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Objectives Results

 

＊ Torque% : 1 % = 7.1870×10^-6 N･m
                    : Resolution = 0.1 %
＊ Sampling frequency = 10 Hz

  Parameters: 
 
 (1) Particle diameter of the glass beads
       0.196 mm ～ 1.2885 mm (9 types)
(2) Rotation rate
       0.03 rpm ～ 0.5 rpm (5 types)
(3) Viscosity of interstitial fluid
        Dry (humidity:28±5%) = 0.018mPas
        or immersed in silicone oil
        0.82-11400 mPas
        (total of 7 types)

Shear

(1) Motor in the viscometer is driven at a constant 
      rotation rate                       

(2) Granular materials are sheared by a vane spindle. 
      Torque at the shaft is measured by a spring. 
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Γmax and Γmin is defined as follows.
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Granular matter: a simplified model of a fault gouge. 
(1) How does the particle size and fluid viscosity affect the 
      stress-drop, recurrence intervals, creeping of stick-slip ?
(2) How can we distinguish the 2 effects from stress-time data ?
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Characterization of stick-slip and creeping

Experimental setup and method 

Example of Torque-Time data 

Displacement-Time  (calculated from Torque-Time data) 

Anthony, J. L., Marone, C., 2005, J. Geophys. Res., 110
Hartley, R. R,, Behringer, R.P., 2003, Nature, 421, 928.
Higashi, N., Sumita, I., 2009., J. Geophys. Res., 114
Iverson et al., 2006, Nature, 444, 439.
Schwartz, S. Y., Rokosky, J. M., 2007, Rev. Geophys., 45.
 

Effects of Fluid viscosity

Spindle is locked by 
interparticle friction.
 Torque increases

Creeping results in 
a smaller slope of 
torque-time data

Slip results in a 
precipitous torque drop

(1)
(2) (3)

Displacement (D) is calculated from
torque (Γ) data by:

D(t) = c (Γ t -Γ(t))
.

c: constant of viscometer

Γ
.

: torque increase rate when
the sample does not deform

stick
slip

Ps = 0 0 < Ps < 1
(no creep) (with creep)

Ds = 1
(instantaneous slip)(slow slip)

0 < Ds < 1

Preslip Number

Dynamic slip Number

New Dimensionless Numbers to characterize creeping     

Ds =
c Γdrop 
Ddrop

Ddrop = c (Γdrop + Γo Τdrop)

Ddrop : displacement 
during stress drop phase

Particle size dependence of Stresses
d=1.29mm
0.1rpm

average

average

There is a characteristic size of stress drops:
We use the average for chracterization.

Stress drop increases linearly with particle size.
This is because the maximum stress (~static friction) 
is more sensitive to particle size than the 
minimum stress (~dynamic friction).

There is a logarithmic dependence of maximum stress 
on the rotation rate. This is consistent with previous 
experiments on granular friction 
(e.g., Hartley & Behringer, 2003).
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Conclusions and Implications for fault zone rheology

Sommerfeld Number

S = 6 ηU
P d

S=0.4
Average stress- viscosity data (RIGHT FIG (a) ) closely resembles the 
Stribeck curve for lubrication of journal bearings.

Critical strain γ ~ O(0.01) is comparable to those of 
friction experiments at much larger normal stresses
(e.g. Anthony and Marone (2005)).

 

   mixed
lubrication

hydrodynamic
  lubrication

  boundary
lubrication

S~1 S

Force

lubrication force ~ 6 η U / d
weight ~ P

For our experimental situation, we can evalulate  S by taking d as the 
particle size. We find that S at the minimum stress is S ~ 0.4.

Granular matter is lubricated in a similar way as in
contact between solid blocks if we assume that lubrication
occurs at grain scales.

When fluid viscosity increases ...

Longer stress accumulation time (~ recurrence intervals)(see FIG d). 
This is of the opposite sense to when particle size becomes smaller.

Larger creeping (see FIG b, c, e) and smaller stress drops
(similar effect to when particle size become smaller).

i.e., particle size and fluid viscosity effects can be
distinguished based on the slip recurrence intervals.

1. Particle size reduction from wearing will result in a qualitative change from stick-slip towards stable-sliding.
2. Dimensionless numbers defined to characterize the degree of creeping indicate that stress-time series data of different particle 
    sizes are not self-similar. In addition, number of particles comprising the shear band decreases with particle size. These two 
    results may be related to each other.
3. Fluid viscosity causes the slip recurrence intervals to become longer. This property is opposite to the result when particle 
    size reduction occurs, and can be used to distinguish the 2 effects. 
4. Smaller particle size (~asperity size) or larger fluid viscosity causes the style of slip during the stress drop phase to change 
   from constant slip velocity to constant stress drop time. This may be relevant as the cause for the slow slips (Schwartz & 
   Rokosky, 2007), as well as the secular change of earthquakes at volcanic extrusions  (Iverson  et al., 2006).  
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As particle size increases there is a shift towards instantaneous slip (smaller 
creeping) and constant stress drop time (i.e., similar to a spring-slider with 
constant static and dynamic frictions). 

broken lines are
fits by 
Γ = a log Ω + b
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we use the slope
to calculate the 
Preslip number

Summary of Particle Size (d) dependence

Slip accumulation time (~ slip recurrence interval) increase 
with d because of larger static friction.

Stress drop increases with d due to excess friction needed for 
“ploughing” the granular matter.

Degree of creeping during stress drop and stress accumulation 
phases can be characterized using Ds and Ps, indicating a 
smaller degree of creeping as d increases.

i.e., Stress-time series data for different d are NOT self-similar.

min

The lowest viscosity case (0.018 mPas)
is when the fluid is air. The rest are 
all silicone oils.

t

As particle size increases there is a shift towards longer stress
accumulation time and smaller creeping.

stress accumulation phase

stress drop phase

Particle size and fluid viscosity
have opposite effects on slip 
recurrence intervals

Number of particles consisting 
the shear band decreases with d

A shear band can be visualized using differential images

   edge of 
shear band


