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1. Samples, methods and data processing 

1.1. Samples 

We have used simulated fault gouge samples of grain sizes of less than 125 μm. were prepared 

from non-deformed Opalinus Clay. The mineral composition of the Opalinus clay samples 

consists of a major proportion of phyllosilicates (~51%), quartz (~23%), calcite (~14%), and 

pyrite (~1.4%). Among their constitutive phyllosilicates, kaolinite, mica, and illite-smectite are 

the main component totalizing ~28%, ~10%, and ~9% of the total weight content respectively 

(Orellana et al., 2018).  

The experimental samples have been first crushed and then sieved to ensure grain sizes of less 

than 125 μm. Using a Malvern Mastersizer S equipment (Powder Technology Laboratory, 

EPFL), we have measured an average particle diameter of about 7 µm and maximum sizes of 

125 µm. 

1.2. Experimental setup  

The frictional sliding experiments have been performed in a servo-controlled triaxial apparatus 

using a saw-cut configuration (Fig. S1). The triaxial apparatus is controlled by a digital 

controller series PCS8000 integrated with PC running the testing software DION7 (Walter + 

Bai AG). Axial load up to 2000 kN (accuracy of 0.01 kN) can be controlled using a 

displacement or force feedback loop. The triaxial apparatus can control and produce confining 

pressures up to 1000 bar (maximum error 0.02%). Two digital transducers are used to control 

and measure displacement. 

The saw-cut configuration comprises two cylindrical stainless steel piston of 38 mm in 

diameter were cut along a plane oriented at an angle of 30° to the cylindrical axis. The saw-cut 

surface of each piston is characterized by a roughness (𝑅𝑎) of 12.5 µm. During testing, the 



pistons are separated by ~1 mm-thick layer of dry or wet powdered gouge along the saw cut. 

Before putting the piston assembly into the Hoek Cell, we have used a latex membrane 

(VJT/0554, Sols Mesures) and a rubber sealing sleeve (model 45-D0554/1, Controls Group) to 

act as an effective seal and to separate the specimen from the confining oil respectively. In 

between the latex membrane and the rubber sealing, we put anti-friction coating to reduce 

artificial frictional resistance. The contribution of the latex to the shear strength is found to be 

negligible for the 2.8 of total axial displacement.  

  

 

Figure 1A: Experimental setup.   



At each end of the piston assembly, one sintered porous stainless steel filters of 3.8 mm in 

diameter (AISI 316L, GKN Sinter Metals) and 5 mm in height was placed to allow fluid flow. 

To measure the upstream (𝑃𝑝1) and downstream (𝑃𝑝2) pore fluid pressure, we have used two 

GDS pressure/volume controllers and the GDSLAB control and data acquisition software.  

Pressure and volume can go up to 16/32 MPa and 200.000 mm3 respectively. Variations in 

pressure and volume were also measure using and additional sensors (Temposonics® R-Series 

V RP Profinet RT & IRT, resolution 0.5 µm) connected to the pore fluid pumps, which are 

synchronized with the controlling PC of the triaxial apparatus. The stiffness of the press and 

the testing setup is 626.9 kN/mm.  

1.3. Testing procedure  

A series of experiments (20 in total) was designed to investigate the frictional properties of dry 

and wet Opalinus Clay, and the evolution of permeability with fault slip. We have performed 

the experiments as follows: 

i. We measured 5 g of dry powdered Opalinus clay that we have observed guaranteed a 

continuous ~1 mm-thick clay layer at the end of each experiment. For dry experiments, 

simulated fault gouge is first dried overnight (48 h) at 50° to avoid damage to clay 

mineral grains (Rutter & Mecklenburgh, 2018). The sample is kept after in a glass 

desiccator for at least 48 h more. For wet experiments, the dried powdered sample is 

mixed with ~2.5 ml of deionized water to make a paste (Lockner et al., 2011; Morrow 

et al., 1982; Tembe et al., 2010). The sample is then spread onto the saw cut surface of 

the lower piston and sandwiched by the upper stainless steel piston. Next, the 

sample/piston assembly is put into the membranes and Hoek Cell. Finally, we have 

emplaced the assembly in the triaxial apparatus and covered the top piston – triaxial 

apparatus contact with anti-friction coating (MoS2.based coating).  



ii. Frictional experiments on both wet and dry samples have been carried out at constant 

effective normal stress (𝜎𝑛) ranging from 4 to 20 MPa and at room temperature. To 

keep normal stress constant during sliding, we adjusted under computer control the 

confining pressure. For dry experiments, the assembly is loaded at 0.01 MPa/s to the 

target value in axial and confining pressure. Before shearing, dry samples were 

compacted for about 45 -60 minutes to an initial steady-state thickness. For wet 

experiments, hydraulic circuits were saturated with deaerated and demineralized water. 

Then the sample was repeatedly loaded in axial and confining pressure at 0.01 MPa/s 

to the desire test value. We have increased pore pressure at a rate of 0.01 MPa/s and we 

fixed it to 10 MPa. Once target normal stress and pore pressure were achieved, we wait 

for consolidation, pore pressure and volume equilibrium in both controllers (Morrow et 

al., 2017). This stage has lasted for at least 48 h.  

iii. After pore pressures and water volume have reached equilibrium, the initial 

permeability (𝑘𝑖) of each wet sample was measured using the oscillatory method 

(Bernabé et al., 2006) as a function of effective hydrostatic confining pressure 

(Crawford et al., 2008; Faulkner & Rutter, 2000; Rutter & Mecklenburgh, 2018; 

Sanchez-Roa et al., 2017). The permeability test lasted for about 10 to 12 h. Shearing 

did not start immediately as we have to wait for at least 12 h for re-establishing pore 

volumes equilibrium.  

iv. Each experiment has followed a common displacement history. The initial axial loading 

rate for the first 2.0 mm was 1 μm/s, i.e., sliding velocity of 1.14 μm/s and strain rate 

of 𝛾 ≈ 0.001 s-1 along the fault. After 2.0 mm of displacement, the samples were 

subjected to a sequence of increasing velocity-steps: 0.01-0.1, 0.1-1, and 1-10 μm/s for 

0.2 mm each. These rates are slow enough to ensure controlled pore fluid pressure and, 

if occur, acceptable overpressures (Faulkner et al., 2018; Morrow et al., 2017). In each 



step, velocity is suddenly increase inducing an instantaneous reaction in friction 

followed by a decay over a critical slip distance (𝐷𝑐) to a new stable value of frictional 

strength (Scholz, 2002).  

v. In wet experiments, while keeping 𝑃𝑝 constant, we have estimated shear-enhanced 

compaction or dilation by measuring the volume of expelled or absorbed water 

respectively (Behnsen & Faulkner, 2012; French et al., 2015). Here, pore volume 

changes are very small (1 to 3 mm3), thus some small fluctuations might be associated 

to room temperature variations. Leaks were not detected in the experiments reported 

here. The shearing stage last approximately 7 h. 

vi. Finally, once the shearing stage was finished, we have waited 12 h again to re-establish 

pore volumes equilibrium. Then, we have measured end permeability (𝑘𝑓) as described 

in point iii).  

vii. Full dry test lasts around 8 to 9 hours, including sample preparation and compaction. 

Each wet tests have lasted at least 120 days (5 days). 

1.4. Data processing 

1.4.1 Friction and coefficient of friction 

We have calculated friction (𝜇) as:  

𝜇 =
𝜏

𝜎𝑛
′

=
𝜏

𝜎𝑛 − 𝑃𝑝
 (1) 

Where 𝜏 corresponds to the shear strength parallel to the fault, 𝜎𝑛 the normal stress, 𝑃𝑝 is the 

pore pressure, and 𝜎𝑛
′ the effective normal stress. Shear strength (𝜏) was corrected for the 

decreasing contact area. Friction (𝜇) values were obtained at 2 mm of axial displacement, 

before velocity-steps started (Fig. 2B). In addition, we have evaluated the coefficient of friction 

(𝜇𝑓) and an inherent shear strength or equivalent cohesion (𝑆𝑜) (Jaeger et al., 2007). Here 𝜇𝑓 



is the best-fit to the tangent of the 𝜏 − 𝜎𝑛
′ curve. The values of friction 𝜇 and coefficient of 

friction 𝜇𝑓 are related as:  

𝜇 =
𝜏

𝜎𝑛
′

=
𝜏

𝜎𝑛 − 𝑃𝑝
=

𝑆𝑜

𝜎𝑛 − 𝑃𝑝
+ 𝜇𝑓 (2) 

1.4.2. Frictional stability 

To understand fault stability, we have computed the velocity dependence of friction via the 

frictional stability parameter (𝑎 − 𝑏). To do that, we modelled each velocity-step using the 

empirical Ruina’s slip –dependent evolution law, also known as Slip law (Ruina, 1983), 

through a least square numerical fitting routine (Noda & Shimamoto, 2009): 

𝜇 =  𝜇𝑜 + 𝑎 ∙ 𝑙𝑛 (
𝑉

𝑉𝑜 
) + 𝑏 ∙ 𝑙𝑛 (

𝑉𝑜 ∙ 𝜃

𝐷𝑐  
), 

 (3) 

𝑑𝜃

𝑑𝑡
= −

𝑉 ∙ 𝜃

𝐷𝑐  
∙ 𝑙𝑛 (

𝑉𝑜 ∙ 𝜃

𝐷𝑐 
) 

 

Where 𝜇𝑜 is a constant that represents friction at steady-state for a reference velocity 𝑉𝑜, 𝜇 is 

the friction at the new steady-state velocity 𝑉,  𝐷𝑐 the critical slip distance, and 𝜃 the average 

lifetime of contacts (Dieterich, 1979; Rabinowicz, 1951; Ruina, 1983; Scholz, 2002). Ruina’s 

empirical law allows the calculation of the direct (𝑎) and evolution (𝑏) dimensionless 

constants. Thus, the computation of the frictional parameter (𝑎 − 𝑏) is as follows:  

𝑎 − 𝑏 =
∆𝜇𝑠𝑠

𝑙𝑛 (
𝑉
𝑉𝑜

)
 ∙ 

(4) 

In equation (5), ∆𝜇𝑠𝑠 is the change in the steady-state friction upon an immediate change in 

sliding velocity from 𝑉𝑜 to 𝑉 (Marone, 1998; Scholz, 2002). When (𝑎 − 𝑏) ≥ 0 fault slip 

occurs in a stable manner, i.e., velocity-strengthening behavior. If (𝑎 − 𝑏) < 0 fault slip will 

potentially develop in an unstable fashion, i.e., velocity-weakening behavior (Jaeger et al., 



2007; Scholz, 2002). If necessary, we have removed the linear strengthening assuming that the 

strengthening is independent of the velocity-dependence of friction (Samuelson et al., 2009). 

When stick-slip behavior occurs, magnitudes of (𝑎 − 𝑏) cannot be directly computed. Thus, 

we have implied velocity-weakening and calculated average stress drops (∆𝜏).  

Unfortunately, our setup does not account for onboard LVDT system or equivalent to 

accurately measure changes in displacement close to the fault and thus stick-slip velocities 

during stick-slip cycles (Kaproth & Marone, 2013; Leeman et al., 2016; Scuderi et al., 2016). 

1.4.2. Permeability 

As indicated before, we have estimated permeability (𝑘), before (𝑘𝑖) and after (𝑘𝑓) shearing, 

using the oscillatory method (Fischer, 1992) (Bernabé et al., 2006). Permeability was measured 

at a target normal stress before shearing after pore pressures and volumes were equilibrated. 

At the end of each shear test and to preserve the shear microstructures, we have removed shear 

stress and we have held normal stress constant (Rutter & Mecklenburgh, 2018). The oscillatory 

permeability method has been previously used in the triaxial saw-cut configuration for low 

permeability clays materials (Crawford et al., 2008; Faulkner & Rutter, 1998, 2000; Rutter & 

Mecklenburgh, 2018; Sanchez-Roa et al., 2017).  

The oscillatory method is based on the transmission of a pore pressure wave within the porous 

media. The method applies a sinusoidal pore-fluid pressure oscillation in the up-stream 

reservoir using a servo-controlled pump. The amplitude and period of the imposed oscillation 

were fixed to 1 MPa and 1800 s, respectively. The resulting pressure variations are recorded in 

the downstream reservoir in terms of phase shift 𝜃 and amplitude ratio 𝐴. Two dimensionless 

parameters storativity (𝜉) and permeability (𝜂), are calculated as: 

𝜉 =
𝑆 ∙ 𝐿 ∙ 𝛽

𝛽𝑑
 𝜂 =

𝐴′ ∙ 𝑡 ∙ 𝑘

𝜋 ∙ 𝐿 ∙ 𝜇𝑣𝑖𝑠 ∙ 𝛽𝑑
 (5) 



Where 𝐴′ is the cross-sectional area of the sample, L is the length or height of the sample, 𝛽 is 

the unknown sample storage capacity, 𝛽𝑑 is the downstream reservoir compressibility, t the 

period of the upstream excitation, k the permeability of the formation and 𝜇𝑣𝑖𝑠 the dynamic 

viscosity of the pore fluid. In various tests, the storage capacity of the samples could not be 

determined accurately across the whole pressure range by the oscillation method employed 

here. These data must be then interpreted with caution. The relation between parameters 𝜉 and 

𝜂, and the measured values of 𝜃 and 𝐴 is given by: 

𝐴𝑒−𝑖𝜃 = (
1 + 𝑖

√𝜉𝜂
sinh [(1 + 𝑖)√

𝜉

𝜂
] + cosh [(1 + 𝑖)√

𝜉

𝜂
])

−1

  
(6) 

Further details on the technique and the processing of the signal can be found in Bernabé et al., 

(2006).   



2. Results 
 
Table 1A. Results for wet tests of the numerical fitting of the empirical constants a, b, and Dc. Measurements of 

permeability before (𝑘𝑖) and after (𝑘𝑓) shearing.  

Test 

Normal 
stress 

𝝈𝒏 
[MPa] 

Condition 
Friction µ 
at 2 mm 

Permeability 𝒌 [m2] 
Axial 

Velocity 
[µm/s] 

a-b 
𝑫𝒄 

[µm] 
Before 

𝒌𝒊 

After 
𝒌𝒇 

t006 4 wet 
0.41 

n/a n/a 

0.1  10.1 

1 0.009 10.3 

10 0.012 9.9 

t010 4 wet 
0.25 

2.0E-20 2.7E-20 

0.1 0.013 10.0 

1 0.011 33.4 

10 0.012 24.3 

t008 7 wet 
0.32 

1.9E-20 3.9E-20 

0.1 0.006 4.0 

1 0.008 38.7 

10 0.008 10.1 

t024 7 wet 
0.27 

7.6E-21 3.3E-20 

0.1 0.002 7.5 

1 0.005 10.5 

10 0.007 24.2 

t007 10 wet 
0.23 

1.1E-20 2.4E-20 

0.1 0.006 38.8 

1 0.007 44.1 

10 0.004 34.6 

t016 10 wet 
0.21 

6.7E-21 2.0E-20 

0.1 0.005 38.8 

1 0.005 21.7 

10 0.007 34.5 

t009 20 wet 
0.18 

6.2E-21 1.8E-20 

0.1 0.004 1.1 

1 0.005 15.1 

10 0.005 9.5 

t025 20 wet 
0.21 

7.5E-21 1.7E-20 

0.1 0.004 1.6 

1 0.005 31.1 

10 0.005 37.5 

 

 

 

 

 

 

  



Table 2A. Results for dry tests of the numerical fitting of the empirical constants a, b, and Dc. Measurements of 
average stress drop ∆𝜏 and recurrence time 𝑡𝑟  or all dry experiments  
 

Test 

Normal 
stress 

𝝈𝒏 
[MPa] 

Condition 
Friction µ 
at 2 mm 

Axial 
Velocity 
[µm/s] 

a-b 
𝑫𝒄 

[µm] 
# SS 

events 

Average  
∆𝝉 

[Mpa] 

Average 
𝒕𝒓 

 [s] 

t001 4 dry 0.3997 

0.01 - - 170 0.24 113.59 

0.1 - - 197 0.16 10.08 

1 - - 191 0.05 1.02 

10 0.004 86.21 - - - 

t015 4 dry 0.4514 

0.01 - - 197 0.20 96.44 

0.1 - - 236 0.15 8.44 

1 - - 205 0.08 0.96 

10 0.001 28.627 - - - 

t020 7 dry 0.4169 

0.01 - - 189 0.26 101.87 

0.1 - - 195 0.25 10.26 

1 - - 134 0.17 1.46 

10 0.003 0.019571 - - - 

t005 7 dry 0.395 

0.01 - - 177 0.21 110.17 

0.1 - - 226 0.18 8.86 

1 - - 194 0.12 1.02 

10 0.008 168.53 - - - 

t014 7 dry 0.4006 

0.01 - - 196 0.23 103.93 

0.1 - - 244 0.22 8.16 

1 - - 208 0.14 0.95 

10 0.002 0.10569 - - - 

t021 10 dry 0.4081 

0.01 - - 166 0.56 118.20 

0.1 - - 129 0.27 15.31 

1 - - - - - 

10 0.003 2123.1 - - - 

t002 10 dry 0.3321 

0.01 - - 191 0.20 100.87 

0.1 - - 215 0.19 9.19 

1 - - 181 0.17 1.10 

10 0.0033 10.71 - - - 

t012 10 dry 0.375 

0.01 - - 184 0.25 105.57 

0.1 - - 213 0.26 8.38 

1 - - 165 0.21 1.21 

10 0.0056 0.98 - - - 

t018 10 dry 0.372 

0.01 - - 181 0.25 107.79 

0.1 - - 225 0.24 8.86 

1 - - 161 0.18 1.22 

10 n/a n/a - - - 

t023 20 dry 0.3815 

0.01 - - 126 0.33 145.22 

0.1 - - 159 0.31 12.51 

1 - - 117 0.18 1.69 

10 0.0039 94.83 - - - 

t017 20 dry 0.3678 

0.01 - - 145 0.23 130.71 

0.1 - - 206 0.33 9.64 

1 - - 118 0.40 1.67 

10 0.0052 1154.10 - - - 
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