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[1] We report the results of shear experiments of a thick layer of dry and liquid-saturated

glass beads, a simplified model of fault gouge, in order to clarify and to compare how
the particle size and fluid viscosity affect the granular rheology. We sheared sorted glass
beads and measured the temporal variation of stress that fluctuates owing to stick-slip
behavior. We found that the stress drop and slip recurrence intervals increase with the
particle size because of larger static bulk friction. The forms of stress-time series data for
different particle size are not self-similar; the form changes toward a sawtooth-like
temporal variation as the particle size increases, which can be characterized using two
newly defined dimensionless numbers. In addition, we show that there is a continuous
transition from constant slip velocity toward constant stress drop time as the particle size
increases. We also determined the shear band width using the time-lapsed images of the
sheared glass beads and found that the number of particles comprising the shear band
decreases with the particle size. When the glass beads are saturated with viscous liquid,
lubrication causes the rheology to change from frictional to viscous and to increase the
slip recurrence interval, and these properties can be used to distinguish from the particle
size effects. Under a fixed loading rate, there is a viscosity that minimizes the stress
needed for shearing, at which we can separate the frictional and viscous regimes.
Citation: Higashi, N., and I. Sumita (2009), Experiments on granular rheology: Effects of particle size and fluid viscosity, J. Geophys.
Res., 114, B04413, doi:10.1029/2008JB005999.

1. Introduction
[2] Fault slip is considered to be the fundamental process
in releasing anomalous strains in the Earth’s lithosphere
[Scholz, 1998], and its style of slip has a wide range of
variations. For example, San Andreas fault is known to slip
in a different manner from segment to segment and varies
from intermittent stick-slip accompanied by earthquakes to
aseismic episodic creeping. The slip recurrence interval also
has a large variation. For San Andreas fault large earthquakes occur every 240– 450 years in the locked section
while episodic creep occur every few months in the creeping section [Scholz, 2002]. In recent years, a new class of
fault slip has been discovered that is known to slip very
slowly, lasting from days to years (for a review, see
Schwartz and Rokosky [2007]). However, the cause for
the diversity of the different styles of fault slip (size of slip,
recurrence intervals, degree of preslip and after slip etc.) is
not fully understood.
[3] Frictional property of the bare rocks or rocks with
fault gouge in between is one of the primary factors that
govern the style of fault slip and has been extensively
studied using laboratory experiments (for a review, see
Marone [1998]). Some important findings are that the
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friction depends both on the slip velocity and on the time
of surface in contact, and their physics have also been
analyzed in detail (for a review, see Baumberger and Caroli
[2006]).
[4] There are two end-member styles in which slip can
occur; stick slip and stable sliding. Stick-slip instability
occurs when the frictional resistance force decreases with
displacement faster than the change in the force applied to
the system and occurs under certain conditions [Scholz,
2002]. This is demonstrated for example by a slider-block
experiment with coarse paper at its interface [Baumberger et
al., 1994] which showed that there is a transition from stable
sliding to stick slip when the spring rigidity or stress loading
rate becomes small. Faults often contain fault gouge at their
interface which consists of particles of various sizes and
shapes. In addition there are many situations in which liquid
fills the interstitial pore spaces of a fault gouge. For
example, groundwater, some cases in the form of a slurry
[Brodsky and Kanamori, 2001], fluid at subduction zones,
and melt formed from frictional heating [e.g., Hirose and
Shimamoto, 2005; Di Toro et al., 2006] can either partially
or completely immerse the fault gouge. Therefore the effects
of the properties of the particle (size and its distribution,
shape), and interstitial fluid (humidity, viscosity, density)
should also control the threshold from stable sliding to stick
slip.
[5] The effects of particle properties on friction have been
pursued particularly by Marone and coworkers, who made a
series of experiments by varying the particle size, shape, gouge
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thickness [Anthony and Marone, 2005] and particle size
distribution [Mair et al., 2002] as well as humidity, which
affects interparticle cohesion [Frye and Marone, 2002].
Presence of fault gouge enhances dilation [e.g., Marone et
al., 1990] and compaction [e.g., Nakatani, 1998] and
changes the friction compared to the case without gouge.
In addition, stick slip was found to occur preferentially for
spherical particles, and creeping prior to slip is enhanced
when the gouge becomes thicker [Anthony and Marone,
2005]. The latter result has been interpreted to be due to
force chains becoming compliant as the number of particles
comprising a force chain increases. Recently, the importance of particle size has also been studied by Alshibli and
Roussel [2006].
[6] On the other hand, there have been limited systematic
studies on the effects of interstitial fluids, although several
experiments have been done with water-saturated sands
[e.g., Marone et al., 1990] and with granite powder
under hydrothermal conditions [e.g., Blanpied et al.,
1995]. Géminard et al. [1999] conducted shear experiments
of granular materials in water and found that compared to
the dry case, the dynamic friction coefficient is reduced by
about a factor of 2 and that the transition from stable sliding
to stick slip occurs at a lower velocity.
[7] Previous laboratory experiments can be classified into
two types, depending on the shearing geometry. One is a
linear device in which a block, in some cases with granular
particles at its interface, is displaced in one direction, [e.g.,
Baumberger et al., 1994; Heslot et al., 1994; Hamilton and
McCloskey, 1997, 1998; Nakatani, 1998; Nasuno et al.,
1998; Géminard et al., 1999; Frye and Marone, 2002; Mair
et al., 2002; Anthony and Marone, 2005; Bretz et al., 2006;
Savage and Marone, 2007; Voisin et al., 2007] or compressed axisymmetrically [Alshibli and Roussel, 2006].
Another is a rotary device in which a set of two blocks or
a granular material is sheared in a cylindrical, annular
geometry or between plates [e.g., Beeler et al., 1996;
Hirata, 1999; Howell et al., 1999; Albert et al., 2001; Cain
et al., 2001; Dalton and Corcoran, 2001; Hirose and
Shimamoto, 2005; Huang et al., 2005; Chambon et al.,
2006; Di Toro et al., 2006; Huang and Bonn, 2007]. Recent
experiments by Marone and coworkers have been made in
the former geometry, in which the center block between the
two stationary blocks is forced to move at a constant load
point displacement rate. Although this geometry allows us to
impose normal stresses and to determine friction coefficients,
it cannot achieve a steady state because compaction of the
granular material sandwiched between the blocks proceeds
with time. It also limits us to make in situ observation of the
granular particles under shear. The measurements described
above under a steady state condition can be achieved using a
rotating annular geometry with a stress-free upper surface,
which is analogous to the situation in a strike-slip fault. This
geometry also allows us to study the effects of interstitial fluid
viscosity with ease.
[8] In this paper, we report the results of experiments
conducted in a rotating geometry under variable stress
loading rates and extend the work by Anthony and Marone
[2005] and Alshibli and Roussel [2006], focusing on the
effects of particle size and interstitial fluid viscosity. Here
we use well-sorted glass beads with nine different sizes and
eight different fluid viscosities, and in the latter case, we
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fully immerse the beads. Partial immersion can occur in
actual fault gouge, for which the rheology would become
very different because of cohesive forces (for a review, see
Mitarai and Nori [2006]), a case which we do not consider
in this study. The loading rates are varied by 1 order of
magnitude in order to see whether the rheology can be
approximated as frictional (rate-independent) or viscous
(rate-dependent). This variation is small compared to
previous experiments where it was common to vary the
loading rate by as much as 5 orders of magnitude [Lu et al.,
2007], but nevertheless is useful for our purpose. From
comparing the results of the particle size and fluid viscosity
dependence, we aim to understand how these two effects
differ, and whether we can distinguish them from the
characteristics of the time series data alone. We note that
one feature of our experiments is that the granular layer
is thick (28 mm) which corresponds to approximately 22–
143 particle diameters, and together with the absence of
radially and vertically imposed external stress, the interparticle contact is weak. As a consequence particles away from
the shear plane do not move, which allows us to study how
the shear band width is determined according to the experimental parameters.

2. Experimental Method
[9] The experimental setup is shown in Figure 1. We use
a rotating viscometer (Brookfield, RVDV-II+PRO) with a
vane spindle (V-73: diameter of 12.67 mm) with four vanes
attached to its shaft for shearing the glass beads. The spindle
is driven by a motor at a specified rotation rate (equivalent
to stress loading rate) through a calibrated spiral spring,
whose torque is converted into a voltage output, and is
measured by a digital multimeter (Agilent 34970A) at a
sampling frequency of 10 Hz and the data are recorded in a
PC. The shearing of glass beads occurs at the cylindrical
surface defined by the vane spindle. When we shear the
glass beads, because of the interparticle friction, the spindle
is jammed until the imposed stress exceeds the static
friction, after which it rotates until the imposed stress
balances the dynamic friction. As a consequence, the
spindle rotates intermittently in a stick-slip manner. We
note here, that in this paper the term ‘‘friction’’ is used to
refer to the bulk friction of the granular material to distinguish it from the term ‘‘interparticle friction’’.
[10] For the samples, spherical soda-lime glass beads
(Toshin-Ricoh) are used which are sieved to 9 groups with
diameters of (in mm) 0.196 ± 0.016, 0.231 ± 0.019, 0.390 ±
0.035, 0.463± 0.038, 0.550 ± 0.050, 0.655 ± 0.055, 0.93 ±
0.08, 1.09 ± 0.09 and 1.29 ± 0.11. These particles are larger
than the critical size of typically less than 0.1 mm [Duran,
1999], where surface tension force arising from humidity
is known to become important. The particle density is
2450 kg m3, and the volumetric packing fraction of the
glass beads was calculated to be f = 0.6 ± 0.02 and no
systematic variation with particle size was found. We
measured the angle of repose of a conical pile of glass
beads for a particle diameter of 0.196 mm and 1.09 mm as
24.3 ± 0.6° and 24.7 ± 0.1°, respectively, which corresponds
to a dynamic friction coefficient of ’0.46 that does not vary
with the particle diameter. These values are similar to the
measurements by Samadani and Kudrolli [2001].
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Figure 1. A schematic diagram of the experimental setup.

[11] Experimental procedure is as follows. We first fill the
stainless steel beaker with a diameter of 68 mm and a height
of 64 mm with glass beads to a bulk volume of 200 mL and
measure its mass to calculate the packing fraction. We then
add the glass beads up to a height of 1– 2 mm below the top
of the beaker and insert the vane spindle to a depth of
11 mm into the layer of glass beads. We have conducted a
series of experiments with different container radius and
depth, and have confirmed that the finite radius and depth
have negligible effects on the stress-time series data (see
section 3.6 for the details). The sample is then sheared at a
fixed spindle rotation rate for a certain period, and the
rotation rate is then changed in a stepwise manner. In a
typical experiment, the rotation rate is changed in the order
of 0.5, 0.2, 0.1, 0.05, 0.03, 0.1, and 0.5 rpm (rotations per
minute). The range of the rotation rate (0.03 – 0.5 rpm)
corresponds to a spindle velocity of 19.9 – 332 mm/s at the
cylindrical shear plane. For 0.1– 0.5 rpm, we conducted the
measurement twice, during the ramp down and ramp up, to
check the reproducibility of the results. For the first and the
last run at 0.5 rpm, measurements were made for a time
span of 25 and 20 rotation periods, respectively, and for
other rotation rates, measurements were made for a time
span of 15 rotation periods. In the beginning of the
experiment at 0.5 rpm, there is a transient stage when the
average torque gradually decreases with time. A similar
slip-weakening property has been reported previously
[Nakatani, 1998; Chambon et al., 2006], and have been
attributed to unconsolidation or decoupling between the
shear band and the bulk granular region. Because we are
interested in the frictional property under steady state
conditions, we excluded the data for the initial 15 rotation
periods and used the data of the next 10 rotation periods for
the analysis. For the following rotation rates, although the
transient stage was no longer evident, we similarly excluded
the initial 5 rotation periods and used the next 10 rotation
periods for the analysis. Since we found that there is no
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statistical difference between the data obtained under the
same rotation rate during the ramp down and ramp up
sequence, we used the data of the ramp down sequence for
the analysis.
[12] For each parameter, we conducted 3 – 5 runs for the
dry case and 1 – 3 runs for the liquid-saturated case. In order
to reset the initial condition, after each experiment, we
refilled the beaker for the dry case and thoroughly mixed
it for the liquid-saturated case. During the experiments, the
surface of the layer of glass beads was illuminated from an
oblique angle using a halogen light source, and the timelapsed photographs were taken at a time interval of
30 seconds using a digital camera. These photographs were
then used to determine the width of the shear band. Experiments for the dry case were conducted at a room temperature 23 ± 2°C and a relative humidity of 27 ± 6%. This
humidity range is less than the humidity value of ’35%
above which it is known that the frictional property changes
for quartz [Frye and Marone, 2002]. For the experiments
with liquid-saturated particles, we used glass beads with a
particle diameter of 0.93 ± 0.08 mm, which is immersed in
silicone oil (Shinetsu Silicone KF96) with a viscosity of
0.82, 6.4, 72, 265, 820, 4400 and 11400 mPa s (density
range 818– 975 kg m3). We used silicone oil because it
allows us to vary the viscosity with only a small change
in density. Here, the glass beads are completely immersed
in silicone oil with a clear upper fluid layer whose depth is
2– 3 mm.

3. Results
3.1. Qualitative Features of the Time Series Data
[13] Figure 2 shows the examples of raw time series data
of the torque measurements during which the stick-slip
motion of the spindle was visually confirmed to occur.
Here the spindle rotation rate is 0.1 rpm, and the dry and
liquid saturated glass beads are sheared. The vertical axis is
the raw output in torque% (100 torque% = 7.187  104 N m;
the maximum torque that can be imposed), which can be
converted to stress s from
s¼



M
R 1
h
þ
;
2pR2
3

ð1Þ

where M is the torque, R is the radius of the vane spindle,
and h is the depth of the spindle [Barnes and Ngueyen,
2001] which yields to a conversion of 1 torque % equivalent
to 2.17 Pa. Here, the first term in the right-hand side
corresponds to the stress at the cylindrical surface defined
by the spindle and consists of 84% of the total stress. The
second term corresponds to the stress at the circular bottom
end. We note that the stress calculated by equation (1) is that
averaged over the cylindrical surface and the bottom end.
[14] When we compare the results of the case with
different particle size (Figures 2a and 2b), we find that the
case for the larger particle size is characterized by a larger
stress drop and longer slip recurrence intervals. We also find
that during the period of stress accumulation, the torque
increase deviates from a linear increase as a consequence of
creeping. The effect of adding interstitial viscous fluids can
be seen by comparing Figures 2a, 2c, and 2d. Figure 2c
shows that the addition of a low-viscosity liquid causes
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Figure 2. Examples of raw time series data of torque measurements during the time interval of 250 (s) for
the dry (Figures 2a and 2b) and silicone oil-saturated (Figures 2c and 2d) glass beads, all sheared at 0.1 rpm.
Here 1 torque percent corresponds to 2.17 Pa. The solid and open circles indicate local maximum
and minimum, respectively, which characterize each stick-slip event. The particle diameter d and interstitial
fluid viscosity h for each case are as follows: (a) d = 0.93 mm, h = 0.018 mPa s (dry), (b) d = 0.390 mm,
h = 0.018 mPa s (dry), (c) d = 0.93 mm, h = 72 mPa s (silicone oil), (d) d = 0.93 mm, h = 4400 mPa s
(silicone oil).
lubrication between the particles, which results in a smaller
stress drop, enhanced creeping prior to stress drop and a
reduction of average stress needed for shearing. Figure 2d
shows that when a high-viscosity liquid is added, the stress
amplitude of the stick slip becomes much smaller, while the

average stress value is similar. For an even higher viscosity
liquid, the average stress value increases.
[15] Figure 3 is a schematic diagram summarizing how
the characteristics of the stress-time series data change with
the particle size, fluid viscosity, and loading rate. We next

Figure 3. A schematic overview diagram showing how the characteristics of the stress (s)-time (t)
series data change when the three parameters (d, particle size; h, interstitial fluid viscosity, loading rate)
are varied.
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[17] We identify a stick-slip event as follows. First, we
convert the voltage data to torque and then round them to
the minimum torque resolution of 0.1% of the viscometer.
We next identify all local stress maxima and minima, and
then define Gmax as the local maximum that is followed by a
monotonic stress drop whose magnitude is >0.5% torque%.
Similarly, we define Gmin as the local minima that is
followed by a monotonic stress increase with a torque% >
0.5%. The value of 0.5% was chosen because this threshold
was found to be sufficiently large to characterize the events
well. During a single experimental run, there are few cases
where the Gmin defined using the above procedure is not the
minimum value between the adjacent Gmax values because
of the presence of small stress amplitude fluctuations. For
these cases, we redefine Gmin such that it becomes the
minimum between these two maxima. Gmax and Gmin,
defined accordingly, are shown in Figure 2, indicating
that this method characterizes the events well, which we
confirmed for all data used for the analyses.
[18] From the torque measurements G(t), we can calculate
the spindle displacement D from the torque deficit compared to the case when the spindle does not move:


D ¼ c G_ 0 t  Gðt Þ ;

Figure 4. Schematic diagram showing the scales used to
characterize the stress-time series data. A dashed line
marked with an asterisk is the spring wind up line, in which
the stress increases without creeping during the stress
accumulation phase. Two dimensionless numbers Ps
(equation (4)) and Ds (equation (7)) are used to characterize
the deviation from the ideal stick slip due to preslip and after
slip (see text for the details of the calculation method).
characterize these features quantitatively to study their
parameter dependence.
3.2. Quantitative Characterization of the Time Series
Data
[16] We can define a single stick-slip event to consist of a
stress accumulation phase when the stress increases with
time and a stress drop phase when the stress decreases with
time. For a single event, we can define several scales for
characterization as shown schematically in Figure 4. Here,
the stress accumulation phase has a timescale of Ta during
which the stress increases by Ga from a minimum (Gmin) to a
maximum (Gmax). Similarly the stress drop phase has a time
scale of Tdrop during which the stress drops by Gdrop from
Gmax to Gmin. Because of the preslip creeping, the onset of
stress drop is delayed in comparison to the case when there
is no creeping. Accordingly, we define timescale Tdelay as
the delay time due to creeping.

ð2Þ

where G_ 0 is the torque increase rate when the spindle does
not move and c is the constant used to convert the change of
torque% to displacement (c = 7.74  102mm/torque%).
Here we measured G_ 0 from the torque increase rate under a
specified rotation rate during which the spindle remained
fixed and the spring winded up. Since this torque increase
when the spindle remained fixed for a time span of
1 rotation period is equivalent to that when the spindle is
instantaneously rotated by 360°, c can be obtained from c =
2pR/(G_ 0T) where T is the rotation period of the spindle.
Examples of displacements thus calculated are shown in
Figure 5.
[19] One important feature of our time series data is the
creeping prior to a slip event. We can similarly calculate the
preslip displacement d as


d ¼ c G_ 0 Ta  Ga :

ð3Þ

In order to characterize the degree of creeping prior to slip,
we define a dimensionless number, preslip number (Ps) as,
Ps ¼

Tdelay Ta  Ga =G_ 0
¼
:
Ta
Ta

ð4Þ

As shown schematically in Figure 4, Ps = 0 when there is no
creeping, whereas it approaches 1 when the degree of
creeping becomes large. Using equation (3), we can rewrite
equation (4) as

Ps ¼


1 d
:
cG_ 0 Ta

ð5Þ

Since Ta and d can be determined for each slip event, in
order to obtain an average Ps, we calculate d/Ta from a
linear fit using all events during a single run. As can be seen
from equation (5), Ps can be alternatively defined as the
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Figure 5. Examples of calculated displacement for the time interval of 0 –150 (s) of the data shown in
Figure 2. The data for curves a, b, and c are shifted upward by a displacement of 3, 2, and 1 mm,
respectively. Solid and open circles correspond to those plotted in Figure 2.
ratio of preslip displacement to the displacement if stable
sliding (i.e., slip without stress change) occurs during the
same time interval.
[20] Another feature of our time series data is that the
stress drop is not instantaneous and is accompanied by an
after slip. The dynamic slip (Ddrop) during the stress drop
phase can be similarly calculated from the torque deficit as


Ddrop ¼ c Gdrop þ G_ 0 Tdrop :

ð6Þ

Here the first term is the displacement corresponding to the
stress drop, and the second term is the displacement without
stress drop (sliding). The corresponding stress ranges are
also indicated schematically in Figure 4. For an instantaneous stress drop the second term is negligible and D /
Gdrop, while for a slow slip it becomes significant and D /
Tdrop. In our experiments, these two terms are of the same
order of magnitude, and the second term becomes
comparable to the first term for a rotation rate of 0.5 rpm.
We can introduce another dimensionless number, a dynamic
slip number Ds, as
Ds ¼

cGdrop
;
Ddrop

ð7Þ

which is the fraction of slip displacement corresponding to
the stress drop (first term in equation (6)) to the total
dynamic slip. As shown schematically in Figure 4, Ds
approaches 1 for an instantaneous slip and is 0 < Ds < 1 for
a slow slip.
3.3. Effects of Particle Size
3.3.1. Stress Drop Phase
[21] Figure 6a shows an example of the probability
distribution function (PDF) for maximum and minimum
stresses (Gmax, Gmin) during 1 experimental run. Figure 6a
shows that the distribution has a single peak, whose value is
close to the average as well as the median, and we choose
the average value for characterization. Figure 6b shows the
PDF of the stress drop for the same data, showing that the
distribution has a positive skewness (median < average).
Although the distribution is skewed, we use an average for

characterization for consistency and also because it is closer
to the difference between the average values of Gmax and
Gmin than the median. We can alternatively plot the size
distribution of stress drops by their cumulative numbers, as
shown in Figure 6c together with the average and median
points. Here, we use all data from the experiments under the
same parameter and the cumulative number is normalized
such that the total number becomes 1. Figure 6c shows that
both the average and median increase with the particle size
and also indicates a breakdown of the power law distribution. The breakdown of the power law is possibly associated
with the uniformity of the particle size, which leads to small
temporal variation of static and dynamic friction at the shear
surface, and also because the bulk torque measurement at
the spindle shaft cannot detect small local slips.
[22] In the analyses which follow, for each event in an
experimental run, we measure the scales shown in Figure 4 and
then compute their average. The number of events used for
analyses for the dry case is from about 350 (at 0.3 rpm, d =
1.29 mm) to 1200 (at 0.05 rpm, d = 0.196 mm). Using the timeaverage values, we calculate the average and standard deviation using the data for the same set of parameters.
[23] In Figure 7a, we plot the maximum and minimum
stresses (i.e., Gmax and Gmin converted to stress) for each set
of parameters. Figure 7a indicates that these stresses
increase in a linear manner with the particle size (see
caption for the details of the linear fit) but with a different
slope. Since maximum stress corresponds to the static
friction, this is equivalent to static friction being more
sensitive to particle size than the dynamic friction. As a
consequence, the stress drop also increases approximately
linearly with the particle size as shown in Figure 7b, and
shown schematically in Figure 3. Figure 7a also shows that
for a fixed particle size, maximum stress is larger for a faster
rotation rate, a systematic trend which is particularly evident
for large particle size. As a consequence, stress drop
increases with rotation rate, which is also indicated in
Figure 3. In Figure 7c, we plot the maximum stresses as a
function of the rotation rate and fit them by a logarithmic
function, which we find to give a better fit than a linear
function. Such logarithmic rate dependence is consistent
with previous experiments by Hartley and Behringer [2003]
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Figure 6. (a) Examples of probability distribution functions (PDF) of maximum stress (Gmax in thick line) and
minimum stress (Gmin in thin line) for 518 events during
1 run (1.29 mm glass beads (dry) at 0.1 rpm). Averages
(triangles) and medians (circles) are also indicated. (b) PDF
of the stress drop for the same data shown in Figure 6a, with
the average (triangle) and median (circle). (c) Normalized
cumulative number distribution of the stress drop at 0.1 rpm
for particle diameters of 0.196, 0.550, and 1.29 (mm) under
dry condition. Numbers of events used for each particle size
are 3092, 2980, and 1972, respectively. Averages (triangle)
and medians (circle) are also indicated.
and Geng and Behringer [2005]. They showed that granular
force chain slowly relaxes when shearing is stopped, from
which they inferred that force chains are unable to relax
under fast shear rates. It seems that a similar mechanism is
operating in our experiments as well.

B04413

[24] Figure 7a also shows that the magnitude of the
maximum stress ranges from about 70 to 100 Pa which is
comparable to the height-averaged pressure arising from the
weight of the glass beads rfgh/2 = 79 Pa, where r is the
density of the glass beads, f ’ 0.6 is the packing fraction, g
is the gravitational acceleration, and h is the inserted depth
of the spindle. Accordingly, from the ratio of shear stress/
height-averaged pressure we obtain an apparent static friction coefficient of ’1. In our experiments, maximum and
minimum stresses vary among events. Shimazaki and
Nakata [1980] proposed end-member cases where the
maximum or minimum stress are constant, and called them
time or slip predictable models, respectively. We can
analyze whether our experiments can be classified into
either model by calculating the standard deviation of maximum stresses and that of minimum stresses. We find that
the ratio of the former to the latter becomes 1.05 ± 0.07,
indicating that it is difficult to classify our experiments into
either model.
[25] Figure 8 shows the particle size dependence of
dynamic slip Ddrop and dynamic slip number Ds. From
Figure 8 we find that the magnitude of the dynamic slip is
comparable to the particle size and that Ds well characterizes the trend toward instantaneous slip when the particle
size becomes larger. Figure 8 also shows that the dynamic
slip is larger under faster loading rates which we can
interpret to be due to the combined effects of a larger slip
associated with stress drop and enhanced after slip from
stress loading.
[26] In Figure 9a, we plot the average stress drop time
Tdrop as a function of the particle size for different rotation
rates. Figure 9a indicates that the average stress drop times
are approximately constant regardless of particle size within
error bars. In a simplest slider-block model of stick slip with
constant static and dynamic friction, under the assumption
that the load point velocity is negligible compared to the slip
velocity, the stresspdrop
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃtime is given by the characteristic
inertial time t = p m=K , where m is the mass of the block
and K is the spring rigidity [Scholz, 2002]. For reference, we
measured the inertial time of the spindle as follows. Under
spindle rotation rates of 0.03 and 0.5 rpm, we placed a metal
block beside a spindle suspended in air so that the spindle
did not move, and when the peak torque value reached a
certain value, we removed the block and measured the time
needed for the torque to return to zero. We found that this
time is ’1(s), independent of the maximum torque value
and rotation rate. This inertial timescale is comparable to the
stress drop time at 0.5 rpm and is shorter than those at
smaller rotation rates.
[27] In Figure 9b, we show a closeup of a time series data
of the stress drop phase for two different rotation rates.
Figure 9b shows the longer stress drop time for smaller
loading rate, which is needed to cause particle jamming and
subsequent stress accumulation.
[28] In our experiments, under a fixed rotation rate,
although the average values of the stress drop times do
not depend on the particle size, their variations among
events are different as particle size is changed. In Figure 10a,
we plot examples of the relation between the stress drop
time and dynamic slip for each event recorded during the
experimental runs. Figure 10a shows that for small dynamic
slip events, the stress drop times are comparable regardless
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Figure 8. Particle size dependence of (a) dynamic slip
(Ddrop) and (b) dynamic slip number (Ds) for the dry case.
The error bars indicate the standard deviation calculated
from different runs.

Figure 7. Particle size dependence of the average values
of (a) maximum and minimum stresses (Gmax, Gmin) and
(b) stress drop (Gdrop) for the dry case. Marks represent
different rotation rates, with large and small marks
corresponding to Gmax and Gmin, respectively. The error
bars indicate the standard deviation calculated from
different runs. The solid and dashed lines are linear fits to
all of the data points of maximum and minimum stresses,
respectively, and are expressed as Gmax = 20 d + 68 (R =
0.95) and Gmin = 11 d + 65 (R = 0.90), respectively, where G
is the stress (Pa), d is the particle diameter (mm), and R is the
correlation coefficient. (c) Spindle rotation rate (W) dependence of the maximum stress Gmax. Dotted lines are fits to the
data by a function G = a logW + b. The correlation coefficient
R of the fit is R 0.9 for particle size d 0.390 mm. This is a
better fit than a linear function, which gives R < 0.9 for all
particle sizes.
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As a consequence, slip recurrence intervals become longer
with particle size (Figure 3). If Ta scales as / 1/W (W is the
rotation rate), then the data points for different loading rates
should collapse. However, Figure 11a shows that there is a
deviation of longer normalized Ta with the loading rate,
which is consistent with Gmax increasing logarithmically
with W (Figure 7c). In Figure 11b, we plot the preslip
displacements d calculated from the stress measurements
using equation (3). Here we also plot the line d = d for
reference, from which we find that for most data, d d, and
d is approximately constant regardless of the particle size.
[30] In order to characterize the degree of preslip, we use
the dimensionless preslip number defined in equation (4).
To calculate this, we need to obtain the relation between the
preslip and the stress accumulation time, an example of

Figure 9. (a) Particle size dependence of the stress drop
time (Tdrop) for the dry case. The error bars indicate the
standard deviation calculated from different runs. (b) A
closeup of the raw torque-time series data for a particle
diameter of 1.29 mm under a rotation rate of 0.03 rpm
and 0.5 rpm, in dashed and solid lines, respectively, with
dots indicating the data points. Here, Gmax and Gmin
are indicated by large solid and open circles, respectively.
The time axis is chosen such that the data points for Gmax
overlap at t = 0.
of the particle size. However, for large dynamic slip events,
the stress drop time becomes longer for small particle sizes.
We can fit the data by the least squares method assuming a
power law relation and obtain the power law exponent. A
power law exponent of 0 corresponds to a constant stress
drop time, as expected from the inertial time [Scholz, 2002].
On the other hand, an exponent of 1 indicates a constant slip
velocity (see equation (6)). Our experimental results
are intermediate between these two end-member cases.
Figure 10b shows the power law exponents as a function
of the particle size. Figure 10b shows a systematic decrease
of the power law exponent with the particle size, i.e., a shift
from constant slip velocity toward constant stress drop time
as shown in Figure 3.
3.3.2. Stress Accumulation Phase
[29] In Figure 11a, we plot the stress accumulation time
(Ta) normalized by the rotation period as a function of the
particle size. Figure 11a shows that Ta increases with the
particle size, which we can interpret as a consequence of
Gmax (i.e., static friction) increasing with the particle size.

Figure 10. (a) Examples of the relation between stress
drop time Tdrop and dynamic slip Ddrop for slip events
during runs at 0.1 rpm. Red circles, black triangles, and blue
crosses indicate events for a particle diameter of 0.93 mm
(dry), 0.196 mm (dry), and 0.93 mm (saturated with silicone
oil of 265 mPa s), respectively. Dotted lines indicate the
a
, whose power law
power law fits to the data, Tdrop = bDdrop
exponents (a) and correlation coefficients (R) are (a = 0.41,
R = 0.82), (a = 0.92, R = 0.90) and (a = 1.0, R = 0.98),
respectively. (b) Particle size dependence of the power law
exponent of Tdrop  Ddrop relation for the dry case, shown
for example in Figure 10a. The error bars indicate the
standard deviation calculated from different runs.
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Figure 11. Particle size (d) dependence of (a) the stress accumulation time Ta normalized by the rotation
period and (b) preslip displacement d. A dotted line indicates d = d. (c) Examples of the relation between
d and Ta for experimental runs at 0.1 rpm. Each point represents a slip event. Red circles, black triangles,
and blue crosses indicate the cases for d = 0.93 mm (dry), 0.39 mm (dry), and 0.93 mm (saturated with
72 mPa s silicone oil), respectively. The lines indicate the least squares linear fit to the data through the
origin, given by d = a Ta, with slopes a = 1.0, 2.6, and 3.9  102, respectively, and are used to calculate
the preslip number (Ps). Correlation coefficient for each data set are R = 0.64, 0.82, and 0.93,
respectively. (d) Particle size dependence of preslip number (Ps) under dry condition. The error bars in
Figures 11a, 11b, and 11d indicate the standard deviation calculated from different runs.
which is shown in Figure 11c. Here we plot the data for
each event during an experimental run and fit them by a
linear function through the origin using a least squares
method. From the slope of the lines we can calculate the
average preslip number (Ps) using equation (5). Ps thus
obtained as a function of the particle size are plotted in
Figure 11d. Figure 11d indicates that there is a general trend
of Ps decreasing with particle size, confirming that the
stress-time series data for different particle sizes are not
self-similar and that Ps can be used to characterize smaller
degree of preslip creeping (Figure 3).
3.4. Effects of Fluid Viscosity
[31] We now consider the effects of the interstitial viscous
fluids, whose features are shown in Figure 3. Figure 12a
shows the relation between the average stress during an
experimental run and the interstitial fluid viscosity for a
fixed particle diameter. Note that there is a minimum
average stress and that two regimes can be identified. For
viscosity h < O(102) mPa s, the average stress decreases
upon increasing the fluid viscosity, and the average stress is

approximately rotation rate-independent (frictional regime).
On the other hand, for viscosity h > O(102) mPa s, the
average stress increases with the fluid viscosity, and the
average stress becomes larger for a faster rotation rate
(viscous regime), or in other words velocity strengthening.
As can be seen from the time series data (Figures 2c –2d),
the maximum and minimum stress values of the stick slip
also change with the fluid viscosity in a similar manner,
while their difference (stress drop) decreases monotonically
with the fluid viscosity. The stress accumulation time as
well as the stress drop time also increases with the liquid
viscosity.
[32] In Figure 12b, we plot the viscosity dependence of
the dynamic slip number showing an asymptotic decrease
toward 0 as viscosity increases, which is a consequence of
the transition toward viscous flow. An example of the
relation between dynamic slip displacement and stress drop
time is plotted in Figure 10a, which indicates a prolonged
stress drop time compared to the dry case. The power law
exponent obtained as a function of the viscosity is plotted in
Figure 12c, showing that the exponent approaches around
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Figure 12. Fluid viscosity dependence of the (a) average stress during an experimental run, (b) dynamic
slip number (Ds), (c) power law exponent of the stress drop time – dynamic slip relation, (d) stress
accumulation time (Ta) normalized by the rotation period, and (e) preslip number (Ps). Here the particle
diameter is fixed (0.93 mm). The data for the lowest viscosity (0.018 mPa s) correspond to the dry case,
and the others are silicone oil-saturated cases. The error bars indicate the standard deviation calculated
from different runs.
1 (constant slip velocity) as the viscosity increases.
Figure 12d shows that the stress accumulation time normalized by the rotation period increases with the viscosity,
which is particularly pronounced for h > O(102) mPa s. This
trend is also evident for the stress drop time, and as a
consequence, the slip recurrence interval increases with the
viscosity. The viscosity dependence of the preslip number
(Ps) is shown in Figure 12e indicating the asymptotic

increase toward 1. These features all show a continuous
transition from frictional toward viscous rheology.
3.5. Width of the Shear Band
[33] In granular flows, it is well known that the flow
becomes localized in a thin layer with a thickness of about
6 – 10 particle diameters [Duran, 1999; Francois et al.,
2002; Chambon et al., 2006]. In our experiments, a shear
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shown in Figures 13a– 13d, from which we measure the
shear band width DR.
[34] In Figure 13e, we plot the radial profile of the
brightness for each of these images as a function of the
distance from the spindle edge, indicating the location of
the edge of the shear band. In order to confirm the validity of
this method for measuring DR, we distributed color-coded
glass beads at the upper surface of the glass bead layer,
tracked their motion during the experiment, and confirmed
that the particles outside the shear band do not move.
[35] In Figure 14a, we plot DR thus determined as a
function of the particle size. We find that the shear band
width increases with the particle size and the rotation rate.
In Figure 14b, the same data is replotted by scaling with the
particle diameter. Figure 14b now shows that the number of
particles which comprise the shear band (Np) is around 20–
25 for d ’ 0.2 mm and decreases with the particle size to
become Np 10 for d = 1.29 mm. In Figures 14a and 14b,
we also included the results for the liquid-saturated case,
showing that viscous fluid reduces the shear band width and
the number of particles which consist it.

Figure 13. Examples of the brightness image (in Matlab
HSV color map) used to determine the shear band width,
indicated by arrows. Here, the brightness intensity is
normalized such that the darkest and the brightest pixels
in the image become 0 and 1, respectively (see text for
details of the method used for image analysis). The rotation
rate is 0.1 rpm and the particle diameters and fluids are
(a) 0.390 mm (dry), (b) 0.655 mm (dry), (c) 0.93 mm (dry),
and (d) 0.93 mm saturated with silicone oil of 72 mPa s. (e) The
radial profile of the brightness approximately corresponds to
the band indicated by arrows in Figures 13a–13d with a width
of 100 pixels. Dashed circles indicate the determined outer
edge of the shear band.
band forms and the particles further away from the spindle
shaft do not move because the particles are in a jammed
state. We determine the width of the shear band by using the
digital images taken during the experiments as follows.
First, using the two sequential images taken 30 s apart,
we made a differential image for each of the red, green, and
blue components and calculated the absolute value of the
difference of the brightness. Such differential images allow
us to visualize the region where particles have moved. Next,
we repeated the same procedure for all the sequential
differential images during an experimental run and added
them up to form a single image for each color component.
We then normalize the images for each color component by
their total brightness and added them up. Examples are

Figure 14. Particle size dependence of (a) the shear band
width and (b) the number of particles comprising the shear
band. Small marks (at the particle diameter of 0.93 mm,
marked with asterisk in the figure legend) indicate the
saturated case with 72 mPa s silicone oil, and the rest are
under dry condition. The error bars indicate the standard
deviation obtained from different runs.
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Figure 15. Particle size dependence of the critical strain
of preslip (equation (8)) prior to the stress drop. The
error bars indicate the standard deviation obtained from
different runs.
[36] It would be informative to compare our results with
previous works. In a similar geometry, Mueth et al. [2000]
also found flow localization near the inner cylinder, and that
for spherical particles, the velocity profile decays approximately exponentially with distance. From velocity measurements, they found that the velocity becomes less than 1/10
at a distance of about 6 particle diameters. A similar result
has also been obtained using a rheometer in a plate-plate
geometry [Lu et al., 2007]. Our experiments indicate that
the shear band is about 10 –20 particle diameters wide and
that it increases with the rotation rate, which is consistent
with the exponential decay of the velocity profile. We note
however, that the decay length scale may also be affected by
the particle angularity apart from the particle size. There
have been measurements of the velocity profile for liquidsaturated granular materials [Huang et al., 2005; Huang and
Bonn, 2007], which also showed exponential decay and an
e-folding distance which increases with the shear rate, such
that for sufficiently fast rotation rate whole sample is
sheared. A comparison with their experiments suggests that
our oil-saturated cases were conducted at small shear rates
such that shear localization remained.
[37] Combining the results of Figure 11b for preslip d and
Figure 14a for a shear band width DR, we can calculate the
critical strain g c prior to the slip
gc ¼

d
DR

ð8Þ

and plot the result in Figure 15. Figure 15 shows that the
critical strain is of the order of 102 and that apart from the
results for small particle size, there is a decreasing trend
with particle size. A critical strain of the same order of
magnitude was obtained in the experiment by Anthony and
Marone [2005] and from numerical simulations by
Aharonov and Sparks [2004].
3.6. Effects of the Outer Boundaries
[38] The results of image analysis described in section
3.5, suggest that the rigid outer boundary has a negligible
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role in our experiments. Here we conduct a series of
experiments with different container radii and depths of
the glass beads layer to quantitatively evaluate their effects
on the shear stress.
[39] First we consider the case with larger radius. We
used a stainless steel beaker with a diameter of 107 mm and
a depth of 66 mm, and filled it with glass beads of a
diameter of 1.19 ± 0.20 mm, and inserted the spindle to the
same depth of 11 mm such that the lower edge of the
spindle was 50 mm away from the bottom. We then sheared
it at 0.5 rpm corresponding to the case with the largest shear
band width. Comparison with the results using a beaker
with a diameter of 68 mm shows that the width of the shear
band is the same within 1% (11.8 ± 0.1 mm) and that the
average stress is the same within 1% (107 ± 1 Pa). These
results confirm that the beaker size used in our experiments
is large enough such that the rigid outer boundary does not
affect the stick-slip behavior.
[40] Next, we compared with the result using a small
container where we used a Brookfield small sample adapter
(SC4-13RP) with a diameter of 19 mm and a depth of
65 mm. Here, in order to avoid wall slip, we attached a layer
of glass beads at the outer boundary using a double-sided
adhesive tape. We sheared glass beads with particle
diameters of 0.196, 0.550 and 1.19 mm at a spindle rotation
rate of 0.5 rpm. For a particle diameter of 0.196 mm, the
gap width becomes 3.0 mm ( 15 particle diameters), which
is smaller than DR ’ 5 mm for this particle size, indicating
that the rigid boundary would likely inhibit the motion of
the glass beads. Indeed, the average stress of time series
data becomes 91 Pa, which is larger than 82 Pa when the
same experiment is done using a beaker with a diameter of
68 mm. For a particle diameter of 0.55 mm, the gap width
becomes 2.64 mm ( 5 particle diameters), which is less
than a half of DR ’ 8 mm for this particle size. The average
stress now becomes 101 Pa compared to 93 Pa, and the
preslip number becomes 0.441 compared to 0.524, when we
use a beaker with a diameter of 68 mm. For a particle
diameter of 1.19 mm, the gap width becomes 2.0 mm (less
than 2 particle diameters), and the glass beads become
jammed and the spindle does not move even when the
stress becomes as large as 233 Pa, which is near the upper
limit that can be imposed by the viscometer. These results
indicate that as the gap width becomes thin compared to DR
for each particle diameter, the glass beads behave stiff
against deformation, which we consider to have arisen from
the restricted space available for the particles to dilate.
[41] Finally, we consider the effect of the bottom boundary. Stone et al. [2004a, 2004b] measured the force needed
to penetrate a flat plate into a granular medium, and found
that this force starts to increase exponentially when the
distance between the plate and the bottom becomes short.
Although the situation is different, we anticipate that a
similar bottom effect exists when the vertical thickness of
the glass beads layer becomes thin. We conducted a series
of experiments with vertical thickness ranging from 30 to
60 mm, using glass beads of 1.29 mm and sheared it at
0.5 rpm, corresponding to the case in which shear band is
the widest. We found that the average stress needed for
shearing starts to increase when the vertical thickness
becomes 35 mm, which corresponds to the distance
between the bottom edge of the spindle and the container
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24 mm. This result indicates that the glass beads
layer used in our experiments is sufficiently thick such that
the layer thickness is irrelevant to the stress needed for
shearing.
[42] To summarize, our results with different container
radii and depths indicate that the rigid boundaries have
negligible role in our experiments. Since larger particles or
larger loading rates yield wider shear band widths, our
results indicate that the particle diameter dependence
obtained from our experiments would be reinforced when
a container with a smaller radius or a shallower vertical
layer is used.

4. Discussion
4.1. Interpretation of Particle Size Effects
[43] We attempt to apply the adhesion friction model
proposed by Bowden and Tabor [1950] to our experiments.
They considered a situation where the hard metal moves
over a base metal with various hardness. For this case, there
are two frictional resistances; a shearing force S needed to
overcome the shear friction, and a ploughing force P needed
to groove the base metal, and can be expressed as
F ¼ S þ P ¼ As þ A0 p0 :

ð9Þ

Here A is the real area of contact, s is the shear strength of
the bond at the contact, A0 is the cross-sectional area of the
ploughed area, and p0 is the mean pressure needed for
displacement. Bowden and Tabor [1950] conducted a series
of experiments with different metals and shapes of the slider
and confirmed the validity of this model. The real area of
contact can be expressed as
A¼

W
;
p

ð10Þ

where W is the weight and p is the yield pressure.
Substituting equation (10) into equation (9), we obtain
 
s
F¼
W þ A0 p 0 :
p

ð11Þ

The ploughing term becomes small when the base metal is
hard, which results in a small A0 and is applicable to many
practical situations. For these cases, S
P, and we obtain
the classic Amonton’s law.
[44] In our experiments, the inner cylinder with surface
asperities with a scale of particle size, ploughs along the
annular granular region. During rotation, dilation occurs in
the granular region in order to accommodate the extra
interparticle space needed for deformation. Experiments
by Cain et al. [2001] have shown that dilation occurs
during the preslip phase, and we infer that the same process
occurs in our experiments, during which the degree of
particle contact would also change, as shown schematically
in Figure 16. Experiments in a similar geometry by Mueth et
al. [2000] have also shown that the strongly sheared region
has less particle packing fraction and is consistent with this
interpretation.
[45] The shear friction coefficient (s/p) is determined by
the material properties. As described in section 2, the angle

Figure 16. Schematic diagram showing the change of
particle configuration near the shear plane during the
(a) stick, (b) preslip creeping, and (c) dynamic slip phases.
Dilation occurs during the creep phase to accommodate the
space for the shear plane (thick horizontal line) and is
accompanied by the increase from the original thickness (in
dashed arrows).
of repose was found to be independent of the particle size,
from which we infer that the shearing term S is little affected
by the particle size. On the other hand, the cross-sectional
area where dilation occurs may be scaled as A0 / h d, where
h is the height of the spindle and d is the particle diameter. It
follows that we may interpret a linear relation between the
maximum stress and particle diameter (Figure 7a) as a
^
combined result of the particle size-independent stress (S)
^
and particle size-dependent stress (P). Applying this interpretation, from a linear fit to maximum stress, we obtain for
^’
the largest particle size (d = 1.29 mm), S^ ’ 68 Pa and P
26 Pa indicating that for this particle size, about 28% of the
total shearing stress is used for ploughing.
[46] The above interpretation, however, does not explain
the transition toward a smaller degree of creeping and
constant stress drop time as the particle size increases.
The smaller degree of creeping may be explained in terms
of longer relaxation time of the force chains, as discussed in
section 3.3.1. Constant stress drop time occurs when the
friction drops from a static value to a lower dynamic value
upon sliding [Scholz, 2002]. This is a simplified situation,
and in general, friction changes gradually with the slip
velocity and slip distance [Marone, 1998], which causes
the deviation from the constant stress drop time law. For a
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velocity weakening friction, the stress drop time would
decrease with maximum stress prior to slip because the slip
velocity becomes larger. This qualitatively agrees with our
result, where slip velocity is faster for larger particle sizes.
However, more experiments under larger loading rates
which can achieve faster steady state slips are needed for
a quantitative evaluation.
4.2. Comparison With Previous Experiments
[47] Here we compare our results at dry conditions with
previous experiments using different setups. The primary
difference of our experimental situation with previous rock
friction works is the absence of externally imposed stress
acting normal to the shear plane and the presence of a stress
free upper surface. Despite such a difference, there are
a number of properties that are in common. First, the
magnitude of the stress drop is of the order of 0.1 of the
maximum stress, a fraction similar to the results of previous
rock friction experiments [Scholz, 2002], under much larger
normal stress of the order of 105 – 106 Pa. Second, in
our experiments, the ratio of preslip displacement to slip
displacement associated with stress drop (dynamic slip) is of
the order of 0.1, which is also similar to those of Anthony
and Marone [2005] at the same loading velocities. Third,
previous works [Anthony and Marone, 2005; Geng and
Behringer, 2005; Alshibli and Roussel, 2006] show an
increasing trend of stress drop or stress fluctuation with
particle size, a result consistent with our result shown in
Figure 7b.
[48] Regarding the loading rate dependence, there are
similarities as well as differences. As noted in section
3.3.1, our experiments show that maximum stress increases
logarithmically with the loading rate, consistent with the
previous works in an annular geometry [Hartley and
Behringer, 2003; Geng and Behringer, 2005]. However,
this is opposite to the results by Mair et al. [2002] and
Anthony and Marone [2005] where the effect of frictional
healing with contact time was important because of the
large normal stress. Our experiments do not have an
externally imposed stress normal to the shear plane, from
which we infer that the healing process was relatively
unimportant. We can make further comparisons regarding
the loading rates. Loading rates in our experiments are also
not fast enough to achieve steady sliding [Baumberger et
al., 1994]. Experiments by Lu et al. [2007], who used
aspherical particles, showed that upon increasing the shear
rate, there is a transition from a rate-independent quasi-static
regime to a shear-weakening regime. They showed that this
transition occurs when the dimensionless shear rate (Savage
number) exceeds Sa 107. Here Sa is defined as
Sa ¼

rd 2 g_ 2
P0

[49] An additional difference with the results of Anthony
and Marone [2005] is evident in the stress drop phase. In
their experiments, the stress drop is instantaneous and the
displacement arising from loading during the stress drop
phase is negligibly small. This differs from our experiments,
where this displacement cannot be ignored, and the slip
velocity is relatively slow, which can be attributed to
the difference of the spring constants and the externally
imposed stress.
[50] We note that in our experiments, the shear band
width and consequently the number of particles comprising
the shear band (Np) were not externally controlled, but were
determined by the particle size and loading rate. On the
other hand, in the experiments by Anthony and Marone
[2005] it was possible to independently vary the shear band
width and Np. They found that when Np increased, the stress
drop was reduced and preslip displacement was enhanced,
which they interpreted to arise from the larger flexibility of
the force chain. Although the situation is different, the
anticorrelation between Np and stress drop in their experiments is similar to that in our experiments when the particle
size is changed, and seems to be related.
4.3. Interpretation of Fluid Viscosity Effects
[51] The plot between the average stress and fluid viscosity (Figure 12a) resembles the well-known Stribeck
curve for journal bearings [e.g., Ludema, 1996], a relation
between the friction coefficient and the Sommerfeld number
S, which is expressed as S = hW/P0 and compares the
lubrication pressure force to the shaft weight P0. Here h is
the viscosity of the lubricant fluid, and W is the shaft
rotation rate. From friction measurements it was found
that three regimes can be identified in a Stribeck curve.
At S  1, friction is large and rate-independent and
arises from the solid-solid contact (boundary lubrication).
However, at intermediate S, friction decreases (mixed
lubrication) because the lubrication pressure arising
from the sheared lubricant fluid can support the shaft
weight. At S
1, the friction recovers and increases
(hydrodynamic lubrication) because the viscous stresses
dominate in the liquid film. Our experiments using dry
particles show small loading rate dependence and are
similar to boundary lubrication, while those with silicone
oil of h < O(102) Pa s are similar to mixed lubrication and
those of h > O(102) Pa s to hydrodynamic lubrication.
[52] We can calculate S in our experiments, at which the
shear stress becomes minimum, as follows. An expression
for S for our experimental situation can be obtained from the
force balance of a viscous flow in a thin gap (Reynolds
equation) as
S¼

ð12Þ

and is the ratio of the collisional stress to consolidating
pressure P0. We can similarly calculate Sa in our
experiments and obtain Sa
4  108, where we used
P0 = rfgh/2 and evaluated g_ using the shear band width at
the largest rotation rate. Average shear stress in our
experiments depends only weakly on the shear rate, and
therefore belongs to the quasi-static regime, which is
consistent with the results of Lu et al. [2007].
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6hU
;
P0 d

ð13Þ

where U is the velocity scale, and we have taken the particle
diameter d as the typical length scale of the gap width and
the horizontal scale where lubrication occurs. A similar
expression has been used for estimating S in actual faults by
Brodsky and Kanamori [2001]. We take the mean weight of
the granular column and obtain P0 = rfgh/2 = 79 Pa, and
from Figure 12a, we use the data for 0.1 rpm and take h =
820 mPa s, U = 6.6  105 m/s and d = 0.925 mm, from
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which we obtain S = 0.4. A value near unity is consistent
with S being the relevant controlling parameter and suggests
that the granular material is lubricated in the same way as in
solid-solid contacts. In addition, we remark that minimum
shear stress for the 0.5 rpm data is attained at a smaller
viscosity of around 265 mPa s. This is another indication of
S being the controlling parameter, since S / h U. We note
that the relative buoyancy of particles arising from the
particle-fluid density difference Dr is not included in
the lubrication theory. Particle settling velocity scales as
/Dr/h, and experiments using silicone oil result in a larger
h and a smaller Dr, which would act to further reduce
interparticle friction.
[53] A similar dimensionless number has been proposed
by Huang et al. [2005], who also conducted an experiment
by shearing neutrally buoyant polystyrene suspensions
using a rheometer in a vane-in-cup geometry and monitored
how the shear stress increased with time. They found that
when the applied stress is small or shear rate is large, the
particles are in a jammed state and do not flow. From this
result, they argued that the transition from frictional to
viscous flow occurs when the Leighton number defined as
Le ¼

hg_
s

ð14Þ

exceeds a critical value Lec ’ (7 ± 5)  104. Here g_ is the
shear rate, and s is the shear stress. We can similarly
calculate the Leighton number in our experiments at which
the average stress becomes a minimum. For the same data at
0.1 rpm in Figure 12a, we take h = 820 mPa s and s 42 Pa.
With the measured shear band width of DR ’ 7 mm, we
have g_
1  102(1/s), and obtain Le 2  104. This
value is close to the lower limit of Lec proposed by Huang
et al. [2005], which may have arisen because g_ is a lower
bound estimate if the velocity decays exponentially with
distance.
4.4. Implications for Fault Zone Rheology
[54] Our experimental setup is very simplified compared
to the actual fault; spherical particles of uniform size, no
wearing of particles and no externally imposed stress
normal to the shear plane. Our experiments are idealized
which do not reproduce the Gutenberg-Richter relation, and
therefore is more of a model of characteristic earthquakes
that occur at fairly regular intervals. Nevertheless the
detailed parameter study and scaling analyses which we
reported in this paper can offer several insights into actual
more complicated fault behavior.
[55] First, we discuss the possible implications of the
particle size dependence. Our experiments showed that for
the same stress loading, a fault gouge with large particles
has a larger static friction that is capable of storing and
releasing large strain energy, and as a consequence results in
a longer slip recurrence intervals. San Andreas fault for
example shows large variations of slip styles depending on
the fault segment, and secular changes of the recurrence
interval of drumbeat earthquakes have recently been documented at the rising plug of the Mount St. Helens volcano
[Iverson et al., 2002]. Our experiments suggest that apart
from the change in normal stress or contact morphology
[Voisin et al., 2007], a decrease of the gouge particle size
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from wearing can also account for this change. In addition,
we have shown that the qualitative change from stable
sliding (or slow slips) to stick slip can be quantified using
dimensionless numbers. Since these numbers can be defined
using characteristic displacement scales, application of a
similar method to geodetic data of fault slips may be helpful
to characterize the slip behavior and to infer the fault zone
rheology.
[56] Second, our experiments showed that fluid viscosity
affects the rheology in three ways. One is the transformation
from frictional to viscous, which we showed can be quantified by Ps, Ds, as well as from the power law exponent of
the stress drop time –dynamic slip relation. Second is the
increase in the stress accumulation time, which is of the
opposite sense to the case when particle size reduction
occurs. This implies that we may use this property to infer
whether particle size reduction from wearing or fluid
viscosity change (e.g., influx of groundwater, dehydration,
change of the content of particle suspensions) took place.
Third is the presence of a critical viscosity, which depends
on particle size and loading rate, that separates the frictional
and viscous regimes. This last effect suggests that a transition of the regimes can occur when the viscosity of the melt
formed during slip changes with frictional heating or
subsequent cooling. Such transitions have been reported
during experiments which simulate the frictional heating
and melting [e.g., Spray, 2005; Hirose and Shimamoto,
2005], although the phenomena which have occurred are
much more complicated since the slip velocity and viscosity
are coupled. In addition to such experiments, our experiments verified that the Sommerfeld or Leighton numbers
can be used as criteria for the regime transitions.
[57] Third, we comment on the stress drop time – dynamic
slip relation (e.g., Figure 10a) whose power law exponent
changed systematically with the particle size (Figure 10b)
and fluid viscosity (Figure 12c). In regular earthquakes, the
stress drop time (duration) usually scales as the fault length/
rupture velocity and is different from our experimental
situation where rupturing is absent. However, there can be
situations where rupturing is absent, such as in aseismic
faults and slow earthquakes. Our experiments suggest that
for such situations, the particle (or asperity) size and the
presence of viscous fluid may account for the different
scaling observed in a seismic moment – duration relation
[e.g., Ide et al., 2007; Schwartz and Rokosky, 2007].
[58] Finally, we consider the rotation (stress loading) rate
dependence. In our experiments, maximum stress depends
logarithmically on the rotation rate (Figure 7c) and that
stress drop is not instantaneous and is accompanied by an
after slip. Furthermore, experiments show that the stress
drop time is primarily controlled by the stress loading rate
(Figure 9a), and not by the particle size and differs from the
stress accumulation time, which depends on the particle
size. It would be interesting to examine these properties in
rock friction experiments using a thicker gouge layer.

5. Conclusions
[59] We have conducted a series of shear experiments of a
thick layer of spherical glass beads with particle size and
interstitial fluid viscosity as the main changeable parameters
in order to clarify and to compare how these parameters
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control the stick-slip behavior. We find that as the particle
size increases or when the fluid viscosity decreases, there
is a transition toward stick slip with decreasing degree
of creeping, followed by a large stress drop. The slip
recurrence intervals, on the other hand, were found to
increase with the particle size, but to decrease with the
fluid viscosity, a property which can be used to distinguish
these two effects.
[60] We characterized the stress-time series data by using
several scales and dimensionless numbers, from which we
showed that varying the parameters not only changes the
scales but also their ratios, i.e., the characteristics of the
stress-time series data for different parameters are not selfsimilar. We find that the maximum and minimum stresses,
and stress drops increase linearly with the particle size,
which we interpreted to be due to the increase of static
friction arising from the excess force needed for ploughing
the glass beads at the shear plane. Increasing the fluid
viscosity enhances creeping, but there is a viscosity which
minimizes the average stress needed for shearing at which
we can separate the frictional regime at a lower viscosity
and the viscous regime at a higher viscosity. In addition,
from image analysis, we measured the shear band width and
found that the number of particles comprising the shear
band (Np) decreases with the particle size, suggesting that
Np is related to the change of bulk frictional property.
[61] Although the stress acting normal to the shear plane
is estimated to be smaller by about 5 orders of magnitude
compared to previous rock friction experiments [e.g.,
Anthony and Marone, 2005], implying that deformation
and healing at the interparticle contact are much less
important, there are many common features which seem
to be a general property of granular rheology. Our experiments highlight the sensitivity of the stick-slip behavior to
particle size (or asperity) and fluid viscosity comprising the
fault gouge, and the need to incorporate these effects in
friction laws. They also suggest that the spatial and temporal
variation of these two properties can account for the wide
variation of stick-slip behavior observed, and that they may
be distinguished on the basis of the slip recurrence intervals.
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