
Laboratory results
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1) Fragmentation, B‐shear
2) Stiffer material, less porosity (friction peak)

3) Enhances the appearance of slip instabilities?
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1) Fragmentation, B‐shear 

2) Underformed material (teeth) and granular flow in

the center with no fragmentation 
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Homogeneous gouge mixtures

‐ Coarse particles (F110): more work at the beginning of shearing

‐ Comminution visible in both material

Coarse Small

Coarse 
+ Small 

Layered gouge mixtures
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Fault displacement (mm)

Small

Coarse

Coarse

Coarse on top

Undeformed coarse grains 

(angular shape)

Underformed coarse grains 

Not fragmented coarse grains 

Small particles, not fragmented and

no evidence of localization

B‐shear

 Fragmention and shear localization

B‐shear

Fragmention and shear localization

‐ Fragmentation within coarse particles layers

Coarse grains going into 

zones with no or few 

deformation process

 1 mm

200 μm

Coarse

Small

Small

Small on top

1 mm

Underformed small grains 

Coarse grains going up

Underformed small grains 

Coarse grains, more round

Localization between coarse

and small particles layers

 

Incipient B‐shear 

1 mm

Localization between

small and coarse layers 

1 mm

Y‐shear Localization 

‐ No localization in the layer with small particles

The percentage of small particles is more influent on friction 

than their position within the gouge 

Percentage small particles
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Strain strengthening 

Strain weakening 

Average from disp=10‐15 mm

Percentage small particles

Still not at 
steady‐state
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Friction vs small particles fraction Acoustic Emission Rate 

‐ The maximum number of events corresponds to the maximum compaction rate

‐ Once steady state is reached, the AE rate becomes stable for coarse particles
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Slow‐slip
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Experimental Method

BRAVA / BRAVA 2

Internal Load Cells

Fault Gouge

V

σn

External conditions

 

humidity

Double Direct Shear Experiments

Boundary conditions
‐ Displacement control  V = 100 𝜇𝑚/s 
‐ Normal stress 𝜎𝑁 = 40  𝑀𝑃𝑎

- 100%

Quartz gouges

‐ Coarse particles

‐ Small particles 

F110 (Φ𝑒𝑞 = 110  𝜇𝑚) 

Minusil (Φ𝑒𝑞= 10𝜇𝑚) 

Size: 50x50 mm²

Layer thickness: 3 mm 

Gouge samples
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Minusil

F110

F110

Coarse on top

Layered MixturesHomogeneous MixturesHomogeneous layer

Coarse + Small 

F110 + 

minusil

Sample holder

PZT

‐ Central frequency PZT =  1-4 MHz

‐ AE recording in continuous mode

‐ Recording Rate = 1 MHz 

Acoustic Emission Recording

F110: (Knuth et al., 2013) Minusil: (Leeman et al., 2018)

200 μm  

Coarse

Coarse
20 μm 

Small

Quartz materials 
before experiment

Heterogeneous gouge material 
(Anhydrite-dolomite mixture)

Introduction

Results from laboratory experiments#3

What is the role of grain sizes and distribution, and fault maturity, 

in fault rheology and thus in fault stability? 

Fault system

(Muto et al., 2015)

Fault gouge

Wide range of configurations
& compositions

𝟏mm

Rock wall

Rock wall
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Friction
Rheology of the gouge

What is the influence of fault gouge particle size 

distribution and cementation on friction, 

shear localization and stability ?

During my PhD

A numerical investigation from granular rheology

to friction laws with Discrete Element Modelling

(Casas et al., 2021, 2022, 2023)

#1

Homogeneous gouge material

Localized deformation, Riedel bands
Diffused deformation, one single Y‐shear band

Heterogeneous gouge material
Results from Discrete Element Modeling #2

(Scuderi et al.,2020) (Scuderi et al.,2020)

Homogeneous gouge material (Quartz)

Comparison to other studies

Different layering

Similar layering 

Talc

Quartz

Quartz

Quartz‐ Clay mixtures

(Bedford et al., 2022)

(Niemeijer et al., 2010) (Wang et al., 2019)

(Bedford et al., 2022)

DEM 

Discrete Element Modeling 

*Code MELODY2D (Mollon, 2016) 

2600 𝑘𝑔/𝑚3

Initial sample

3 mmThickness 𝒕𝒉𝒊

10 mmLength

10 – 100	µm Size particles

Density

Frictional contacts
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To be continued
‐ Gouge shearing in process
‐ Implementation of different layering
‐ Insert cohesion to simulate humidity
‐ Insert deformability of materialsTo understand how particles of different sizes 

interact between them before shearing

Model setup

Video compaction 

Periodic boundary conditions

𝑥
𝑦

Normal stress𝛔𝐍
Shear velocity𝑉

Sample holder

Coarse

Coarse

Small

Central block

0 N 3.5e4 N

Force chains

Start compaction 

End compaction

𝑥
𝑦

Force chains (N)

0 3e4 

‐ Rigid bodies 

‐ Dry contact

‐ No gravity

‐ 102 000 particles

‐ time step: t=10‐10s

Smaller size of particles ‐ 2 competting effect  

‐ Large number of particles within the gouge 

‐ Smaller shear modulus

A

B Equivalent 
diameter
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Shear modulus 

Previous DEM results
Increase size particles

(Casas et al., 2023)
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- The propor�on between small and coarse par�cles and their distribu�on play an important 

role in controlling fault rheology

        - % small par�cles influences mechanical data      

        - Distribu�on of par�cles influences fragmenta�on and compac�on rate and thus rheology

- Recording of Acous�c Emission validates that the ini�a�on of sliding, where a large part of 

grains fragment, is the place where most of the AE events take place. 

- Discrete Element Modeling is a good way to validate theory on grain scale behaviour, and 

how grains move and interact within the gouge

Take home message
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