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Clogging transition and anomalous transport in driven suspensions in a disordered medium
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We study computationally the dynamics of forced, Brownian particles through a disordered system. As the
concentration of mobile particles and/or fixed obstacles increase, we characterize the different regimes of flow
and address how clogging develops. We show that clogging is preceded by a wide region of anomalous transport,
characterized by a power law decay of intermittent bursts. We analyze the velocity distribution of the moving
particles and show that this abnormal flow region is characterized by a coexistence between mobile and arrested
particles, and their relative populations change smoothly as clogging is approached. The comparison of the
regimes of anomalous transport and clogging with the corresponding scenarios of particles pushed through a
single bottleneck show qualitatively the same trends highlighting the generality of the transport regimes leading
to clogging.
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I. INTRODUCTION

Transport in disordered media can lead to a rich phe-
nomenology, where particles dynamically move freely, get
trapped, and are eventually released [1]. Understanding the
foundations and controlling the characteristics of clogging
and its effects is an outstanding challenge with a large num-
ber of practical implications as diverse as human pedestrian
crowds [2–6], sheep herds, [7,8], silo discharges [9–11], and
bottlenecks in microfluidic devices [12–15]. In microfluidics,
much effort has been taken to understand how clogging can
be prevented to avoid blocking of capillaries and develop
efficient biological and medical applications in the microscale
[16,17]. Clogging is typically characterized when particles are
forced to pass through a bottleneck consisting of a narrow
constriction [18]. The role of the geometry, the particle shape,
and the hydrodynamic coupling to the induced flows [19]
has started to be analyzed systematically [20,21]. Quantitative
analysis of clogging in single bottlenecks can be success-
fully carried out by measuring the difference of the passage
times between consecutive particles [22]. Its complementary
cumulative distribution function (CCDF) follows a power law
decay, and the tail gives the information of whether the av-
erage time of passing particles is diverging, depending on the
tail exponent, τ−α; specifically α < 2 corresponds to clogged,
and α > 2 unclogged regimes. This exponent, hence, pre-
dicts the possibility that a bottleneck develops a clog for
an indefinite period of time. A well-known, counterintuitive
observation in the passage through a constriction, and that can
be quantified with this methodology is the “faster is slower”
effect, in which faster entities rushing into a bottleneck results
in a more persistent clogged state [23]. Experimental results
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using this approach to clogging show that the coupling of the
moving particles to the environment, e.g., through hydrody-
namics, may affect the nature of the clogging transition [24].

Clogging can also take place in a disordered system con-
sisting of a landscape of pinned obstacles and free moving
particles [25–29]. The characterization of the filtration prop-
erties of granular media [30] constitutes a relevant problem in
clogging, where the goal is to minimize the flow of suspen-
sions to filtrate a fluid, or to selectively target some specific
component of the solute through a disordered medium. In
heterogeneous environments, Péter et al. [31] showed that
a completely clogged disordered landscape is characterized
by a critical obstacle density, φc

pin, independent of the den-
sity of moving obstacles, φmov, indicating that the transition
to clogging is controlled by an average obstacle spacing,
lc. Furthermore, compared to jamming, clogging is charac-
terized by a long transient in which particles reorganize in
clogged regions of different size, leading to heterogeneous
spatial morphologies, characterized by large concentration
fluctuations.

The transition of the system from regular flow to the fully
clogged regime, where there is strictly no flow, is charac-
terized by a wide regime where flows are intermittent. This
intermediate region is specific of the clogging transition.
When clogging happens in local regions around an obstacle
configuration, burst-like dynamics will also eventually appear
and affect the flow before the whole system is clogged. Even
if the average flow measured in the landscape does not vanish,
locally clogged regions will coexist with free flows around
other obstacles. In such intermediate states the flow is locally
ill-defined, since the average time to leave a certain bottle-
neck may diverge. Linking the dynamics of particles traveling
across a disordered landscape and local clogging requires
specific measurements that quantify whether clogs exist in a
certain landscape before the average velocity vanishes and the
system is fully arrested.
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Understanding clogging in a disordered heterogeneous
medium will benefit from a perspective based in the adopted
methodology for a single bottleneck. In this paper we focus on
the dynamical properties of steady states of moving particles
driven through an heterogeneous landscape. Our scope lies
in identifying what these dynamical states consist of, and
how to locally identify clogged regions when these coexist
with free flow regions, bridging two complementary perspec-
tives on the same phenomenon. For this purpose, we define
a temporal quantity that follows the standard methodology
developed for the determination of clogged states in single
bottlenecks introduced in Ref. [22]. This temporal quantity
allows us to determine whether or not a general landscape
contains local clogs. We refer to these states with local clogs
and no-vanishing average velocities in the landscape as ab-
normal flow states. We demonstrate that, in such anomalous
flows, structural properties of the system, such as the cluster
distribution, or the velocity distribution of particles in clus-
ters change qualitatively. By describing these dynamical and
structural properties we provide a framework to understand
how local clogs rise in disordered landscape and eventu-
ally lead to total clogging of the system with increasing
obstacle density. Similarly to fully clogged states, abnormal
flow appears at a rather constant density of obstacles, φa

pin,
which suggests the existence of an additional length scale
that favors local clog formation. We focus on steady states
of the system, where that average velocity and average clus-
ter size have reached a steady value. This is crucial since
clogging characterisation requires of long simulation runs to
accurately capture the tails of power law distributions. This
corresponds to relevant experimental situations, where clogs
persist for arbitrarily long times compared to an initial tran-
sient state. We also demonstrate that power law exponents
measured through single particle characteristic times are cor-
related to local measures of clogging as defined in the usual
way [22].

We structure the paper as follows: In Sec. II the simulation
procedure is introduced, and the magnitudes of interest are de-
fined. In Sec. III the flow states are quantified as a function of
the concentrations of moving and obstacle particles, by calcu-
lating the complementary cumulative distribution function of
passing times of moving particles, building on the procedure
introduced to analyze clogging through a single constriction
[22]. This methodology allows to introduce a general notion
of abnormal flow, where localized flow of particles coexists
with persistently clogged regions where the flow is not well
defined. This new flowing regime allows to build a state
diagram that distinguishes between normal flow, abnormal
flow, and clogged states, where the average velocity is zero.
In Sec. IV we compare the developed methodology with a
local measure of clogging and establish a clear correlation
between both approaches. Thus, we confirm the intuition that
the abnormal region is a consequence of locally constricted
regions, and identify the same trends and clogging exponents
for both methodologies. In Sec. V, the dynamic and structural
features of normal and anomalous flows are compared. We
characterize the distribution of clusters size and the probabil-
ity distribution functions of the velocity of particles belonging
to clusters interacting with obstacles, which show that such
quantities depend strongly on the system density. We finish

with the main conclusions and implications of the obtained
results in Sec. VI.

II. SIMULATION METHODOLOGY

We carry out Brownian dynamics simulations of a two-
dimensional (2D) system of area L2 with periodic boundary
conditions, composed by a total number of N = Nmov + Npin

disks of radius σ . Nmov disks move under the action of forces,
while Npin remain pinned at their initial positions. Both mov-
ing and pinned particles interact sterically with a force that
derives from a Yukawa potential [32],

Fint (ri j ) = U0

λ

σ

ri j

(
σ

ri j
+ σ

λ
e

−ri j
λ − B

)
r̂i j, (1)

where ri j = ri − r j , ri j = |ri − r j | and r̂i j = ri j/ri j , where i
and j refer to both moving and pinned particles. The param-
eter λ characterizes the decay range of the steric interaction,
while U0 is the interaction strength.

Moving particle i evolves according to an overdamped
dynamics

1

μ

dri

dt
=

N∑
j �=i

Fint (ri j ) + Fext + FT(ri ), (2)

where μ is the disk mobility and relates the short time dif-
fusion coefficient and the temperature through the Boltzmann
constant, D0 = μkBT .

The driving force has a constant value and, without loss
of generality, is chosen to act in the x direction so that Fext =
FD x̂, where x̂. The last term in Eq. (2) accounts for the thermal
bath, and its integration over a time step describes a Gaus-
sian random displacement with second moment �r = μFT

i �t
such that 〈(�rT )2〉 = 2D0�t and zero mean.

The dynamics can be expressed in dimensionless form,
scaling distance and time by appropriate reference quantities.
We consider the particle radius, σ , as the characteristic dis-
tance, and the characteristic time as the time required for a
particle dragged by the driving force to move its own radius,
τD = σ/(μFD). Accordingly, Eq. (2) reads

d r̄i

dt̄
= U0

λFD
ψ̄ (r̄i/σ, λ/σ )r̂i j + x̂ +

√
2τD

Pe
ξ̄, (3)

where an overbar indicates that the magnitudes have no di-
mensions. The term ψ̄ (r̄i/σ, λ/σ ) is the Yukawa force in
Eq. (1) divided by U0/λ. The term ξ̄ describes a Gaussian
stochastic function with 〈ξ̄〉 = 0 and 〈(ξ̄)2〉 = 1. The Péclet
number, Pe = v0σ/D0, quantifies the ratio between the veloc-
ity and the thermal contribution to the particle motion.

We are interested in the regime where driving and interpar-
ticle forces dominate over thermal fluctuations. Accordingly,
we consider U0/λFD = 300, Pe = 100, and λ/σ = 1. The
time step, �t , is chosen small enough to avoid particle
overlapping, �t/τD = 1 × 10−3. Both moving and pinned
particles are initialized following a growing algorithm in
which particles and obstacles are placed randomly in space
and then evolved in time to grow in size to reach the desired
area fraction [31].

The number of moving particles in the simulation is
constant and large enough to provide reliable statistics:
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Nmov = 10 000. Simulations are performed fixing the to-
tal packing fraction, φ = (Nmov + Npin)πσ 2/L2, and varying
the pinned packing fraction of particles, φpin = Npinφσ 2/L2.
Hence, the state of the flow will be characterized as a function
of φpin and φ.

The simulation is first run until the average velocity of
moving particles becomes constant, 〈vx〉 = const. After this
initialization, the tendency of particles to flow is captured by
means of a characteristic time quantity, τ , that we explain
below. In order to compare with standard clogging measure-
ments, we will also measure the average particle velocity, and
identify a state as clogged if it exhibits a zero average velocity
in the direction of the driving force, thus 〈vx〉 = ∑

i vi,x � 0.
Computationally, we never observe 〈vx〉 � 10−5 due to the
thermal fluctuations. Thus, we take this threshold to identify a
fully clogged state.

III. FLOWING STATES

We characterize the state of flow of the system comput-
ing the CCDF of disk displacement times. This function is
constructed by quantifying the time, τ , it takes a disk to
displace its own diameter, d = 2σ , in the direction of the
driving force. We identify such intervals through dynamical
measurements (DMs), where we identify all events in which
any given disk has moved a distance d through the numerical
integration of Eq. (3) [33]. These events allow us to determine
the dynamic regimes of the moving disks. For example, free
flowing particles have passing times close to τ ∼ 2τD, while
particles that interact with obstacles will exhibit larger τ . The
flow regimes of the forced suspension are then analyzed using
the CCDF, P(T > τ ), that quantifies the fraction of all events
that take a time T larger than a prescribed value τ . Later we
will also characterize such events with static measurements
(SMs), a procedure that is equivalent to the standard local
characterization of clogging through bottlenecks.

Figure 1(a) displays the CCDFs for a given overall area
fraction, φ = 0.4, as a function of the fraction of pinned disks,
φpin. One can identify three different dynamical regimes. A
first region of fast decay near T = 2 is observed for small
fraction of obstacles, which corresponds to particles which
do not interact strongly with the obstacles and are essentially
driven by the applied force at constant velocity. At larger
times, a second region generally appears, characterized by
larger displacement times, which is due to the interaction of
the driven particles with fixed obstacles. This region can be
characterized by a power law decay: Moving particles interact
with obstacles, become trapped, and may be able to move
eventually. These interactions with constrictions and other
free particles can give rise to clogging events that persist
in time in certain bottlenecks of the system. For increasing
obstacle fraction, the decay of the CCDF can start with this
second region, as observed in Fig. 1(a). Finally, a third region
appears at largest times, produced by obstacles, in which the
power law behavior is lost. For such large times, the deviation
is produced by particles that remain blocked for most of the
simulation run, typically due to a geometric confinement that
hinders the flow, with no unclogging possibility. The satura-
tion of the CCDF observed for increasing φpin is due to such
blockage of free particles.

FIG. 1. (a) Computed complementary cumulative distribution
function (CCDF) for φ = 0.40. Black lines corresponds to the power
law fit, and the calculated exponent α is shown for the two extreme
cases considered. The decay typically starts for T > 2, since it is the
minimum moving time of a free particle, according to our definition
of an event. Depending on the fraction of obstacles, one can observe
a fast decay region produced by a majority of moving particles, or
a power law region, where particles often interact with obstacles,
which can lead to clogging events. (b) Characterization of α as a
function of the immobile particle packing fraction, φpin, for different
total packing fractions, φ.

As shown in Fig. 1(a), the second region can be adjusted by
a power law, and the corresponding clogging exponent α can
be systematically obtained following the procedure stated in
Ref. [34], as a function of φpin. If α � 2, the average passing
of particles diverges, which means that in some regions of the
landscape a clog can exist for an indefinite period of time, and
will thus result in a local accumulation of particles. In such

014618-3



SERGI G. LEYVA AND IGNACIO PAGONABARRAGA PHYSICAL REVIEW E 109, 014618 (2024)

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.2  0.3  0.4  0.5  0.6  0.7  0.8

φ p
in

φ

II Abnormal flow 

I Normal flow 

III Clogged state 

FIG. 2. State diagram, which identifies the three regimes of col-
lective particle displacement of normal flow, abnormal flow, and
clogging. The maximum width of the normal region is observed for
intermediate densities, while it decreases for small φ, where isolated
particles get trapped easily in constrictions, or for large φ, where
when we approach the jamming transition.

cases, the system may not be fully clogged and its average
velocity may not be zero, but clogs coexists with flowing
states of particles. Thus, in general, in this regime the average
flow of particles can be well defined only locally in some
regions of the landscape; accordingly, we refer to this flowing
regime as abnormal flow.

By calculating the φpin at which the power law diverges,
α(φa

pin ) = 2, we can characterize the fraction of obstacles at
which such abnormal flows are developed. Figure 1(b) dis-
plays the value of α as a function of φpin for different φ,
and we find an important feature of clogging of colloidal
suspensions in disordered media: The fraction of obstacles
where normal flow becomes abnormal remains roughly con-
stant, φa

pin � 0.09, with a weak dependence on the overall area
fraction φ.

The different dynamical regimes that control the transition
from normal flow to complete clogging for the driven disks
in a system composed by a random distribution of nonover-
lapping obstacles can be summarized in the state diagram
of Fig. 2, which identifies the regions of normal flow (α >

2, 〈vx〉 > 0), abnormal flow (α < 2, 〈vx〉 > 0), and clogging
(α < 2, 〈vx〉 = 0), as a function of φ and φpin. This diagram
is similar to that shown by Péter et al. [31]: We see that flow
vanishes at a constant critical obstacle density φc

pin. This con-
stant φc

pin indicates the existence of a characteristic distance
lc between obstacles that impedes particle flows. Introducing
in the diagram the notion of abnormal flow, we observe an
additional anomalous region where the average velocity is
not strictly zero, yet we observe that the distribution of times
required for a particle to move its own diameter τ is diverging.
In these states, clogs can locally develop for an indefinite
period of time, dramatically altering the flowing properties of
the moving particles in the landscape. Furthermore, we ob-
serve that, similarly to φc

pin, the critical abnormal flow density

φa
pin also depends weakly on the obstacle density, suggesting

an additional characteristic distance la between obstacles that
sets the appearance of local clogs in the landscape. Different
steric potentials will affect these characteristic sizes, lc and la,
that set the diagram width, but will not affect the observed
phenomenology. It is true that significant changes in the char-
acter of the potential, e.g., its range and attractive nature,
can affect the stability of the clusters and clogs significantly.
Nonetheless, these aspects complement the main message of
this piece of work and may be the subject of subsequent
research.

The average height of the of the normal flow region is
around φpin = 0.09, which is a relatively small area fraction.
The normal and abnormal regions are comparable in width,
showing that anomalous flow is not a marginal feature that
takes place right before reaching a completely clogged state.
Additionally, in the diagram, we find evidence of cooperation,
as for increasing density φ the normal region becomes thicker:
For a constant φpin we can eliminate local clogs by means of
increasing the fraction of moving particles.

At high densities, φ � 0.65, we expect that with increasing
φpin the system exhibits jamming [31]. Some features indeed
point towards the existence of the jamming transition in these
regions: Both φa

pin and φc
pin slightly decrease for increasing φ.

Even before the jamming transition, a region of abnormal flow
develops before the average velocity decreases to zero, 〈vx〉 =
0. Hence, the anomalous flow regimes are a general, strong
feature of disordered landscapes, that can smoothly lead to
fully clogged states as the fraction of obstacles increases.

In the next section we will establish the connection
between clogging measured as previously described, and
clogging measured in local regions of the landscape, which
plays a similar role of a bottleneck.

IV. LOCAL FLOW PROPERTIES

To provide further insight into the implications of the local
spatial organization of abnormal flowing events, we analyze
the flow of particles and compare the clogging measurements
as typically measured locally through bottlenecks [22]. For
this purpose, we divide the simulation box in the y direction
in sections of a characteristic width ls. We choose ls = 2.5σ

comparable to lc, which is of the order of magnitude of particle
dimension. We measure the time interval it takes two consec-
utive particles to cross the region defined by ls [22]. We shall
refer here to this procedure as static measurement (SM), as
opposed to the previous DM protocol.

Figures 3(a)–3(d) displays the CCDF obtained using the
SM and DM protocols. The curves show similar trends, and
indicate that SM sistematically overestimates the events that
require larger times, hence underestimating the value of α.
In general, this deviation decreases with increasing φpin and
φ, as can be appreciated in Fig. 4. The underestimation of
α using SM is due to its sensitivity to flow disturbances due
to large passing times produced by density fluctuations. For
φ = 0.6 we observe that both methods give quantitatively
similar exponents. Thus, we find that SM and DM provide
complementary methods to analyze the emergence of abnor-
mal flow in suspensions of forced particles in a disordered
system. In other words, locally measuring the flow along
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FIG. 3. SM and DM comparison for φ = 0.4 (a), (b), (e) and φ = 0.6 (c), (d), (f), in the normal region (a), (c) and abnormal region (b), (d).
Our results show how SM and DM are not independent of each other and correlate in the characteristic algebraic decaying exponent. Panels (e)
and (f) show how both densities exhibit the same tendency: In the normal region, the flow pdf peaks at a maximum value at the center, while
in the abnormal region the flow pdf has a maximum value at 0 and decreases with increasing flow rate.

the disordered obstacle at a certain definite locations is akin
to following the flow of individual particles. However, the
DM method, when characterizing the dynamic properties of a
certain disordered medium consisting of an arbitrary array of
constrictions, provides a more robust characterization because
it is less sensitive to obstacle density fluctuations.

The robustness of the measured exponent α suggests that
the state diagram and the presence of an abnormal flow regime
initially identified for the flow through isolated bottlenecks
are generic features of the clogging transition. The compari-
son between DM and SM provides complementary strategies
to analyze the transition when clogging does not take place
through a unique obstacle.

We can also quantify the local particle flow using SM.
To this end, we count the number of particles crossing a
prescribed segment of length ls perpendicular to the direc-
tion of the driving force during a prescribed time interval
�t . We choose �t = 20dτD as a compromise to analyze
the flow during a relevant amount of time, minimizing the
impact of dispersion due to individual particle motion. The
flow in each cross section, defined by lc, is then calculated as
ψ = nmov/lc�t , where nmov is the number of moving particles
across the line defined by lc in a time �t . Figures 3(e) and
3(f) shows that in the normal regime, the flow peaks around
a certain value that depends on φmov. In the abnormal regime,
the flow distribution decreases monotonically and has its max-
imum at φ = 0, providing a complementary perspective on the
properties of the abnormal flow as opposed to normal flow.

In this section we have explored the clog dynamics in
local regions of the landscape, in a way similar to the typi-

cal characterization in single bottlenecks [22]. Our analysis
demonstrates that the anomalous dynamics observed is di-
rectly correlated to clog development in localized regions of
the system. The picture that emerges is that of a disordered
system with heterogeneous dynamics, where bottlenecks with
diverging distributions of characteristic passing times τ co-
exist with free flow paths [35]. These bottlenecks tend to
accumulate particles, forming large dense clogs, and flow
will tend to be localized around these bottleneck zones or
regions where fluctuations of obstacle density have allowed a
constant flow. To complete this picture, we now turn to study
the distribution of particle velocities in clusters, and cluster
distributions, in order to map this description to a geometrical
and dynamical picture of the properties of moving particles in
these anomalous flow regimes.

V. NORMAL AND ABNORMAL DYNAMICS

To gain insight on the particle dynamics that gives rise
to abnormal flow and the related emergent properties, we
analyze the disk cluster distribution and the relation to the
velocity distribution at the steady state. We use a distance
criterion, and consider that all particles with a separation
smaller than σ + δ belong to the same cluster [36]. Figure 3(a)
shows the cluster probability distribution function (pdf) in the
different flowing regimes. The decay of the pdfs is generically
compatible with an algebraic decay. For small densities, e.g.,
φ = 0.2, moving from the normal (dashed line, pink triangles)
to the abnormal (continuous line, pink pentagons) flow regime
results in a slower decay of the pdf, with an effective exponent
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FIG. 4. Static measurements (filled markers with continuous
lines) vs dynamic measurements (dashed lines and empty markers),
for different total area fractions. Both methods exhibit qualitatively
similar exponents. The SM method tends to overestimate α compared
to DM. This tendency weakens as φ increases, and all the moving
particles connect, forming a large continuous cluster.

of the algebraic tail that increases from ξ < −2 to ξ > −2.
This implies that for small obstacle densities, in the anoma-
lous regime, the average number of clusters diverges and there
is no characteristic cluster size. Instead, for arbitrarily large
systems, and thus increasing N with the same φpin and φmov,
we will find arbitrarily large clusters in the anomalous regime.

At higher concentrations, e.g., φ = 0.6, in both normal and
abnormal regions ξ > −2, implying that the mean cluster size
is always diverging. The difference remains in the fact that
now arbitrarily large clusters will appear too in the normal
flow regime, but these clusters do not induce clogging. This
change of trend translates into qualitative differences in the
morphology and flowing characteristics of the system depend-
ing on the total fraction of particles. To further understand
how the area fraction affects the distribution of particles in the
system, in Fig. 3(b) we show the average number of particles
in clusters 〈Nc〉 for different φ, as a function of φpin. Indeed, it
shows a strong qualitative dependence of 〈Nc〉 for the different
curves, depending on φ. At small φ, flowing particles remain
in small clusters. Keeping φ constant, as φpin increases, parti-
cles increase their probability to accumulate in small groups
near obstacles, which explains the increase in 〈Nc〉. For larger
φ, already at small φpin particles display a strong probability
to accumulate near obstacles while still being able to flow. By
increasing φpin starting in the normal regime, obstacles ini-
tially divide the flow in disconnected regions of normal flow,
sharply decreasing the average cluster size. Eventually, when
φpin > φa

pin flow is interrupted and results in clogs, as depicted
in Figs. 6(a) and 6(b), changing the decreasing trend, since
now particles are not only divided in disconnected regions but
also accumulate in clogs, as shown in Fig. 5(b). Hence, in this

FIG. 5. (a) Probability distribution function of number of parti-
cles in clusters, in the normal region (dashed lines, triangles) and
abnormal region (continuous lines, pentagons), for two different den-
sities, 0.2 (pink) and 0.6 (silver). For φ = 0.2, entering the abnormal
region implies an increase of algebraic exponent ξ , while for φ = 0.6
it implies a decrease of ξ . This highlights qualitatively different
flowing properties for small and large concentrations. (b) Cluster size
as a function of φpin for different φ. For φ < 0.5, the average number
of clusters increases gradually with increasing φpin, while for φ > 0.5
it decreases, showing how in this case interrupting the flow translates
into smaller clusters.

case local clogs appear, and 〈Nc〉 decreases more smoothly,
since such local clogs arise in spatially uncorrelated regions of
the system disconnecting flow regions, but still favoring accu-
mulation of particles in bottlenecks. Even if the dependence
of 〈Nc〉 with φpin differs qualitatively for large and small φ,
the resulting states are the same: Particles separate in regions
of high density near bottlenecks and regions of small density
between bottlenecks.

To quantify the impact of the dynamic properties of the
clusters on these different scenarios, we compute the velocity
pdfs of particles belonging to clusters larger and smaller than
the average cluster size, 〈Nc〉, and for two different densities.
Figure 6 displays a series of snapshots of the clustering of
disks in the normal [Fig. 6(a)] and abnormal [Figs. 6(b) and
6(c)] regimes. The plots show that abnormal flow correlates
with the development of large clusters seeded around regions
with a local enhancement in the concentration of obstacles. As
the overall packing fraction increases [Fig. 6(e)], the clusters
grow towards a jammed state.

Figures 6(d), 6(e), and 6(f) display the velocity pdfs for
particles interacting with obstacles and belonging to small
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FIG. 6. (a), (d) A state of normal flow with φ = 0.4, φpin = 0.03. (b), (e) A state of abnormal flow with φ = 0.4, φpin = 0.13. (c), (f)
A state of abnormal flow with φ = 0.6, φpin = 0.13, respectively. Panels (a)–(c) show snapshots of the simulations; different colored lines
correspond to different particle trajectories, showing where the flow typically takes place in the landscape. Panels (d)–(f) show the velocity
distribution for clusters with ni particles smaller than the average size 〈Nc〉 (dashed line), clusters larger than 〈Nc〉 (continuous line), and the
probability distribution of all the particles (dotted line). The velocity is calculated for all particles as vx = d〈r̄x〉/dt̄ . For φ < 0.5 the abnormal
region exhibits a bimodal distribution, where big clusters have have the most particles at vx = 0, and small ones the largest velocities peaking
at vx = 1. For φ > 0.5, the doubled peaked distribution disappears, and the total pdfs almost coincide with those belonging to large clusters.

and large clusters. For normal flow [Fig. 6(d)], most parti-
cles displace at the velocity corresponding to free flow, v f =
d/2 � 1, driven by the external force. Only a small fraction of
the particles are trapped by an obstacle, displaying a velocity
close to zero. This fraction is slightly larger for the small
fraction of disks which belong to large clusters.

Entering the abnormal flow regime, the velocity pdfs for
particles in small and large clusters show some qualitative
differences. In the abnormal flow regime, far from the clog-
ging transition, the velocity distribution of moving particles
shows a characteristic two-peaked bimodal distribution, as
observed in Fig. 6(e). Local clogs coexist with normal flows,
as can appreciated from Fig. 6(b). Particles belonging to small
clusters exhibit clearly this two-peaked bimodal distribution,
with a finite fraction of particles displacing in reaction to
the applied force, v f , corresponding to localized particle free
flow. Particles released from clogged states contribute to this
peak, as they form trails moving freely until reaching the
next clogged region. The other peak correspond essentially
to arrested particles, with a velocity close to zero. Small
clusters of particles accumulating at clog regions in specific
bottlenecks of the system, temporarily or spatially isolated
from flowing regions contribute to this peak. All these events
can be observed in the snapshots of Fig. 6(b). In large clusters,
the largest peak appears at vx ∼ 0, produced by large regions
where clogs persist in time, giving rise to intermittent flows,
but also in coexistence with paths where particles can flow.

This mixed state highlights the key ingredient of abnormal
flows in disordered mediums: Intermittent flows and tempo-
rary blockages arise locally throughout the disordered system
as particles are dynamically trapped and released from local
constrictions.

As shown in Fig. 6(f), at higher φ, as we approach the clog-
ging transition, a smaller fraction of disks are contained within
small clusters and the bimodal velocity distribution is barely
visible. Increasing φ decreases the regions of locally small
density, as can be seen in Fig. 6(b), favoring the result that all
particles belong to few large clusters that dominate the system.
For such large densities, instead of having a large number of
small clusters distributed in uncorrelated bottlenecks, now we
find a small number of big clusters, where the velocities inside
the same cluster are correlated. The resulting velocity distri-
bution corresponds to the attenuation of the bimodal two-peak
distribution of velocities, as seen in Fig. 6(f). Large clusters
exhibit a strong peak at vx ∼ 0, which corresponds to particles
in clogs. The pdf decreases monotonically after the peak, ex-
hibiting a broad range of intermediate velocities, and a marked
depletion of particles moving at vx � 1. Hence, almost all
particles are slowed down or trapped in a small number of
larger clusters, containing a wide distribution of velocities.

To summarize, the velocity distributions highlight the na-
ture of the abnormal flow. It help us understand how, with
increasing φpin, local clogs arise and affect the flow and sys-
tem morphology. Typically, for φ < φa

pin disks flow freely,
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either in big or small clusters. Above φa
pin large clusters peak

in the distribution around vx = 0 due to constrictions and bot-
tlenecks hindering the flow and leading to intermittent flows.
Small φ results in a landscape of uncorrelated clogs and free
particles, characterized by a bimodal distribution of velocities.
Increasing φ weakens the bimodal distribution of velocities.
Instead, large, dense clusters contribute to increase the corre-
lation of clogging events, resulting in a mixed distribution of
velocities that peak at vx ∼ 0

VI. CONCLUSIONS

We have carried out a thorough study of how forced par-
ticles move and give rise to flow in a randomly disordered
obstacle landscape. The methodology put forward has allowed
us to identify and quantify a regime of abnormal flow, where
locally clogged regions persist in time and intermittent mo-
tion emerges from the normal flow regime, where generally
the flow is well defined in the whole disordered system. We
have classified the properties of these two regimes at small
and large densities, characterized by the development of a
bimodal velocity distribution for small densities, and a large
region of coexistence of particles with mixed velocities in
large clusters for large densities. The weak dependence of
the critical anomalous flow regime shows that different area
fractions may reach the abnormal regime at different obstacle
densities due to cooperation between flowing particles, which
fluidize the system and hinder clogged states. The flowing
behavior of the forced disks is also altered in the abnormal
regime, where the distribution of flow through local regions of
the landscape is maximum for arrested clusters and decreases
monotonically, in comparison to a nonzero maximum peak in
the normal regime.

We have characterized some of the structural features
related to the anomalous flow regime by analyzing the
morphologies of particle clusters. We have observed that,
independently of the total density, anomalous flows always
exhibit a diverging average cluster size, which indicates that
there is no characteristic cluster size scale. This contrasts
with the fact that the abnormal flow density of obstacles,
φa

pin, depends weakly on φ, meaning that there is a charac-
teristic obstacle space, la, which results in clog formation,

favoring large densities in bottlenecks and small densities in
other regions. It is for this reason that we observe different
dynamical and structural features for small and large local
densities: Small densities start with disconnected flows, and
large densities starts with connected flows, but both of them
separate in large and small density regions in the anomalous
regime as φpin increases, translating into an increase of the
average cluster size in the first case and a decrease in the
second case.

The study performed has shown that the transition from
normal flow to clogging is complex, and it is controlled by a
broad region of abnormal flow where local clogging events
coexist with the underlying flow imposed by the external
driving. The nature and magnitude of these events strongly
correlates with the distribution of particle clusters that nucle-
ate and develop around local constrictions. This correlation
is not trivial, since clogs in bottlenecks depend on very spe-
cific structural and dynamic properties, such as the bottleneck
inclination with respect the force, the number of particles
instantaneously arriving to a specific bottleneck, and the size
of the bottleneck. However, there are still generic features in
the abnormal flow, such as the constant φa

pin or separation
in large and small density regions. Therefore, the abnormal
regime, initially identified in systems that undergo a clogging
transition through a single obstruction, is also present in a
disordered system, characterized by a spatial distribution of
bottlenecks, unifying our understanding of the transition to-
ward clogging.

The flexible methodology developed here can be applied
to a wide variety of systems. from heterogeneous mixtures of
particles to interacting active matter, to gain insight into how
cooperation can be maximized to avoid local clogged states
or, inversely, achieve locally spatial flows at some regions of
the landscape.
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