a roller bearing for the surrounding bulk. The transition between these two deformation modes results from the rupture of interparticle force chains located within the shear band. By reducing the effective stress, fluid overpressurization promotes interparticle slips along these force chains which eventually lead to intense particle rearrangements once the critical strength is reached. Pre-failure slip is mainly accommodated by dilation induced elastic shear distributed over the entire bulk, while post-failure slip is mainly accommodated through particle rolling concentrated within the shear band.

Our results suggest that grain rotations promote slip instabilities during fluid pressurization of granular shear zones.

Our numerical experiment constitutes a simplification of realistic configurations and it is evident that the simplicity of such an idealized system affect its mechanical behavior. For instance, the shape of particles and their size distribution can both influence the local deformation mechanisms as well as the overall volumetric behavior of the simulated material [START_REF] Morgan | Numerical simulations of granular shear zones using the distinct element method: 1. shear zone kinematics and the micromechanics of localization[END_REF][START_REF] Mair | Influence of grain characteristics on the friction of granular shear zones[END_REF]. Nonetheless, several studies have shown that discrete element models can be considered as a good first approximation to understand the complexity of the mechanisms that characterize shear zones during deformation [START_REF] Morgan | Numerical simulations of granular shear zones using the distinct element method: 1. shear zone kinematics and the micromechanics of localization[END_REF][START_REF] Aharonov | Stick-slip motion in simulated granular layers[END_REF][START_REF] Mair | Nature of stress accommodation in sheared granular material: Insights from 3d numerical modeling[END_REF][START_REF] Rathbun | Numerical investigation of the interplay between wall geometry and friction in granular fault gouge[END_REF]. Even though the present study provides insight into the micromechanisms at work in pressurized granular shear zones, additional work is needed to fully characterize fluid induced slip behaviors in natural shear zones. For instance, beside the influence of key loading parameters such as the injection rate or the normal stress that needs to be investigated, the introduction of time-dependent physics in the model formulation as suggested for example by [START_REF] Van Den Ende | Investigating compaction by intergranular pressure solution using the discrete element method[END_REF] would allow to discuss fluid induced slip behaviors in the context of the rate-and state-friction theory, while the consideration of crushable grains as proposed for example by [START_REF] Abe | Effects of gouge fragment shape on fault friction: New 3d modelling results[END_REF] 
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 1 Figure 1. Numerical experiment. (a) DEM model set-up: geometry and boundary conditions defining the granular shear zone. (b) Preconditioning stage: the granular medium is sheared at constant rate under constant normal stress σN up to a steady state defined by the steady-state strength τss (indicated by the yellow circle on the curve). (c) Pore-pressure-step creep test: the shear stress τ is reduced and kept constant at 80% of τss and the pore fluid pressure P is then progressively increased so that the normal effective stress σ N decreases to reach failure.
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 2 Figure 2. Response of the simulated shear zone during progressive fluid pressurization. (a) Shear displacement with a zoom in on the pre-failure stage. (b) Normal displacement. (c) Total number of sphere-sphere contacts. (d) Evolution of porosity. The curves are color-coded as functions of the fluid pressure P . Fluid pressure curves are plotted in black in each graph for reference.

  Unlike the laboratory experiments performed by Scuderi et al., our simulation does not show any evidence of primary creep related compaction during the preconditioning stage of the loading. This compaction is most certainly related to time-dependent processes (e.g., pressure solution) leading to grain to grain indentation that we did not take into account in our model formulation.The first stage (secondary creep) is characterized by a quasi-linear increase of both the shear and normal displacements as functions of the fluid pressure increase. Each pressure step produces an almost instantaneous acceleration of the system before it stabilizes to a new steady state (characterized by the successive plateaux on the curves). The amplitudes of the normal displacement steps remain proportional to the pressure increase over the entire stage (Figures2(b)) while the amplitudes of the shear displacement steps tends to slightly increase as the system approaches the critical stress state (Figures2(a)).Similarly to what was observed in the experiments of Scuderi et al.[START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF], the layer suffers a systematic overall dilation resulting from the fluid pressurization. The volumetric deformation of our numerical shear zone directly correlates to its opening and is proportional to the pressure increase (Figure2(d)). This pressure induced dilation causes a progressive loss of interparticle contacts also proportional to the pressure increase, suggesting a redistribution of some interparticle forces into hydrostatic forces (Figure2(c)).The second stage (tertiary creep) is characterized by a rapid acceleration of slip that spontaneously evolves into dynamic failure as suggested by the slight decrease of shear stress described by the red portion of the curve in Figure1(c). In agreement with the experiment done by[START_REF] Scuderi | Frictional stability and earthquake triggering during fluid pressure stimulation of an experimental fault[END_REF], the onset of failure corresponds almost exactly to the moment where the stress state approaches the failure envelope (defined by the Mohr-Coulomb criterion). In contradiction to what was observed in the laboratory, the medium continuously dilates at a quasi-constant rate during this accelerated slip phase with, nonetheless, a slight acceleration after significant slip has developed (visible at the last pressure step, where P increases from 1.2 MPa to 1.3 MPa on Figure2(b)). The lack of compaction during this accelerated slip stage is most certainly related to the fact that grain crushing is not possible in our numerical model while cataclasis and grain size reduction were systematically observed in the experiments. The oscillations in the evolution of both the opening and the number of contacts illustrate the dynamic and unstable nature of the response. The amplitudes of these oscillations are more pronounced than during the slow steady slip stage and suggest intense grains rearrangements within the medium.
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 3 Figure 3. Profiles showing the vertical variation distributions of: (a) normalized slip, (b) opening, (c) number of contacts and (d) porosity within the shear zone at different stages of the fluid pressurization. The curves are color-coded as functions of the fluid pressure. Onset of failure occurs when the fluid pressure P increases from 1 MPa to 1.1 MPa. Inset figures in c) and d) show the vertical distributions of both the number of contacts and the porosity at the initial state, before fluid pressurization (P =0).

  (b), the interparticle contact forces align to the direction of the maximum principal stress for both pre-failure and post-failure states (inclined at approximately 45 • to the loading direction). Strong force chains are predominantly located within the shear band before failure. The same strong force chains actually persist up to failure (Figure4(b)) and disappear once failure occurs. Once particles start to roll, the entire shear band acts as a roller bearing which promotes slip of the surrounding bulk, similarly to what can be observed when the medium is sheared under steady state conditions (see supporting information, FigureS3). One can note that the slip rate tends to stabilize once this roller bearing is activated. Strong interparticle forces still concentrate within the shear band as a result of its compaction, but in a more diffuse manner. Interestingly, the distribution of sliding contacts (Figure4(c)) does not directly correlate with particle rotations, specially just before the onset of failure (P =1 MPa) where particles starts to slide intensively inside the shear band, as opposed to what can be observed at lower pore pressures (e.g., P =0.7 MPa) where interparticle slips are scarcely distributed over the entire system. The interparticle slips occurring inside the shear band just before the onset of failure are clear precursors of the force chain collapses that lead to particle rolling and overall failure. Post-failure, interparticle slips mainly occur inside the shear band

Figure 4 .

 4 Figure 4. Microscale analyses on a vertical slice extracted from the sample at different stages of the pressurization: P = 0.7 MPa, P = 1 MPa, and P = 1.1 MPa. (a) Spatial distribution maps of accumulated particle rotations. (b) Interparticle contact force network (the color intensity and thicknesses of the line segments are proportional to the contact force magnitude, the contact forces are normalized similarly for all considered stages). (c) Spatial distribution of sliding contacts with their density histograms. Particle-wall contacts are omitted to focus on what happens within the sample. Onset of failure occurs when the fluid pressureP was increased from 1 MPa to 1.1 MPa.
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