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We report on a series of experiments in which a grain-sized intruder is pulled by a spring through a 2D

granular material comprised of photoelastic disks in a Couette geometry. We study the intruder dynamics as a

function of packing fraction for two types of supporting substrates: a frictional glass plate and a layer of water

for which basal friction forces are negligible. We observe two dynamical regimes: intermittent flow, in which the

intruder moves freely most of the time but occasionally gets stuck, and stick-slip dynamics, in which the intruder

advances via a sequence of distinct, rapid events. When basal friction is present, we observe a smooth crossover

between the two regimes as a function of packing fraction, and we find that reducing the interparticle friction

coefficient causes the stick-slip regime to shift to higher packing fractions. When basal friction is eliminated,

we observe intermittent flow at all accessible packing fractions. For all cases, we present results for the statistics

of stick events, the intruder velocity, and the force exerted on the intruder by the grains. Our results indicate

the qualitative importance of basal friction at high packing fractions and suggest a possible connection between

intruder dynamics in a static material and clogging dynamics in granular flows.

I. INTRODUCTION

Driven granular media exhibit a variety of dynamical be-

haviors depending on the loading mechanism and properties

of the granular material, such as interparticle friction and

packing fraction [1]. It is common for continuous forcing

of the driver to result in periodic fluctuations in velocity [2],

periodic stick-slip behavior [3–6], irregular stick-slip behav-

ior that has been described in some cases as critical [2, 7],

or mode-switching between periodic and aperiodic regimes

[5]. These phenomena have been observed in experiments

and corresponding simulations in which the driving mecha-

nism spans the system, as in boundary shear [5, 6, 8], or is

significantly larger than a single grain, as in the cases of slid-

ers pulled across the surface [2, 6, 9] or rods inserted into the

bulk [4, 10]). A key question is how the dynamical behavior

may change when the applied stress arises from a grain-scale

intruder.

The response of a granular system to single-grain pertur-

bations is of fundamental interest, as it highlights the con-

nections between scales, from single grain rearrangements to

force chain creation and destruction to macroscopic energy

dissipation and material failure [11–13]. Early studies of point

loads in granular media focused on force propagation in static
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packings [14, 15]. More recent experiments have observed

the penetration and motion of a grain-scale intruder driven by

a constant force or at constant velocity [12, 13, 16–18], and

a grain-scale intruder driven through coupling with a spring

has been studied in simulations [11]. In all cases, the behav-

ior depends strongly on the packing fraction. Experiments on

sheared 2D layers of photoelastic disks show that frictional

properties, and basal friction in particular, also play an impor-

tant role in determining macroscopic properties of the system

during compression or shear [19–21]. These frictional prop-

erties are likely important factors in determining grain-scale

intruder dynamics as well.

This paper reports on experiments that elucidate the roles

that interparticle friction, basal friction, and packing fraction

play in determining intruder dynamics. A single-grain loading

mechanism allows us to study the effects of these parameters

without the added complication of an averaging of responses

over simultaneous direct interactions with many grains. The

system we study consists of an intruder driven through a con-

fined channel of grains. In the frame of reference of the in-

truder, the system shares features of a granular flow through

an aperture. One might therefore expect to observe processes

analogous to clogging and intermittent flow, with continuous

motion of the intruder being interrupted by occasional stick

events [22–25]. For high packing fractions, however, steric

constraints lead to strong coupling of the granular rearrange-

ments behind and in front of the intruder, and the motion is

expected to resemble more the stick-slip behavior observed in

low-speed slider experiments [2, 6, 9].

We examine the dynamics of a grain-scale intruder that is
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FIG. 1. (Color online.) Range of packing fractions φ explored in

each of the three experiments: BF-H: With basal friction and high

interparticle friction; BF-L: With basal friction and low interparti-

cle friction; NBF-H: No basal friction and high interparticle friction.

Dark represents intermittent flow dynamics and light represents pure

stick-slip dynamics.

driven by a torsion spring through an annular channel filled

with a 2D bidisperse granular medium. A spring-driven mech-

anism applies a force to the intruder that increases linearly

with time until the granular material yields and the intruder

slips. We utilize a Couette geometry to study steady-state

dynamics of the intruder after multiple passes through the

medium. In this way, we obtain quantitative measures of the

dynamics as the system explores a statistically stationary en-

semble of states. In addition, we use photoelastic imaging

[26, 27] to qualitatively characterize force chain structures in

these states. Our results suggest that the presence of basal

friction has a strong effect on the characteristics of the force

networks associated with stable stick events.

We report on three sets of experiments with different coeffi-

cients of static friction, µ , for interparticle contacts and differ-

ent coefficients of static friction, µBF , for the interaction of a

particle with the base. In one case the particles float on water,

effectively eliminating the basal friction (µBF = 0). For each

set, we vary the packing fraction φ in a range allowable by the

limits of the apparatus (see Sec. II). As shown in Fig. 1, when

basal friction is present, we find a dynamical regime of inter-

mittent flow at low φ and aperiodic stick-slip dynamics at high

φ , with the crossover from intermittent flow to stick-slip shift-

ing to higher φ with lower interparticle friction. When basal

friction is eliminated, we observe only intermittent flow, with

no stick-slip regime. These findings experimentally show that

basal friction is a key parameter controlling intruder dynam-

ics, and that in a confined geometry clogging-like behavior

can occur.

In Sec. II, we describe the experimental setup and the pa-

rameters used in the three sets of experiments. In Sec. III we

discuss the qualitative differences in dynamical behavior and

a quantitative measure to distinguish the regimes.

II. EXPERIMENT DESIGN

Figure 2 shows a schematic diagram of the apparatus. Ap-

proximately 1000 bidisperse polyurethane photoelastic disks

are set in an annular channel. The diameters of the parti-

cles slightly differ for each set of experiments — these val-

ues are presented in Table I. The number ratio of large to

FIG. 2. (Color online.) Schematic of apparatus: (a) Top-down

(camera) view of apparatus: I = Intruder, PA = Pusher Arm, FS =

Force Sensors. The inset shows a closeup image of the ribbed rub-

ber boundary next to a small grain. The angular position θ of the

intruder is measured relative to the start position in a given experi-

mental run. (b) Side view: CP = Circular Polarizer, SM = Stepper

Motor. The zoom-in feature shows the approximate height above the

table of floating particles. The dashed line (red) just above the CP is

the cross-sectional plane with the torque spring, shown in Fig. 3.

small particles is approximately 1:2.8 in the experiments with

high interparticle friction and 1:3.2 in the experiments with

low interparticle friction. A bidisperse mixture of particles is

used to prevent crystallization [28], which we never observe in

these experiments. The channel width is 17.8 cm, or approx-

imately 14 small particle diameters. The inner and outer cir-

cular boundaries are ribbed rubber with ridges spaced roughly

0.5 cm apart to reduce particle slip. The particles either sit on

the glass table with a friction coefficient µBF or float in wa-

ter above the glass and experience no basal friction forces. In

the case with basal friction, the interparticle friction µ may be

high (bare disks) or a low (Teflon R© wrapped disks). Parame-

ter values for each experiment are summarized in Table I.

The intruder, a Teflon R© rod of diameter dint = 1.59 ±
0.01 cm, which is about the diameter of a large particle in the

experiments with basal friction and high interparticle friction,

is elevated above the table and therefore has no basal friction

in all of the sets of experiments. It is rigidly fixed to a can-

tilever that is attached to a post at the center of the annulus.

The intruder’s radial distance from the annulus center is fixed
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Experiment µBF µ ds, dl (±0.01 cm) Range of φ (±0.008)

(1) Basal friction, high interparticle friction 0.37±0.07 1.2±0.1 1.28, 1.60 0.650−0.772

(2) Basal friction, low interparticle friction 0.34±0.08 0.18±0.04 1.34, 1.65 0.677−0.796

(3) No basal Friction, high interparticle friction 0 0.8±0.1 1.30, 1.62 0.750−0.786

TABLE I. Experimental Parameters. Shared parameters for all three experiments are κT = 0.431±0.001 Nm/rad, θ̇d = 0.119±0.006 rad/s,

and dint = 1.59± 0.01 cm. In the sets of experiments with basal friction, φ was changed in increments of ∼ 0.01. In the case without basal

friction, φ was usually changed in increments of ∼ 0.002 except for the three lowest φ , which are separated by increments of ∼ 0.01. (See, for

example, Fig. 9(a) for the exact packing fractions studied.)

FIG. 3. Cross-sectional schematic view of Fig. 2(b) in the plane

marked by the red dotted line: i is rotated at constant angular veloc-

ity by the stepper motor and ii is rigidly fixed to the pusher arm. The

timescale of the spring’s relaxation (∆t2 ∼ 0.4 s) is shorter than the

timescale of typical stick events (∆t1) when pure stick-slip dynamics

are observed (light blue in Fig. 1).

at R = 19.7± 0.1 cm.

The cantilever supporting the intruder is fitted with s-beam

load cells (JINNUO, JLBS-M2) that measure the force of the

granular medium on the intruder at intervals of 0.01 seconds.

A stepper motor (STEPPERONLINE, 24HS34-3008D) and

torque spring (stiffness κT = 0.431± 0.001 Nm/rad) are used

to drive the rotation of the cantilever, as shown in Figs. 3

and 4. The motor drives one end of the spring at constant an-

gular velocity of θ̇d = 0.119±0.006 rad/s; we define the drive

angular velocity direction to be positive. The other end of the

spring pushes the cantilever, driving the intruder through the

granular medium. In Fig. 3, the wedge labeled i is rotated at

constant angular velocity by the stepper motor, and the wedge

labeled ii is rigidly fixed to the cantilever. In a typical stick-

slip cycle, the intruder is held in a nominally fixed position by

the granular material. As the motor turns, wedge i advances at

a constant rate, building stress in the spring. When the force

on wedge ii reaches the point where the force exerted by the

intruder exceeds the yield stress of the given jammed config-

uration of grains, the intruder, cantilever, and wedge ii slip

forward rapidly. A timescale related to such slip events can be

defined as the time required for the compressed spring to fully

decompress in the absence of any granular obstacles. This

inertial timescale was measured to be 0.40± 0.01 s 1.

The granular medium is illuminated from below by a white

light LED panel, with the light first passing through a diffuser

1 The inertial timescale can be approximated by estimating the moment of

inertia of the cantilever as ML2/3 and treating the system as a simple har-

monic oscillator. In this experiment, M ≈ 0.44 kg and L ≈ 0.36 m, giving

an oscillation period of 1.40 s. The decompression time is thus predicted

to be 0.35 s, roughly in agreement with measurements.

FIG. 4. Sample snapshot of an experiment. The intruder is being

driven counterclockwise. The black curve is a cable above the parti-

cles. The torque spring schematic from Fig. 3 is shown in the center.

and circular polarizer, then through the glass and granular sys-

tem. Images are recorded by two cameras above the system.

One camera records the light with no further filtering and is

used to measure the particle and intruder locations, which are

identified using a circular Hough transform from MATLAB
R©.

The other camera records light that passes through a circu-

lar polarizer of opposite handedness to the circular polarizer

below the set-up, forming a dark-field polariscope [26, 27].

This camera is used to estimate the stress in each grain and

visualize force networks, both during stick events and rapid

slip events. Figure 4 displays a sample image from an ex-

periment acquired by the camera without the polarizer. The

intruder is tracked throughout experimental runs in intervals

of 0.02 seconds. The cumulative angle θ of the intruder rel-

ative to its initial position in an experimental run is recorded.

The intruder’s angular velocity θ̇ is then computed by a finite

difference of the θ (t) time series. Sample time series of θ and

the corresponding θ̇ are shown in Fig. 5 as a function of the

cumulative drive angle of the stepper motor, which advances

with time at a constant rate θ̇d ≈ 0.12rad/s.

To eliminate basal friction in one set of experiments, par-

ticles are coated on the top surface with a superhydrophobic

layer and float on de-ionized water, as shown in the inset of
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FIG. 5. (Color online.) Sample time series of the intruder’s angular

position θ (upper curve, black) and intruder velocity θ̇ (lower curve,

blue) as a function of the cumulative drive angle of the stepper motor.

The dotted line represents the drive velocity θ̇d . (a) Sample from

the maximum packing fraction φ explored with basal friction. (b)

Sample from the maximum φ explored without basal friction. Inset:

Zoom in of time series within dotted (red) box.

Fig. 2(b). Static friction coefficients µ for dry experiments

with basal friction were measured through tilt tests with par-

ticles in contact with other particles or with a glass base. For

floated particles, µ was measured by recording the force re-

quired to slide disks past one another when resting on top of

each other under gravity with edge-to-edge contacts. The con-

tact line was under water to account for fluid lubrication at the

contacts.

In our experiments, φ is varied by changing the number

of particles in the annular channel while approximately fix-

ing the small to large particle number ratio. With increas-

ing φ , we observe stick events that reach higher angular dis-

placements. Thus the upper limit φmax for each experiment

with basal friction (φmax = 0.772 with high interparticle fric-

tion, φmax = 0.796 with low interparticle friction) is set by the

maximum angular displacement by which the spring can be

compressed in the apparatus (180◦) as well as an increasing

probability for particles to buckle out of plane as the aver-

age force in the medium increases. When there is no basal

friction, we do not observe high angular displacement stick

events at all; the upper limit (φmax = 0.785) is instead set by

the increasing probability for particles to buckle out of plane,

which is more likely to occur in the floating system even at low

forces because particles at the fluid-air interface do not have a

fixed substrate to prevent buckling in one direction. The lower

limit φmin when basal friction is present is the packing frac-

tion below which the intruder forms a narrow open channel

through which to glide and does not interact with the gran-

ular medium in the steady state. We find φmin = 0.650 and

φmin = 0.677 for high and low interparticle friction, respec-

tively. Without basal friction, φmin = 0.750 corresponds to a

steady state in which particles simply glide around the intruder

with few force-bearing interactions2. We note that the ranges

2 Without basal friction, the particles experience mutual capillary attractions

because they are floating on water. Thus, a channel never forms at very low

φ as happens in the cases with basal friction.

of φ attainable are either below or on the low end of the range

of jamming packing fractions between random loose packing

φRLP ≈ 0.77 [29, 30] and random close packing φRCP ≈ 0.84

[31, 32], in agreement with other intruder experiments with

frictional particles in a similar geometry [13]. In other lin-

ear intruder experiments [16, 17] (1) there was no limiting

displacement of a driving spring and (2) the system size was

significantly larger than here (the intruder was a smaller per-

turbation), so values of φ significantly closer to φRCP were

accessible.

III. RESULTS

A. Qualitative Observations

Figure 6 displays sample time series of the velocity of the

intruder and the force of the grains on the intruder in the ex-

periments with and without basal friction at comparable inter-

particle friction. Plots are shown for φmin and φmax for the two

sets of experiments. Both the force and velocity are plotted

with respect to cumulative drive angle, proportional to time

by θ̇d .

With basal friction: At low φ , the intruder spends most of

the time moving at velocities near θ̇d with fluctuations but oc-

casionally gets stuck, having a velocity near zero (Fig. 6(a)).

The small fluctuations about the drive velocity are caused by

the intruder pushing loose grains or clusters of grains out of its

way, the transient formation of weak force chains in the gran-

ular medium that break before stopping the intruder, or driv-

ing fluctuations (±0.1 rad/s) due to friction in the central post.

The force also exhibits fluctuations on the order of ±0.05 N

when the intruder is moving near the drive velocity and a noise

level of 10−3 N when the intruder is stuck (nearly stationary).

As φ increases, stick events occur more frequently until be-

yond a certain range of φ the intruder exhibits pure stick-slip

dynamics dominated by rapid slip events followed by rela-

tively long stick events (Figs. 5(a) and 6(b)). During stick

events, the force on the intruder increases approximately lin-

early with time as the torque spring is compressed at a con-

stant rate. During slips at high φ , the force fluctuates rapidly

and the peak velocity is generally set by the amount of com-

pression in the spring upon release — greater compression in

a stick event leads to a more rapid slip event. The low-φ dy-

namics observed in Fig. 6(a) will be called intermittent flow

(or clogging-like) dynamics. The high-φ dynamics observed

in Fig. 6(b) will be called stick-slip dynamics.

Without basal friction: For all φ studied in this experiment,

the system exhibits intermittent flow with the intruder moving

near the drive velocity most of the time (Figs. 5(b) and 6(c,d)).

Note that the vertical scales for both velocity and force in

Fig. 6 are smaller in (c,d) compared to those in (a,b).

B. Intruder Velocity and Force Distributions

Figure 7 shows the probability distributions (PDF) of in-

truder velocities for several values of φ .
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FIG. 6. (Color online.) Sample time series for intruder velocity (lower curve, blue) and force (upper curve, red) at the lowest (φmin) (a,c)

and highest (φmax) (b,d) packing fractions from the experiments with and without basal friction with high interparticle friction. Thick black

segments are detected stick events and the gray dashed line is the drive velocity θ̇d . Inset in (a): A detected stick event; an upper threshold of

0.04 rad/s (dash-dot, green) is used to define stick events.

With basal friction (Fig. 7(a,b)): At low φ , the distribution

has a significant peak at θ̇d . As φ increases, the height of this

peak diminishes as a peak at zero velocity develops, showing

that the intruder is stuck for larger fractions of the total time

as φ increases. The distribution also broadens, as faster slip

velocities are achieved after stick events with greater spring

deflection. The velocity distributions peaked at θ̇d correspond

to the intermittent flow dynamics, whereas the distributions

where the dominant peak is at zero are consistent with fully

developed stick-slip dynamics. The data suggest a smooth

crossover between the two regimes rather than a sharp transi-

tion. For the lower interparticle friction case (Fig. 7(b)), these

trends are qualitatively the same, with the crossover occurring

at higher values of φ and a substantial decrease in the maxi-

mum observed velocities for a given φ .

Without basal friction (Fig. 7(c)): The distribution has a

significant contribution at θ̇d for all accessible φ . With in-

creasing φ , the distribution broadens as longer sticks and as-

sociated faster slips occur, and weight is shifted to zero, in-

dicating more and/or longer stick events. However, even at

the largest packing fraction φmax attainable in the experiment,

zero velocity does not dominate, indicating that a fully devel-

oped stick-slip dynamics has not been achieved.

In all cases, some negative velocities are observed in the

signal. In the intermittent flow regime, the spring is often able

to completely decompress in a slip event, causing the driving

mechanism wedges shown in Fig. 3 to collide and the intruder

to rebound. In the stick-slip regime with basal friction, the

granular medium sometimes does push the intruder backwards

at the end of a slip event.

Figure 8 shows the distributions of forces. Note the differ-

ences in the horizontal scales of the three panels. Both with

basal friction (a,b) and without basal friction (c), the maxi-

mum of the PDF shifts to higher forces as φ increases. The

width of the distribution increases with φ in all three cases

but decreases substantially with lower interparticle friction

0 0.5 1 1.5 2 2.5

Intruder Velocity (rad/s)

10
-4

10
-3

10
-2

10
-1

10
0

P
D

F

0 0.5 1 1.5 2 2.5

Intruder Velocity (rad/s)

10
-4

10
-3

10
-2

10
-1

10
0

P
D

F

0 0.5 1 1.5 2 2.5

Intruder Velocity (rad/s)

10
-4

10
-3

10
-2

10
-1

10
0

P
D

F

ϕ

0.796

0.650

Basal Friction, 
High Interparticle Friction

No basal Friction, 
High Interparticle Friction

Basal Friction, Low Interparticle Friction

0 0.05 0.1 0.15

10
-1

(a)

(b)

(c)

FIG. 7. (Color online.) Velocity distributions (bin count normalized

to total number of data points) with varying packing fraction, φ . Ver-

tical black dashed lines indicate θ̇d . The dotted (gray) distribution

is noise measured by driving the intruder around the annulus with-

out any particles. (a) Basal friction, high interparticle friction. (b)

Basal friction, low interparticle friction. (c) No basal friction, high

interparticle friction. Inset of (b): Zoom in of plot to highlight the

increase in the peak height at 0 rad/s with increasing φ ; this trend is

observed for all three experiments.
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FIG. 8. (Color online.) Force distributions with varying packing frac-

tion, φ . The dotted (gray) distribution is noise measured by driving

the intruder around the annulus without any particles. (a) Basal fric-

tion, high interparticle friction. (b) Basal friction, low interparticle

friction. (c) No basal friction, high interparticle friction.

and even more dramatically when basal friction is eliminated.

This suggests a decrease in the number and duration of stick

events in the two cases. Figure 9(a) summarizes the informa-

tion from the force distributions, showing the average force

and distribution width for all three experimental conditions

and packing fractions.

The observations from the velocity and force PDFs sug-

gest that at higher φ , where there is less area available for

grains to flow behind the intruder [17], grains are more likely

to form mechanically stable structures that cause the intruder

to get stuck [33]. In the fully developed stick-slip regime, the

fact that increasing φ leads to longer stick durations implies

the formation of force chains with greater mechanical stabil-

ity, consistent with previous studies in which the critical force

that an intruder needed to break stable granular structures in-

creased with φ [12, 13, 16].

C. Analysis of Stick Events

In Fig. 6, detected stick events are shown in black. The in-

set in Fig. 6(a) shows the threshold of 0.04 rad/s used to define

stick events; we ignore any microslip events that may occur

Basal Friction, High Interparticle Friction

Basal Friction, Low Interparticle Friction

No Basal Friction, High Interparticle Friction

FIG. 9. (Color online.) (a) The average force of the force time series

as a function of packing fraction, φ , for each experimental condition.

Each shaded region around a point ranges from the lower 10% cutoff

to the upper 90% cutoff of that point’s force distribution. Inset: Zoom

in to highlight the case with no basal friction. (b) The average creep

velocity of the intruder during detected stick events as a function of

φ (the average speeds associated with the thick black lines in Fig. 6).

below this threshold during a stick event. Detected events that

are shorter than 0.40 seconds (or a cumulative drive angle of

∼ 0.04 rad, or 20 data points) are also disregarded. For each

detected event, θ (t) during that time interval is fitted with a

line whose slope is the representative average stick creep ve-

locity of that stick event. The duration of each event is also

recorded, and by multiplying this duration by θ̇d we obtain an

approximate amplitude of the event (the total spring deflection

during the event) in radians. We checked the return map (not

shown) for consecutive stick event amplitudes and found no

indication of periodic dynamics even in the stick-slip regime.

Figure 9(b) shows the average of all stick creep velocities

for each φ and frictional condition. Here, we only display

data points for sets containing at least 20 stick events, a cri-

terion which excludes low φ experiments. With basal friction

and high interparticle friction, the creep velocity is lowest;

with lower interparticle friction the creep velocity is a little

higher at high φ . Without basal friction, the creep velocity is

roughly twice that of the experiments with basal friction. The

fact that the creep velocity measurably changes with frictional

properties suggests that the granular medium rearranges on a

small scale to accommodate for the driven intruder, possibly

through many separate microslips or a more continuous chain

of rearrangement events.

The intermittent flow and stick-slip regimes (see Fig. 1) can

be distinguished by considering the statistics of the waiting

time, τw, between stick events, where τw is defined to be the

time from the end of one stick event to the beginning of the

next (see Fig. 6), including the duration of the associated slip

between the two stick events. If the intermittent flow dynam-

ics are analogous to clogging, then stick events will follow

a Poissonian distribution and the waiting time distribution is

expected to be exponential consistent with the distribution of

avalanche sizes in clogging [23, 24, 34, 35]. By contrast, in

the stick-slip regime, τw is expected to be a small value with a

small distribution width set only by the duration of slip events,

the longest of which are on the order of the inertial timescale
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of the cantilever.

The cumulative distribution functions (CDF) of τw for all

three experiments at varying φ are shown in Fig. 10(a). The

distributions do not seem to be exponential at lower φ , as one

would expect if the system were analogous to clogging sys-

tems. Below τw ≈ 15 s for the lowest φ ’s, the distributions

with basal friction do appear to be exponential, but the wait-

ing times above 15 s are more numerous than expected for the

exponential trend. Long waiting times usually occur at such

low φ when the intruder nearly forms a free channel in the

granular medium that extends over a significant fraction of its

path around the annulus. In such cases, the intruder can move

freely or simply push along one particle without interacting

with the medium as a whole until it encounters a constricted

portion of the channel and resumes the intermittent flow with

shorter waiting times.

Without basal friction, all distributions are statistically

identical for the φ ’s at which we were able to obtain a sig-

nificant number of stick events. The distributions are roughly

exponential, but the numbers of events are too low to support

firm conclusions. In any case, the trend of faster decay of the

waiting time probability with increasing φ is apparent for both

experiments with basal friction. We utilize this decrease in the

average waiting time for a given experiment τ ≡ 〈τw〉 to dis-

tinguish the dynamical regimes of stick-slip and intermittent

flow (Fig. 10(b)) — when the average waiting time becomes

comparable to the inertial timescale of the cantilever, the dis-

tribution decays sharply and τ is on the order of 1s, indicat-

ing stick-slip dynamics. (We do not attempt here to propose

a quantitative form for the decay or to assign to it a precise

value of the packing fraction.) A distribution with waiting

times significantly longer than the inertial timescale indicates

intermittent flow. We schematically summarize the results of

Fig. 10(b) in Fig. 1, with the crossovers between stick-slip

and intermittent flow for the cases with basal friction occur-

ring at φ ≈ 0.70 for high interparticle friction and φ ≈ 0.73

for low interparticle friction. The experiment without basal

friction does not exhibit stick-slip dynamics for the φ acces-

sible in this experiment, though we suspect that a crossover

would occur at φ nearer to φRCP if buckling out of plane could

be avoided.

IV. DISCUSSION AND CONCLUSIONS

We have collected data on the dynamics of a grain-scale in-

truder pushed through quasi-2D granular media using a spring

of finite stiffness and varying interparticle friction and basal

friction of the grains. The annular geometry of the system

enables us to study statistically steady states for a range of

packing fractions and several values of the static friction co-

efficients.

We find that the dynamics are strongly affected by whether

basal friction is present or not. With basal friction and increas-

ing φ , the intruder experiences a smooth crossover in dynam-

ics from intermittent flow to stick-slip as revealed by smooth

crossovers in both the average force (Fig. 9(a)) and average

waiting time between stick events (Fig. 10(b)). In the intermit-

tent flow regime, the intruder spends most of the time moving

through the medium with small fluctuations in velocity due to

collisions and short-lived, weak force chains, but occasionally

gets stuck for extended periods. The motion resumes when

the force exerted on the medium by the intruder increases be-

yond a yield threshold that differs for each stick event. In the

stick-slip regime, the intruder motion is dominated by quick

slips following stick events. These slips feature rapidly vary-

ing interactions between the intruder and grains. Interparticle

friction µ controls the range of φ over which the crossover

from intermittent flow to stick-slip occurs, with the crossover

occurring over a lower range of φ for larger µ . When basal

friction is eliminated, the intermittent flow regime extends to

all packing fractions covered by our experiments, including

those where stick-slip was observed in the presence of basal

friction.

Our results raise several questions for future studies. First,

it would be interesting to see how changes in the drive velocity

or the spring constant modify the dynamics. In a variety of

granular stick-slip experiments and simulations with applied

boundary shear or large sliders, these parameters control the

macroscopic dynamical regime [2, 4, 5, 9, 36]. One may ask,

for example, whether observed effects such as periodic stick-

slip dynamics can occur when the interaction of the drive with

the medium is confined to the single grain scale.

Second, one may ask how the intruder dynamics at low φ is

related to the clogging phenomena observed in granular flows

through small apertures. The intruder acts as a boundary be-

tween the inner and outer ring, creating two effective aper-

tures. Our system is thus related to a highly coupled two-

aperture clogging system [25], which is less well understood

than the single-aperture case [22–24]. Our system sticks (or

clogs) more often than expected for a single aperture of a

size equivalent to the width of one of our two ”effective aper-

tures,” which are each approximately 6 large particle diam-

eters across. A simple, and likely naive, argument suggests

that the clogging probability of our system, pannulus, should

be connected with the probability of clogging at least one of

two apertures; pannulus = 2p− p2, where p is the probabil-

ity of clogging a single aperture and the clogging events for

the apertures are assumed to be equal and uncorrelated. This

leads us to expect pannulus > p, in agreement with the observa-

tions of stick event frequencies in the intermittent flow regime

and especially with the observation of any stick events in the

absence of basal friction. To test the relevance of clogging

concepts to our stick events it will be crucial to gather data for

different channel widths or grain sizes.

Third, we have seen that the creep velocities of the intruder

during nominal stick events depend on the interparticle and

basal frictional properties of the granular material, as shown

in Fig. 9(b). Why does lower interparticle friction or reduced

basal friction increase the average creep velocity? Acquiring

data on the microscopic motions of grains during creep would

help answer this question by distinguishing between the oc-

currence of multiple, discrete microslip events and continuous

bulk rearrangements. Measurements of force chain networks

may also reveal differences between the sticking configura-

tions achieved in systems with different frictional properties.
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(a) (b)

ϕ 0.7960.650

Basal Friction, 
Low Interparticle Friction

No basal Friction, 
High Interparticle Friction

Basal Friction, 
High Interparticle Friction

Basal Friction, High Interparticle Friction

Basal Friction, Low Interparticle Friction

No Basal Friction, High Interparticle Friction

FIG. 10. (Color online.) (a) The complementary cumulative distribution function (CDF) of the distribution of waiting times, τw, between stick

events for all three experiments. The inset is a zoomed in plot to highlight the trend of the complementary CDFs at low τw. Without basal

friction: increasing thickness here denotes increasing packing fraction φ : 0.781,0.783,0.784,0.786. (b) The average waiting time τ ≡ 〈τw〉
with error bars given by the standard error of the average.

Basal Friction, High 
Interparticle Friction

No basal Friction, High 
Interparticle Friction

(a)

(b)

FIG. 11. (Color online.) Sample photoelastic images of representa-

tive stick events at φ = 0.762 (a) and φ = 0.780 (b) and a measured

force of ∼ 0.8 N for the experiments with basal friction and without

basal friction at high interparticle friction. The intruder is marked

with a circle, and the arrow pointing to the intruder indicates the di-

rection of force applied to the intruder by the torque spring.

Though this paper did not emphasize it, our experimental

system allows us to gather photoelastic data that reveals in-

ternal stress structures in the granular medium during intruder

sticks and slips. For example, Fig. 11 shows two representa-

tive experimental images, one from a run with basal friction

and the other from a run with no basal friction. The measured

force on the intruder was the same for the two images. In the

case with basal friction, some force chains extend behind the

intruder (the intruder is being driven in the direction of the

arrow by the torque spring), and this is typical. In contrast,

without basal friction, no force chains that extend behind the

intruder have been observed during any stable stick events.

Future studies, which are beyond the scope of this paper, aim

to provide quantitative statistical analyses of these and other

features of stress states and relaxation dynamics within the

granular medium.

Finally, while we have emphasized the distinctions between

the stick-slip and clogging regimes, the smoothness of the

crossover between the two suggests a possible relation be-

tween them. Future studies of the spatial distributions of force

chains during clogging and sticking events may reveal links

between these phenomena and the shear jammed or fragile

states on the yield curve of the phase diagram recently ob-

served in a Couette experiment driven by globally applied

shear [37].
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Daniels, “Granular controls on periodicity of stick-slip

events: Kinematics and force-chains in an experimental fault,”

Pure Appl. Geophys. 168, 2239–2257 (2011).

[6] M. Pica Ciamarra, E. Lippiello, L. de Arcangelis, and C. Go-

dano, “Statistics of slipping event sizes in granular seismic fault

models,” Europhys. Lett. 95, 54002 (2011).

[7] F. Dalton and D. Corcoran, “Self-organized crit-

icality in a sheared granular stick-slip system,”

Phys. Rev. E 63, 061312 (2001).

[8] J. Barés, D. Wang, D. Wang, T. Bertrand, C. S. O’Hern,

and R. P. Behringer, “Local and global avalanches

in a two-dimensional sheared granular medium,”

Phys. Rev. E 96, 052902 (2017).

[9] S. Nasuno, A. Kudrolli, A. Bak, and J. P. Gollub, “Time-

resolved studies of stick-slip friction in sheared granular lay-

ers,” Phys. Rev. E 58, 2161–2171 (1998).

[10] J.-F. Métayer, D. J. Suntrup III, C. Radin, H. L. Swinney,
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