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examples

granular friction

FUNNEL FLOW

MASS FLOW




friction of fault

friction of fault

—

fine rock powder

“fault gouge”

friction of granular matter

(microscopic basis)




character of “fault gouge”

particle size distribution is power-law (fractal)
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(Chester & Chester 1993)

(Heilbronner & Keulen 2006)

exponent 2.5 to 3.0

numerous sub-micron particles

very different from industrial situation!



velocity range of fault motion

must investigate a very wide range

10° earthquakes
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granular friction: an empirical law
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granular friction: numerical experiment
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granular friction: physical experiments
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negative slope --> positive slope

see also:

Lu et al. J. Fluid Mech. 2007
Petri et al. EPJB 2008



In earthquake physics....

c ~ ~
., ] for steady states
: oEos o u(V) = p(Vi) + alog -
“”d | - sk
_ @ Scholz & Engelder 1976 _
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T constant a is generally negative!
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(e.9. Marone, Ann. Rev. Earth Planet. Sci. 1998) o~ _10—2 to — 10—3

(up to ~ mm/sec)

normal pressure ~ 100 MPa

negative slope Is rather ubiguitous!



current status

At very low shear rates, constitutive law is still not established

y
p(V) = p(Va) + adog o <= (1) = pus -
?

physical experiment ' numerical experiment
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1
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and an example is ...



exponential velocity profile in inclined plane flow

Komatsu et al. PRL 2001

103 . T T T
10° |- = -
Gas N
= AN
10 A2 : ! i
.
~ T . 1
Liquid ) A
N =] -1 N —
E 10 .
= N2
g 102 E\ _
> I I A
~N~— | ] |
Solid w03p ¥ . gg -
. 20 * - Bha
107 - °28 S
(L — \
10 10 0 10 H
Forterre and Pouliquen, Ann. Rev. Fluid. Mech. 2008 10 . . , .
10 5 0 10
(h-hg)/a

what kind of constitutive law can explain this?



questions

1. At very low shear rates, constitutive law Is still not established

A. nonlocal effect (e.g. Kamrin & Koval 2012)

B. physics of negative slope”?  (Dieterich 1979)

2. If negative slope is true, how is it compatible with Pouliquen’s [aw?

|4 pH2 — s
p(V) = n(Va) + alog 7 > pu(l) = pis A I I




OUR GOAL

1. Negative slope for glass beads?

2. Negative to positive crossover? How?
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3. What if fault gouge?
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experimental

A commercial rheometer (AR2000ex, TA Instruments)

Torque motor

Gaps < 50um Angular velocity €2

Quartz glass

\ Upper plate
Camera

Upper plate. —>

i = e - "
Rrsssvese SRR
000270, (0 ae90 0.
glass beads

mean diameter 270 um
(dispersity ~ 10 %)

transparent sidewall

e room humidity ~ 50%

annular channel (D1=15mm, D2=25mm)

sliding velocity QD5/2 =10"* to 3 [m/sec]

normal stress 10 to 30 kPa (constant pressure)



velocity profile

normalized by upper plate velocity V)

—> collapse to a master curve

V(z) ~ Vo10~=/W
—> W ~b5d

(effective flow width)

x/d
(depth)/(mean diameter)

shearrate ¥ = Vo/W
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rate dependence of friction coefficient

a = —0.003 ~ —0.004
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negative slope apparent for / < 102
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constitutive law at high velocities

glass beads
10kPa
A 20kPa
O 30kPa

chromite sand
10kPa
O 30kPa

€ DEM simulation
(TH, PRE 2007)

I >, ——> = Upin+cl (c=0.6)

agrees with simulations (including numerical factor!)

e.g., da Cruz et al. PRE 2005



dilation at high velocities
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1. At higher shear rates, constitutive law agrees with DEM simulation.

2. Collapse to a master curve using | --> Bagnold's regime.

3. No master curves at sufficiently lower inertial number [ < 102

v
Instead, u = u. + alog 2

a~ —10"2%to — 1073



where Is crossover point?
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= po + alog(¥/%0) + c¢yv/m/Pd

an application:

exponential velocity profile for “creep” deformation of solid regime



velocity profile in inclined plane flow

Komatsu et al. PRL 2001

10 ™. T T T
102 | m \\\\ _
Gas "
10 A g \\\\
g !\\\
N
0 . ]
Liquid 3 a
N o -1
E 10 N -
= e
g 102 g\ _
> I I A
~N~— | . |
Solid w03 Y 5 Eﬁ .
. 20 | X - A
107 - °28 g
0L L gy N
107 | 10 0 10 p
Forterre and Pouliquen, Ann. Rev. Fluid. Mech. 2008 108 . . , .
10 -5 0 10

Pouliguen’s law cannot reproduce this.

--> Other laws may come into play



can reproduce exponential flow profile

p=po — alog(V/Vo) + ¢y/m/Pd (1)

force balance eq. for heap flow (along flow direction)

do

_ - 0. mass density
= pgsin 6,
dh 6 : angle of slope
g = ,UP O . shear stress

h: depth
P: normal pressure

If P is Independent of h (Janssen’s law),
dydp  pgsinf
dhdy P

—_—

—h/hg

use (1)  —»  A(h) >~ 9pe ho = aP/pgsin b



underlying physics of weakening?

v @Oz 1()g(@L cy\/m/Pd




underlying physics?

’3/0' — /) (power input) = (energy dissipation rate)

(

%

J

1. friction K

2. damping Fo

Fi-Fs=0

|F1| X Up

__ 1todis N
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first term is particle-level friction



aging of grain contact

particle-level friction is not a constant (but time-dependent)

Increase of contact area due to plasticity

(Brechet & Estrin 1994)

t
A(t) = Ap(1 4+ alog t_) t: duration of contact
0

a, to: constants

In sheared systems,

t~ AL —  A(t) = Ao(1 — alog(Fto))

—  pp(¥) = po(1 — a’log(¥t0))



aging of grain contact

tp(t) = po(1 — alog(yt/to))

pp(Y) = po(1 — a’log(¥io))

particle-level friction is time-dependent!

(in DEM, it Is constant)

cf. Bocquet et al. Nature 1998

aging due to moisture



OUR GOAL

1. How does this crossover occur?

vVersus

29



experimental

Rheometer head ‘

< B S

e Eaila e Slip rate : 100um/s to 0.3m/s
- | T ™™ o Normal stress: 0.1-0.9 MPa
e Room temperature and humidity
] e Cylindrical Specimen
Torque cell e \Westerly granite
| e Inner/outer diameters : 6mm/10mm.

e Temperature measurement with an IR sensor
Normal force sensor .
e Gouge layer formed by preshearing.

(sample not sealed; an open system)

30



experimental

Rheometer head

< B S

IR sensor Sample
<—— Friction interface

Torque cell

Normal force sensor

_—

Mean particle size: 2.4 ym
Gouge layer thickness : ~10um (4-5 particles)




velocity dependence of friction coefficient
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e.g. Goldsby & Tullis 2002; di Toro et al. 2004, etc...



Friction coefficient
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inertial number description?
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Inertial number description verified for gouge!

% data do not collapse completely due to fluctuation in gouge layer thickness

% constant ¢ is much larger than glass beads (wide size dispersity?)
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conclusions

1. Negative to positive rate dependence of friction

= po + alog(¥/%0) + ¢yy/m/Pd
I, = CV/C I. = O(107?) in this system

2. Inertial-number description valid for gouge

(with power-law size distribution)

3. Anomalous weakening in intermediate regime?
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