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We consider a system of granular particles, modeled by two dimensional frictional elastic disks,
that is exposed to externally applied time-dependent shear stress in a planar Couette geometry. We
concentrate on the external forcing that produces intermittent dynamics of stick-slip type. In this
regime, the top wall remains at rest until the applied stress becomes sufficiently large, and then it
slips. We focus on the evolution of the system as it approaches a slip event. Our goal is to identify
measures that show a potential for predicting that the system is about to yield. Our main finding
is that static global measures, defined as system-wide averages, do not seem to be sensitive to an
approaching slip event. On average, they tend to increase linearly with the force pulling the spring.
On the other hand, the behavior of the time-dependent measures that quantify the evolution of the
system on a micro (particle) or mesoscale changes dramatically before a slip event starts. These
measures grow rapidly in magnitude as a slip event approaches, indicating a significant increase in
fluctuations of the system before a slip event is triggered.

I. INTRODUCTION

Avalanches are phenomena that are well known on ge-
ological scales, with many familiar examples from earth-
quakes to snow avalanches and landslides. The distribu-
tion of the times between the avalanches and their sizes
is statistically similar to the distribution of abrupt events
observed in many other systems where the consequences
are less spectacular but crucial to understanding mate-
rial responses that are of significant technological impor-
tance. Relevant systems include dry and wet granular
systems, suspensions, colloids, foams, yield-stress fluids,
glass-forming materials, and several other soft matter
systems relevant to our everyday life. The response of
these systems to external driving is the subject of active
research, with a large body of research considering an in-
termittent response where a system evolves via the stick-
slip type of dynamics, see [1] for a review. Until recently,
research concerning the predictability of upcoming events
(slip, or avalanche) has been of a statistical nature. [2, 3].
In recent years, new approaches based on experimental
information [4–7], in some cases coupled with machine
learning approaches [8–10], have been considered. De-
spite progress, our ability to predict upcoming slips is
still limited. Thus, it is important to devise more precise
predictions, or at least to find out what type of informa-
tion about the considered system is needed to make such
predictions feasible.

The intermittent type of dynamics of granular sys-
tems is often explored because it provides a good testing
ground for various theoretical approaches. In particular,
both experiments and simulations provide detailed infor-
mation about particles as well as their interactions. Ex-
perimentally, the interactions between the particles have
been extensively analyzed by using methods based on
photoelasticity [5, 11–16]. The same information can be
obtained for a wide variety of systems [17–22] by rela-

tively straightforward simulations based on discrete el-
ement methods. Therefore, a significant amount of re-
search has been carried out and here we mention only a
few examples. Various statistical measures of intermit-
tent dynamics have been considered in detail in simula-
tions [18–21, 23], and experiments with particular focus
on quantifying intermittency were reported as well [24].
The connections between different systems experiencing
intermittency have been discussed extensively [25, 26]
and significant progress has been reached in understand-
ing how a system yields, in particular based on the shear
transformation zone concept [2, 27, 28]. In Ref. [29],
models for predicting an upcoming avalanche were in-
troduced. The authors, among others, have discussed in
detail the statistics of slip events. They showed that the
statistics obtained for granular systems and the other soft
matter systems listed above are similar.

One important question when considering intermittent
dynamics is the relation between micro (particle scale)
and macro (system size) behavior. The interactions be-
tween the particles can be captured by a force network.
Visual inspection of these networks shows that local in-
teractions between the particles give rise to organized
structures that form spontaneously on a mesoscale (with
a typical length scale of ten or so particle diameters).
By now, it is widely accepted that the force networks
play an important role in determining the system-wide
response. However, it is still not clear how to extract rel-
evant information about the intermittent dynamics from
the properties of these networks, or some other particle-
scale/mesoscale properties of the system.

Our main goal is to identify measures that exhibit a
clear change in their trend as a system approaches a slip
event, since finding such measures is the first and neces-
sary step towards developing the ability to forecast slip
events. To achieve this goal, we consider a simple system
in two dimensional planar Couette geometry, with the
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top boundary pulled by a harmonic spring, see Fig. 1.
We investigate a wide variety of measures that quan-
tify various properties of inter-particle contacts, forces
(force networks), and particles’ dynamics. Some of the
measures are classical while others, based on persistent
homology (PH), have been implemented recently [30–35].
We will show that global measures, obtained by averaging
any of the considered quantities over the whole system,
do not change their behavior as the system approaches
a slip event. On the contrary, the measures quantifying
the micro and mesoscopic evolution of the system on a
short time scale start increasing nonlinearly well before
the onset of the slip. Thus, these measures show signifi-
cant potential for predicting an upcoming slip event. Our
interpretation of this finding is that local time-dependent
measures capture increasing fluctuations on micro and
mesoscopic scales that lead to a slip event.

The rest of this manuscript is structured as follows.
Section II focuses on the description of simulation tech-
niques. In Sec. III we define the measures that we con-
sider in this paper. Section IV provides the main results,
motivated by consideration of a single slip event that is
discussed in Sec. IV A. In Sec. IV B we start by providing
an overview of the statistical analysis that we carry out,
applied to the global measures in Sec. IV B 1, and then to
the local ones in Sec. IV B 2. Section V is devoted to the
summary and discussion of future directions. Animations
of DEM simulations as well as of some of the considered
measures are presented in Supplementary Materials.

II. SIMULATIONS

In this section, we provide a short overview of the con-
sidered simulations. We also explain how we store the
relevant information about the system for the subsequent
analysis. Since the simulation techniques are identical to
the methods described in Ref. [36] we limit ourselves to a
summary and refer the reader to earlier work [37] for the
description of experiments carried out with photoelastic
particles that provided the needed material parameters.
In our simulations, we model granular particles as 2D
soft frictional disks, and place N = 2500 disks (system
particles) between two horizontal rough walls (made up
of wall particles) placed parallel to the horizontal x axis,
see Fig. 1. The system particles are bi-disperse, with 25%
of large particles and 75% of small particles, and the di-
ameter of a large particle is 25% larger than that of a
small particle. The top wall is made of small particles
spaced slightly apart from each other. This reduces the
slip of the system particles along the wall. The bottom
wall is also made of small particles but they are placed
at a distance equal to the particle diameter. The bot-
tom wall is kept fixed, while the top one is pulled by a
harmonic spring moving with the velocity vs in the +x
direction.

We use the linear spring-dashpot model to describe the
interactions between the system particles and between

FIG. 1. Snapshot of the considered system. The system par-
ticles are colored by their total current force magnitude while
the wall particles are shown in blue. The top wall is exposed to
a linear force, in the +x direction, by a spring and (constant)
pressure force is applied in the −y direction. The bottom wall
is fixed.

system and wall particles. In what follows, we use the
diameter of small particles, d, as the length scale, their
mass, m, as the mass scale, and the binary collision time,
τc, as the time scale. Motivated by experiments with
photoelastic particles [37], we use d = 1.27 cm, m = 1.32
g, and τc = 1.25× 10−3 s, as appropriate for particles of
Young modulus of Y ≈ 0.7 MPa. For such value of τc, the
normal spring constant is kn = mπ2/2τc

2 ≈ 4.93 N/m,
and the tangential spring constant (needed for modeling
of tangential forces using the Cundall-Strack model [38])
is kt = 6kn/7, which is close to the value used previously
[39]. The coefficient of static friction, µ, is equal to 0.7
for particle-particle contacts and µ = 2 for particle-wall
contacts; we choose the larger value for the latter to re-
duce slipping of particles adjacent to the walls. The force
constant of the spring applied to the top wall, ks, is sig-
nificantly smaller than the one describing particle inter-
actions, ks = kn/400. In addition, a normal compression
force is applied in the −y direction to model an exter-
nally applied pressure (force/length in 2D) of p = 0.02;
gravitational effects are not included. It is well known
that a sufficiently large p and sufficiently small spring
speed, vs, are needed for the system to a enter stick-slip
regime [18]; we find by experimenting that for p = 0.02
the value vs = 1.5× 10−3 is appropriate to induce stick-
slip dynamics. We integrate Newton’s equations of mo-
tion for both the translational and rotational degrees of
freedom using a fourth-order predictor-corrector method
with time step dt = 0.02. The states of the system, used
to compute the quantities presented in this paper, are
stored at times δt = 10 τc apart.

The simulation protocol starts by applying a pressure
p to the top wall and then letting the system relax until
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FIG. 2. Representative system evolution, shown on 20,000
consecutively sampled states, at the later part of the simula-
tion. The time (horizontal) axis is given in units of the time
step δt. (a) x position of the top wall, (b) y position of the top
wall, and (c) top wall velocity, vx, in the shearing direction.
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FIG. 3. Wall behavior around the first slip event depicted in
Fig. 2. The red line indicates the time t0, defined in Sec. III A,
at which the slips starts.

the ratio of kinetic/potential energy drops below 10−5.
Then, we start moving the spring. The wall remains at
rest until the spring force becomes sufficiently large, and
then it slips. Figure 2(a-c) shows a short time window of
the wall positions in the x and y direction as well as the
speed of the wall in the shearing direction, x. Figure 3
depicts the detailed behaviour during the first slip event,
shown in Fig. 2, to illustrate typical dynamics. We note
in passing that each slip is accompanied by a jump of the
wall in the y direction, see Fig. 2(b) and Fig. 3(b). To
reach reasonable statistics, we carry out simulations for a
long time so that a large number (400-500) of slip, events
occur. The total number of data points (extracted every
δt) is 3× 105.

FIG. 4. Force and differential force networks for the slip event,
shown in Fig. 3. (a) Force network before the onset of a slip
event at time t = t0 − 20 where t0 is the time at which the
slip event starts. (b) force network at the onset of a slip event
at t = t0, (c) differential force network at t = t0 − 20 and (d)
differential force network at t = t0. Note that on the scale of a
typical force in the force network shown in (a-b), the changes
of the network (shown in (c-d)) are very small; for this reason
the networks in (a-b) appear almost identical.

III. DEFINITIONS OF RELEVANT
QUANTITIES

In this section, we present the measures that we use
to analyze the behavior of the system before the onset of
a slip event. We start by defining what we mean by the
start and end of a slip event in Sec. III A. In Sec. III B we
formalize the notion of the force networks and differential
force networks that we use to study the evolution of the
system. To quantify the structure of these networks and
their evolution we use persistent homology (PH), which
is a valuable tool of topological data analysis, see [40, 41]
for a review, and [34, 42] for examples of applications.
We will briefly explain the important concepts behind
PH in Sec. III C. Finally, in Sec. III D we summarize the
quantities that we use to characterize contacts between
the particles.

A. Slip detection

To study the behavior of the system before the onset
of a slip, we need to properly determine when the wall
starts sliding and the system enters the slip regime. To
make sure that we precisely identify the times at which
the wall starts moving, while ignoring small oscillations
of the wall velocity after a slip event (see Fig. 3 (b-c)),
we use the following protocol that consists of two parts.
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These two parts could be labeled as ‘rough’ and ‘fine’.
The ‘rough’ part is based on the fact that the top wall
velocity, vx, tends to differ by several orders of magni-
tude in the slip and stick phases. We choose a threshold
v∗f = 2 × 10−3 which is an order of magnitude smaller
than a typical velocity during a slip event and at least
an order of magnitude larger than the average velocity
during the stick phase. The rough part of the algorithm
identifies the times at which vx crosses the value v∗f as
the beginnings of individual slip events. To avoid consid-
ering small oscillations following a slip event as separate
events, we require that all slip events are separated by
more than 150δt. In the second part, we fine-tune the
starting times of the slip events as follows. First, we
compute the mean, v̄x, and standard deviation, svx , of
vx for all times at which vx < v∗f . These values are used

to define a new threshold vf = v̄x + svx ≈ 2.5 × 10−4.
Finally, we adjust the times identified as the beginning
of slip events, in the ‘rough’ part of the algorithm, by
decreasing them until the value of vx drops below vf .
We have verified that the precise values of the thresholds
have only a minor influence on the results that follow.

For this paper, the identification of the end of a slip
is not necessary. However, we provide a protocol that is
designed to avoid premature detection of a slip end due
to small oscillations following a slip. To achieve this we
require that the wall velocity vx at the end of the slip
event, as well as its average over the preceding 50 states,
is smaller than v∗f . The chosen number of states roughly
corresponds to the period of small oscillations following
a slip event.

B. Force networks and differential force networks

The available information about particle interactions
can be encoded by a force network. In this paper, we
utilize a force network defined by normal interparticle
forces, however, force networks defined by tangential (or
total) forces could be considered as well.

We start by defining a time dependent contact net-
work, CN(t), that describes which particles are in con-
tact at a given time t. This network is based on vertices
Vc(t) = {vi}Ni=1 that correspond to the centers of system
particles, {pi}Ni=1 (we do not consider wall particles). An
edge 〈vi, vj〉 belongs to CN(t) if the particles pi and pj
are in contact at time t.

The force network, FN(t), is defined by assigning
weights to the edges of CN(t), so that the weight of the
edge 〈vi, vj〉 is the magnitude of the normal force acting
between the particles pi and pj . Figures 4(a, b) show the
force network at two different times before a slip event,
depicted in Fig. 3, occurs. The time evolution of the force
network is illustrated by the animations in Supplemen-
tary Materials.

One possibility for encoding differences between the
force networks FN(t) and FN(t+ δt) is to consider a dif-
ferential force network, DFN(t), that expresses how much

the force network changes between two considered time
instances. Because the force bearing contacts might be
created or destroyed during the time interval [t, t + δt],
the edges of DFN(t) are given by the union of the edges
in CN(t) and CN(t + δt). The weights of the edges in
DFN(t), defined as the absolute value of the difference of
its weights in FN(t) and FN(t+ δt), indicate the changes
in forces acting between the particles between time t and
t + δt. If an edge is not present in FN(t) or FN(t + δt),
then its weight in the corresponding force network is set
to zero. Figures 4(c) and (d) show two differential force
networks. Note that the weights of the edges in DFN(t)
grow strongly as the system approaches a slip event, see
also Supplementary materials for animations.

To study DFN(t) we compute the maximum force
value, f∗, such that the edges of DFN(t) with weights
larger than f∗ percolate through the system. In what
follows, we will consider both left-right and top-bottom
percolation, and call the corresponding f∗ values fplr and
fptb, respectively.

C. Measures derived using persistent homology

To identify complex structures exhibited by force net-
works we use persistent homology (PH) which is one of
the major tools of topological data analysis. PH has been
extensively used to describe complex patterns in a variety
of settings [42–45]. There is also a growing body of liter-
ature that uses PH to study granular systems exposed to
compression [30, 33], vibrations [31, 35, 46], or shear [47].
In this section, we only provide a brief summary of PH
and introduce the measures used in this paper. Detailed
guidance for using PH to analyze force networks is avail-
able elsewhere [34].

Every weighted network in two spatial dimensions can
be represented by two persistence diagrams, PDs, that
provide a compact but informative description of the
structure of this network. Each diagram is a collection
of points in a plane and these points describe how the
topology of sub-graphs containing only the edges with
weights exceeding some threshold T changes as the value
of T is decreased. The first persistence diagram, PD0,
encodes the structure of connected components that can
be related to so-called ‘force chains’. To be more precise,
every point (b, d) ∈ PD0 corresponds to a connected com-
ponent that appears at the threshold T = b and merges
with another connected component for T = d. Hence,
the lifespan of the point (b, d), given by b − d, indicates
the prominence of the connected component correspond-
ing to this point. Similarly, a point (b, d) ∈ PD1 indicates
that a loop appears in the sub-graph for T = b. Once a
loop appears at T = b it is present in all the sub-graph for
all T < b. In this paper we follow the convention intro-
duced in [34] and set d = 0 for every point in PD1. Sup-
plementary materials include an animation of the force
network and the corresponding PDs for a selected slip
event.
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Information contained in PDs can be further com-
pressed in several ways. One possibility of compressing a
PD to a single number is to compute the sum of the lifes-
pans of all the points in the diagram. We call this quan-
tity total persistence, TP0 or TP1 depending on whether
it is extracted from PD0 or PD1. In previous studies TP
was found to be a very useful quantity e.g., in [47] TP1
was correlated with the viscosity of a shared suspension,
showing directly the connection between force network
properties and rheological properties of the considered
system.

In addition to considering system-wide averages at in-
dividual times (such as TP), we also use PH to quantify
the time evolution of the force network. The space of
persistence diagrams is a complete metric space for a va-
riety of metrics [41]. The main idea behind defining a
metric on this space is to match the points in one dia-
gram with the points in the other. This matching can
be done in different ways leading to different metrics.
In this paper we consider the matching that minimizes
the sum (W2 distance) of the squares of L∞ distances
between the matched points. If the W2 distance is com-
puted between the PD0 (PD1) diagrams corresponding
to the force networks FN(t) and FN(t+ δt), we denote it
by W2B0 (W2B1). For simplicity we suppress the time
argument on W2’s. The distance depends on the differ-
ence between the times at which the compared PD’s are
computed. We have verified that during the stick phases
this dependence is approximately linear for the consid-
ered value of δt, suggesting that the frequency of the time
outputs is sufficient to resolve the temporal evolution of
the force network [48].

D. Broken, mobile and nonmobile contacts

In this section, we define the measures that we use
to study the changes of the contact network CN(t) and
the nature of the contacts. If the contact between the
particles pi and pj is present at time t, but not at t+ δt,
we say that the contact is broken. A simple measure to
quantify the difference between CN(t) and CN(t + δt) is
given by the ratio, rbc(t), between the number of broken
contacts and the total number of contacts at time t. If the
contact between two particles disappears, then the force
previously acting between them vanishes and we refer to
this force as a broken force. The average broken force,
fbc, is defined as the sum of all broken forces divided by
the number of broken contacts.

Until now, we only discussed quantities based on the
normal component of the force acting between the par-
ticles. In Sec. IV we also discuss two quantities that
involve both the magnitude, Ft, of the tangential compo-
nent of the force and the magnitude, Fn, of the normal
component. One considered quantity is simply the ratio,
Ft/Fn, calculated separately for each contact and then
averaged over all contacts. The other related quantity is
the ratio of mobile to non-mobile contacts, RMN. A con-
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FIG. 5. (a) Top wall velocity in the x direction, vx, of the slip
event shown in Fig 3 and Fig. 4. The value ∆t = 0 indicates
the time at which the event starts. (b) W2B0, (c) ratio of
mobile to non-mobile contacts, RMN.

tact between two particles is mobile if the ratio Ft/Fn

is at the Coulomb threshold, µ. Note that within the
implemented model Ft ≤ µFn, so that mobile contacts
are the ones for which Ft/Fn reaches the largest possible
value. In our computations, a contact is considered mo-
bile if Ft/Fn > µ− ε, with ε = 10−3. All other contacts
are called non-mobile. As a reminder, we do not consider
particle-wall contacts.

IV. RESULTS

A. Motivation: A single slip event

To motivate the following discussion, we first discuss a
single slip event that starts at time t0. We are interested
in the behavior before the start of this event. Thus, we
present the results in terms of ∆t = t− t0.

Figure 5(a-c) shows the velocity of the top wall, vx,
W2B0, and the ratio of the mobile and non-mobile con-
tacts, RMN. Note that due to our definition of t0 the wall
is essentially at rest for ∆t < 0. However, Fig. 5(b) shows
that W2B0, which measures changes in the structure of
the force network, increases significantly already around
∆t = −20. This indicates that the force network starts
changing rapidly as the system approaches a slip event.
The fact that the W2B0 detects this increased activity
suggests its potential for predicting slip events. On the
contrary, RMN does not exhibit any clear trend. This
finding motivates a more careful statistical analysis of a
large number of slip events. Such analysis, presented in
what follows, demonstrates that the difference between
W2B0 and RMN, shown in Fig. 5, is not just a coinci-
dence.
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FIG. 6. The mean of the wall speed, vx, and acceleration,
ax before slip events, averaged over all slip events. The value
∆t = 0 corresponds to the beginning of the slip events, t0. In
this and the following figures, the error bars show the standard
errors.

B. Statistical Analysis

To study the behavior of the system over a large
number of slip events, we average the considered mea-
sures over different slips as follows. For each event we
record the individual measures for the last 100 consec-
utive samples before its beginning, that is for ∆t ∈
{−100,−99, . . . , 0}. Then, we compute average of each
measure for fixed values of ∆t.

Figure 6 shows the mean of wall velocity, vx, and of
its acceleration, averaged over the complete set of 465
slip events. Due to our definition, the wall almost does
not move before the slip starts at ∆t = 0. In particular,
the velocity of the wall in the x-direction is smaller than
2.5−4[49]. However, there is a change in the trend around
∆t = −25. For ∆t < −25 the mean vx fluctuates while
it increases steadily for ∆t > −25 but this increase is
orders of magnitude smaller than the increase observed
at the beginning of the slip. Note that the mean roughly
doubles in the time interval [−25,−1], and then it almost
doubles again during a single time step as the slip starts.

We proceed by discussing two sets of different mea-
sures. The first set consists of the measures that are
obtained as (global) system-wide averages of the consid-
ered properties of the system at a given time. The second
set of measures is devised to assess micro and mesoscale
changes that occur as the system evolves in time. We
will show that these two sets of measures provide very
different information about the system’s behavior before
a slip event.

1. Global measures

Figure 7 shows our results for the set of measures based
on the system-wide averages. Averaging the considered
measures over a large number of events produces reason-
ably smooth results, despite the large variability of these
quantities between individual slip events. For brevity, we
do not discuss this variability in more quantitative terms
here. In the rest of this paper, we only report the stan-
dard errors to indicate how well the individual means are
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FIG. 7. Global measures averaged over all slip events: (a)
spring force, fs, (b) y position of the top wall, (c) the ratio
Ft/Fn, (d) the ratio of mobile to non-mobile contacts, RMN,
(e) TP0, (f) TP1.

estimated.

Figure 7(a) depicts the force pulling the top wall. This
measure is not strictly speaking a system-wide average
but we show it since the results are similar to other quan-
tities presented in this figure. The value that this force
reaches, before individual slips, varies considerably (see,
e.g. [18, 50] for examples of simulations in similar set-
tings). This variability shows the stochastic nature of
stick-slip type dynamics. Nevertheless, Fig. 7(a) indi-
cates that, despite large variations, the mean of the force
pulling the top wall is well estimated and increases lin-
early.

Figure 7(b) shows that the mean of the y coordinate
of the wall position increases also approximately linearly
with time, since the system expands as the force applied
by the spring increases. This effect is known as Reynolds
dilatancy and is caused by increased applied stress. Note
that the effect is very weak and the system only expands
by a small fraction of the particle diameter.

Figures 7(c, d) show two related quantities defined in
Sec. III. The ratio of tangential and normal forces, Ft/Fn,
and the ratio of mobile to nonmobile contacts (RMN).
The value of Ft/Fn increases linearly with the applied
spring force. This is not surprising because, in a static
system, one expects Ft to counteract the applied force
and thus the linear dependence seems natural. While this
argument is more appropriate in a limit of a single layer of
separate particles between the walls, Fig. 7(c) shows that
it holds, at least on average, for the system considered
here as well. The increase of RMN is a consequence of
the increase of tangential forces, ignoring for the moment
the fact that the normal force may change as well. It
is worth pointing out that these simple scaling results
hold only on average and the behavior of the individual
quantities can be very different for a single event, see
Fig. 5. We also note that the total normal force between
the particles increases as slips are approached, making
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FIG. 8. Derivatives of the global measures, shown in Fig. 7,
are depicted using the same colors. The inset zooms into the
measures whose change is hardly visible in the main plot.

the above argument only approximate.
The next two global, system-wide measures are derived

from persistence diagrams. Figure 7(e) shows the total
persistence for connected components, TP0, which in-
creases linearly. This is not surprising since this measure
is expected to scale with the applied force. The behav-
ior of TP1, shown in Fig. 7(f) is different and deserves
further attention. Recall that TP1 is the sum of the lifes-
pans of the points in the PD1. The birth coordinate of
a point in PD1 is given by the magnitude of the weakest
force in the loop corresponding to this point. Because
the death coordinate is always zero, the lifespan of the
point is equal to its birth coordinate. The oscillations of
the forces on the weakest links cause oscillations of TP1.
It turns out that oscillations of the forces on the weak-
est links are caused by minor oscillations of the top wall,
barely visible in Figure 7(b). These oscillations, in turn,
are essentially damped aftershocks following slip events.
Additional simulations (not shown here for brevity) of the
systems for which the average distance between the top
and bottom wall is approximately twice as large (carried
out by doubling the number of particles) show that the
period of these oscillations scales with the system height.
This finding suggests that the oscillations are caused by
compression waves propagating through the system in
the y direction.

To further show that the system-wide averages do not
exhibit any clear signs of the approaching slip, as well
as to facilitate comparison with the results presented
in Sec. IV B 2, we consider their derivatives. Figure 8,
which depicts the derivatives of the measures presented
in Fig. 7, indicates that the derivatives do not change dra-
matically, except for a couple of data points right before
a slip occurs. This behavior, very close to the beginning
of a slip event is due to relaxation of the forces caused
by the fact that the system starts slowly evolving and
breaking up contacts between the particles. However,
this relaxation only happens very close to the slip itself
and is not particularly useful as a slip precursor. Hence,
we conclude that global measures do not capture the be-
havior which could be useful for predicting an imminent
slip event. This motivates the need for measures that
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FIG. 9. (a) W2B0 distance, (b) W2B1 distance, (c) the hori-
zontal percolating differential normal force, fplr, (d) the ver-
tical percolating differential normal force, fptb, (e) the ratio of
broken contacts to total contacts, rbc, (f) the average normal
force of broken contacts, fbc, (g) the mean of system particle
speed, vp, (h) the standard deviation of system particle speed,
svp .

assess the evolution of the system on the micro (particle)
and mesoscopic spatial scales.

2. Local measures

In Sec. III we defined measures that are capable of
quantifying the changes of the system on the particle
scale as well as on mesoscopic scales relevant to our study
of the evolution of the force network. We remind the
reader that to quantify these changes we first compare
local and mesoscopic differences between the consecutive
samples and only then aggregate them to a single num-
ber quantifying the difference. As discussed previously
in the context of W2 distances, the output rate in our
simulations is sufficiently high so that the main features
of the results are rate-independent.

Figure 9 shows the results, again averaged over all slip
events. Figures 9(a, b) depict the W2B0 and W2B1 dis-
tances measuring the differences between two consecutive
persistence diagrams PD0 (PD1) that capture the struc-
ture of the connected components (loops) present in the
force network. The measures, shown in Fig. 9(c, d), also
evaluate temporal changes in the force network structure
by utilizing the notion of the differential force network.
The parts (e, f) focus on broken contacts: part (e) shows
the ratio of the number of broken contacts divided by the
number of all contacts, and (f) shows the average normal
force of these broken contacts. Finally, the parts (g, h)
show the mean speed, v̄p, of the system particles, and
its standard deviation, svp . These quantities are calcu-
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lated as v̄p =
∑N

i=1 vi/N and svp =
√∑N

i=1(vi − v̄p)2/N ,

where vi is the speed of the i-th particle.
Although there is no direct connection between the

measures presented in Fig. 9, they all show similar be-
havior. In particular, all of them start growing rapidly
before the beginning of a slip event. We recall that this
behavior is similar to the behavior of the wall velocity,
vx, see Fig. 6. Therefore, the trend exhibited by the dy-
namic local measures is completely different from the one
exhibited by the static global measures, Fig. 7, or their
derivatives, Fig. 8.

All measures shown in Fig. 9 quantify the time evolu-
tion of the system on either particle scale or mesoscale.
The fact that these measures increase before the onset of
a slip event indicates that the evolution on both particle
scale and mesoscale intensifies before the slip. However,
this increased activity is not detected by the global mea-
sures. This suggests that the increased activity is limited
to local fluctuations. We expect that these fluctuations
intensify until they eventually reach a critical level and
trigger the slip event, which leads to global rearrange-
ments. Notice that these fluctuations do not only affect
the force networks but also the movement of the parti-
cles, as indicated by the increase of their velocities shown
in Fig. 9(g - h).

Before closing this section, we comment on the very
different behavior of the wall velocities in the x and y
directions (compare Figs. 6 and 8). This difference is
caused by the different nature of these two measures.
The velocity vy depends on the (global) pressure while
the velocity vx depends on local interactions between the
wall and the particles.

V. CONCLUSIONS

We consider a granular system exhibiting intermittent
dynamics known as the stick-slip regime. To detect the
slip events, we use a strict a posteriori method, based on
the wall movement. Even though the system is essentially
static before slip starts, we can identify system measures
that dramatically change their behavior as the system
approaches a slip event.

The measures that we consider in this paper fall into
two categories. The first category of global measures is
obtained by averaging over the whole system. We find
that before a slip event these measures show (on average)
approximately linear behavior. There is no clear change
in their behavior almost until the slip starts. The second
category of the measures quantifies local and mesoscopic
changes of the system. Thus, computing them requires
knowledge of the system at different time instances. We
find that the measures in this category behave differently.
Namely, they start to increase in a nonlinear fashion well
before a slip starts. The local nature of these measures
suggests that their behavior is caused by spatial and tem-
poral fluctuations in the system which cannot be detected
by the global measures.

We hypothesize that the intensity of the fluctuations
in the system increases until it overcomes the stabiliz-
ing effects of the force networks and triggers a slip event.
Therefore, information about the evolution of the sys-
tem on micro and mesoscopic scales seems to be vital for
accurately predicting the occurrence of a slip.

We expect that the local measures, introduced in this
paper, could be used to predict an upcoming slip event.
However, the variations between different slip events sug-
gest that more advanced statistical methods involving ei-
ther machine learning or some complementary approach
will be needed to achieve this goal. The development of
such methods will be the subject of our future work.
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