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Emergence of periodic chimneys during fluidization at a coarse-fine grains interface
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In this work, we focus on the influence of an interface on liquid rise through an immersed granular bed. Based
on laboratory experiments, we consider the migration of water injected at constant flow rate at the bottom center
of a Hele-Shaw cell filled with two layers of grains immersed in water. The bottom layer is made of coarse
grains, large enough to ensure liquid percolation without grain motion. The top layer consists of a bidisperse
medium of fine grains and dusts about four times smaller in diameter, which can penetrate the interface between
coarse and fine grains. When the liquid invades the cell, above a critical flow rate, the dusts are washed out of
the coarse grains, a process called elutriation. The flow pattern self-organizes, generating fluidization chimneys
at the interface between coarse and fine grains with regular spatial distribution. A model based on pressure-drop
estimations predicts the pattern wavelength, which depends on the dust size and the number of coarse grains in
the cell gap.

DOI: 10.1103/2m8d-7h3j

I. INTRODUCTION

Fluid migration in granular media plays a key role in nat-
ural and industrial processes such as, among others, deep-sea
seepage [1,2], volcanism [3,4], volcaniclastic kimberlites [5],
spouted beds [6], and catalysis [7]. These different contexts
share a common observation: fluid ascent in sedimentary
basins, crustal rocks, or immersed catalysts often leads to
flow focusing and the formation of piercement structures [8],
referred to as chimneys [9], pipes [10–12], vents [13,14],
or spout channels [15], depending on the scientific commu-
nity. Fundamental studies have quantified the fluid invasion
regimes under either homogeneous or localized injection of
liquid from below into a immersed granular bed [9,13,16–19].
At low injection rates, the fluid percolates through the granular
matrix without moving the particles significantly (percolation
regime). At intermediate flow rates, a stable fluid cavity forms
and is either stable in time or may reach the top of the bed
(fluidized cavity regime). Finally, at high injection rates, a
chimney forms directly (fluidized chimney regime). Note that,
when dealing with three-phase flows (e.g., gas injection in
liquid-saturated sands) or cohesive particles, an additional
fracturing regime appears [20–25]. In the following, only two-
phase flows and noncohesive particles will be considered.

Under localized fluid injection, the critical fluidization ve-
locity and the resulting invasion pattern in a single layer of
monodisperse or polydisperse particles have been the topic
of many studies [3,26–30]. They have pointed out specific
structures such as elongated pipes, chimneys, or fluidized
cones. In geophysical applications, however, the fluid crosses
many interfaces, generated by successive sediments deposits
[31]. These interfaces between particle layers of different
properties, such as granulometry, may play an important role
in the morphology and dynamics of pipes. Nevertheless, to
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our knowledge, only a few studies have focused on fluid as-
cent through multilayered sediments, either experimentally or
numerically [12,22,32,33]. When considering the effect of an
interface between coarse and fine grains, experimenters have
either investigated the stable (fine on top of coarse grains)
[12,22] or unstable fluidization (coarse on top of fine grains)
[32]. Unstable fluidization leads to a fluidization of both the
coarse and fine grain layers, while stable fluidization exhibits
either a fluidization of the top fine grains only or a fluidization
of both layers, depending on the injection flow rate and the
relative height of both granular layers [12]. A numerical ap-
proach has pointed out that, in a given range of parameters,
focused fluid-flow structures could appear at the interface
between coarse and fine grains, leading to the generation of
a quasiperiodic fluidization pattern [33].

In this experimental work, we investigate a bilayered
water-saturated sediment composed of coarse grains overlain
by a layer of fine grains. Grains are gently poured in the
cell to mimic particle sedimentation in natural environments,
resulting in loosely consolidated sedimentary layers. Water
is injected locally at the base of the cell, in a range of flow
rates such that the coarse grains are not mobilized and fine
grains fluidize. The originality of this work lies in the presence
of dusts in the fine grains, which can partially penetrate the
coarse grain layer. Differential transport leads to the formation
of quasiperiodic chimneys at the coarse-fine grains interface.
In the following, we present the experiments and analy-
sis (Sec. II). Then we characterize the pattern wavelength
(Sec. III). Finally, we propose a mechanism at the origin of the
formation of the quasiperiodic fluidization pattern (Sec. V).

II. MATERIALS AND METHODS

A. Experimental setup

The experimental setup consists of two superimposed
sediment layers (coarse at the bottom, height hc, and fine
at the top, height h f ) fully immersed in distilled water

2470-0045/2026/113(1)/015414(11) 015414-1 ©2026 American Physical Society

https://orcid.org/0009-0008-9446-1065
https://orcid.org/0000-0003-2003-6679
https://orcid.org/0009-0008-6247-0389
https://orcid.org/0000-0002-0413-1601
https://ror.org/024gts110
https://ror.org/04zmssz18
https://crossmark.crossref.org/dialog/?doi=10.1103/2m8d-7h3j&domain=pdf&date_stamp=2026-01-15
https://doi.org/10.1103/2m8d-7h3j


PORCEILLON, GAY, TABOADA, AND VIDAL PHYSICAL REVIEW E 113, 015414 (2026)

FIG. 1. Experimental setup. Water is injected at constant flow
rate Q at the bottom center of a Hele-Shaw cell filled with a coarse
grain layer (height hc) topped by a fine grain layer (height hf ), fully
immersed in water.

in a confined environment (Hele-Shaw cell, Fig. 1). The
cell is made of two glass plates of height H = 30.0 ±
0.1 cm and width W = 35.0 ± 0.1 cm. To investigate the
influence of confinement, two different gaps have been
used, e = 2.35 ± 0.02 mm and 4.12 ± 0.04 mm. A cylin-
drical nozzle (inner diameter 1.1 mm) at the bottom center
of the cell makes it possible to inject water from be-
low (black arrow, Fig. 1). At time t = 0, water is injected
at constant flow rate Q by means of a pump (Tuthill
7.11.468) coupled to a flow controller (Bronkhorst mini
CORI-FLOW M14-AAD-22-0-S). The range of flow rates
accessible with this setup is Q = [2–100] mL/min. In some
experiments, the injected water (density ρw =1000 kg m−3,
viscosity ηw = 10−3 Pa s) is dyed dark blue (Meilleur du Chef
E133, 1.2% vv.) so that the liquid entering the coarse grain
layer can be visualized. Measurements show that adding dye
does not affect the physical properties of the liquid. The top
of the cell is left open to allow the water to spill uniformly
and thus ensure a constant total height H . The spilled water
is then collected using a gully surrounding the top of the cell
(not shown in Fig. 1).

Although the grains are opaque (see Sec. II B), the Hele-
Shaw configuration makes it possible to directly visualize the
fluid migration patterns through the layers of sediments. To do
so, a homogeneous light panel (Just Norm-licht Classic Line)
is located behind the cell. The transmitted light is recorded
with a camera (Basler monochrome, acA2040-90 µm, 2048 ×
2048 pixel) mounted with a 16 mm lens and facing the cell at
a distance of about 37 cm (Fig. 1). The acquisition frequency
is set between 10 and 50 fps depending on the experiments,
with a total recording duration between 2 and 5 minutes.
Experiments are performed at room temperature. Before each
experiment, a calibration grid is located inside the cell gap and
a picture is taken to ensure a precise pixel/mm conversion.

B. Granular media

The grains are spherical glass beads of density ρg =
2425 kg m−3. The bottom layer is composed of coarse grains
(height hc, typical diameter dc), and the top layer is composed

TABLE I. Batches of fine and coarse grains used in this work.
The numbers in the Type column indicate the particle diameter or
diameter range in µm as provided by the manufacturer. The median
and standard deviation for the coarse grain diameter dc and fine grain
diameter df are reported, with the presence of dusts in the fine grain
batches (median diameter dd , see text).

Type df (µm) dd (µm)

Fine USF Matrasur 106–212 150 ± 19 43 ± 18
grains Sigmund-Lindner 100–200 165 ± 17 36 ± 19

Type dc (µm) dd (µm)

Sigmund-Lindner 400 331 ± 98 –
Coarse Sigmund-Lindner 700 750 ± 37 –
grains Dutscher 1000 1156 ± 87 –

Prolabo 1500 1486 ± 26 –
Dutscher 2000 2075 ± 41 –

of fine grains (height h f , typical diameter d f ). Coarse and fine
grains are chosen so that, in the range of flow rate explored in
the experiments, a monolayer of coarse grains always exhibits
fluid percolation, without any significant rearrangement of
the granular matrix, while a monolayer of fine grains always
displays fluidization.

To investigate the impact of the grain size on the fluid mi-
gration pattern, several grain batches have been used (Table I).
Fine grains have a typical diameter of about 150 µm, while
coarse grains are varied between 300 and 2000 µm, typically.
All batches are polydisperse to prevent crystalline structures
but exhibit a peaked distribution. The particle size distribu-
tion has been measured with a macroscope (Wild Makroscop
M420 1.25× with Makrozoom Leica 1:5 lens). Figure 2 dis-
plays examples of particle size distributions for the two grains
batches that have been used most in the experiments. Coarse
grain batches exhibit similar peaked distributions [Fig. 2(b)
and picture in inset], making it possible to compute a typical
coarse grain diameter dc. The originality of this work is that
the fine grain size distribution is twofold [Fig. 2(a)], with fine
grains of diameter d f as provided in the supplier datasheet
(right peak) and an additional peak of very fine spherical par-
ticles, henceforth named dusts. These dusts are clearly seen in
the inset of Fig. 2(a). Their diameter dd ∼ 40 µm is obtained
from the left peak on the distribution. Note that, although
these dusts are many, due to their small size, they represent a
very small amount of volume, about 4% of the total volume of
grains in the topmost layer. Table I details for each grain batch
used in this work, the median value and standard deviation of
the coarse grain diameter dc, the fine grain diameter d f , and
the dust diameter dd .

C. Protocol

To ensure reproducible experiments, we use the following
protocol. First, the cell is partially filled with distilled water
(height ∼10 cm). The coarse grains are then gently poured
through the top aperture, uniformly along the cell width, to
form the bottom layer. This layer is leveled delicately with
a thin ruler to achieve a horizontal surface while avoiding
grain compaction. The coarse grain layer is thus set at height
hc. We then repeat the same process of sedimentation and
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FIG. 2. Particle size distribution (probability density function,
pdf) showing the diameter d for a measurement over N particles, for
the two grain batches most used in the experiments. (a) Fine grains
Sigmund-Lindner 100–200 (N = 8781). (b) Coarse grains Sigmund-
Lindner 700 (N = 10211). All batches (Table I) exhibit similar
distributions, with a median coarse grain diameter dc [here, 750 µm,
see (b)], a median fine grain diameter df corresponding to the right
peak in (a) [here, 165 µm], and the additional presence of very fine
grains or dust, with a median diameter dd corresponding to the left
peak in (a). Insets: Pictures showing the coarse grains (b) and both
fine grains and dusts (a).

leveling for the fine grain layer (height h f ). As the fine grain
distribution is bidisperse [Fig. 2(a)], segregation may occur
during pouring and sedimentation. To minimize this effect,
we slowly pour small amounts of the fine grains back and
forth along the cell width and accumulate successive layers
until reaching the height h f . The water level above the grains
is topped up until the fluid overflows (Fig. 1). At time t = 0,
water is injected at constant flow rate Q, and the experiment
starts. This protocol is repeated for each set of experimental
parameters (dc, hc, d f , h f , Q, and e), except when varying h f

(see Sec. III D).

D. First observations and image analysis

Figure 3 (bottom) displays the snapshot of a typical ex-
periment a short time after the fluid injection at the bottom.
As the injected water is dyed in this experiment, we observe
the incoming fluid percolating through the coarse grain layer
(dark semicircled region at the cell bottom; the dashed black
line highlights the percolation front). We remind here that
both coarse and fine grains are fully immersed in water. As
this fluid is incompressible, the injected fluid does not only
invade the cell bottom around the injection nozzle but simul-
taneously pushes the surrounding fluid upward throughout the

FIG. 3. (bottom) Snapshot of a typical experiment showing the
percolation front in the coarse grains (dyed region, black dashed line)
and the simultaneous emergence of a periodic fluidization pattern at
the coarse-fine grains interface, mostly seen at the cell center (black
rectangle). The white dashed line is used for intensity analysis, see
text. (top) Zoom on the central region. λ indicates the character-
istic distance between two neighboring chimneys at the interface
(e = 2.35 mm, dc = 750 µm, hc = 8 cm, df = 150 µm, hf = 3 cm,
and Q = 50 mL/min).

system. The water overflow, not shown in Fig. 3, is indeed
observed right after the beginning of the fluid injection. As
stated in Sec. II B, the coarse grains are chosen so that the
fluid will always percolate through them in the range of flow
rates explored in this work. Conversely, the fine grains, as a
monolayer, always fluidize in the same range of flow rate. For
the bilayered experiment, we expect percolation in the coarse
grain layer, and either percolation in the topmost, fine grain
layer or, at higher flow rate, fluidization of these fine grains.

Interestingly, in a given range of parameters, we report a
regular, quasiperiodic fluidization pattern occurring in the fine
grains, right above the interface. Movie 1 in the Supplemental
Material [34] shows a typical example of the formation of
this pattern for e=2.35 mm, dc =750 µm, hc = 8cm, d f =
165 µm, h f =3 cm, and an injection flow rate Q=30 mL/min;
and Movie 2 in the Supplemental Material [34] displays the
same experiment with a zoom on the interface. These sup-
plemental movies have been specifically acquired to illustrate
the phenomenon, with an additional color camera (Basler
acA2040-90um, 2048 × 2048 pixels, 25 mm lens) to image
the whole cell and the black and white camera used in all other
experiments (see Sec. II A) equipped with a 75 mm lens, both
cameras being located at about 85 cm from the cell. The pat-
tern consists of small fluidization chimneys or pipes, regularly
spaced along the coarse-fine grains interface. These chimneys
locally focus the fluid flow and act as secondary sources at
the interface. As the injected water is colored with blue dye
(Movie 1 in the Supplemental Material [34]), it points out that
the chimneys appear after a short transient and much before
the blue liquid reaches the interface. In the zoomed Movie 2
in the Supplemental Material [34], we can see that, as soon
as the injection starts (t = 0 at the beginning of both movies),
motion is observed in the coarse grain layer right below the
interface, while the coarse grains themselves remain motion-
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FIG. 4. (a) Light intensity profile along the horizontal white
dashed line in Fig. 3 after image contrast enhancement and back-
ground removal (thin gray line). The thick black line corresponds
to low-pass filtering to remove the noise. Note the quasiperiodicity
of the intensity pattern. x is the horizontal coordinate, with x = 0 at
the vertical of the injection nozzle. (b) Autocorrelation function of
the filtered intensity profile [thick black line in (a)]. The first peak
indicates the typical distance λ between two fluidization chimneys at
the interface.

less. This observation hints toward the crucial role of dusts,
which have penetrated the coarse grain layer (see discussion
in Secs. IV A and IV B). Note that the chimneys stay at the
same location and do not evolve significantly in time, until
the fine grain layer is fully fluidized and the experiment stops.
In the following, we will quantify this instability, which is
characterized by a typical distance λ between two fluidization
chimneys at the interface.

Image processing enables the extraction of the light inten-
sity profile along a line right above the interface (white dashed
line, Fig. 3). After image contrast enhancement (adapthis-
teq, Matlab) and background removal, the signal is low-pass
filtered to remove the noise [Fig. 4(a), black line]. The
quasiperiodicity of the intensity pattern clearly appears, with
a characteristic distance λ. To quantify λ, the autocorrelation
of the signal is performed, as shown in Fig. 4(b). It displays,
as expected, a large peak for a zero lag, followed by secondary
peaks indicating the presence of a quasiperiodic pattern. The
first peak or shoulder is chosen for the quantification of
λ [black arrow, Fig. 4(b)]. Note that it is not necessarily
the largest secondary peak. Indeed, the fluidization pattern,
although quasiperiodic, is not fully regular. The chimneys
formed at the interface are mostly separated by a distance λ,
but due to heterogeneities in the medium, a chimney may not
form sometimes, and the distance between two neighboring
pipes thus increases up to 2λ, as seen in Fig. 3, top. This
source skipping impedes determining λ by a simple peak
average distance in the intensity signal [Fig. 4(a)]. Although
the chosen peak in the correlation function can be challenging
to identify, it has been manually checked on several series that

it is the most representative of the regular fluidization pattern,
as displayed in Fig. 3. For each experiment, this analysis is
performed on 30 images right after the onset of the instability.
In the following, each λ is taken as the median value of
these 30 measurements, and the associated error bar is the
corresponding standard deviation.

III. RESULTS

A. Dependence on the injection flow rate Q

Varying the injection flow rate Q changes the injected fluid
velocity in the granular matrix. As we focus on the formation
of a fluidization pattern at the coarse-fine grains interface and
use experimental cells with a different gap e, the physically
relevant parameter is the fluid velocity vi at the interface. As
we locally inject the fluid at the bottom center of the cell,
vi(x) varies along the interface, with its maximum value at the
vertical of the injection nozzle. However, assuming a radial
field for the fluid velocity during the percolation process, this
variation is small in the central region, where the fluidization
pattern forms. Note that, in this central region, the chimneys
associated with the secondary sources form roughly simulta-
neously.

In the following, we approximate in the central region
vi(x) � vi(0) = vi. This quantity is obtained by fluid mass
conservation, with the assumption of a radial fluid velocity
field in the coarse grain layer

vi = Q

πεhce
, (1)

where hc is the coarse grain layer height, ε = 1 − φc its
porosity, and φc its packing fraction. Due to the polydisperse
coarse grain distribution [Fig. 2(b)], this porosity cannot be
predicted. It has been computed for each experiment by mea-
suring the mass mc of coarse grains needed to reach the height
hc:

ε = 1 − mc

ρgVc
, (2)

where Vc = hceW is the volume of the coarse grain layer. For
all experiments, the porosity is of the same order of magnitude
ε � 0.4, corresponding to loose random packing.

Figure 5 displays the typical distance λ between succes-
sive fluidization chimneys at the interface as a function of
the fluid velocity vi for different cell gaps and the two fine
grain batches. Here, vi is varied by changing the flow rate Q
and the cell gap e (2.35 and 4.12 mm), at fixed hc = 8 cm
(see Sec. III C). We report a critical velocity vic � 1 mm/s
separating two fluid migration regimes. For vi < vic, the fluid
velocity is not strong enough to entrain the particles, and
there is no fluidization in the topmost layer. The rising fluid
percolates through both the coarse and fine granular layers
(gray region, Fig. 5). For vi > vic, the fluid entrains the grains
directly above the interface, forming the fluidization pattern,
as shown in Fig. 3. Figure 10 in the Appendix displays the
dependence of λ with Q. As expected, the critical flow rate Qc

above which the fluidization pattern is observed depends on
the cell gap e. For e = 4.12 mm, Qc is approximately twice
the value observed for e = 2.35 mm (respectively shown by
the dark purple and light orange dashed lines in Figure 10
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FIG. 5. Typical length λ of the fluidization pattern as a function
of the fluid velocity vi at the interface. The vertical dashed line in-
dicates the velocity threshold vic � 1 mm/s. For vi < vic, there is no
fluidization (dark gray region). For vi > vic, the fluidization pattern
forms independently of the cell gap e (dc = 750 µm, hc = 8 cm, and
hf = 3 cm). The light gray region is a guideline for the eye.

in the Appendix). Once the fluidization chimneys are formed
at the interface, they remain stable at their location. The
characteristic spacing λ is roughly independent of vi, of the
fine grain batches, and of the cell gap e (Fig. 5). It ranges
from about 3 to 5 mm, about 4 to 7 times the coarse grain
size. Consistently, the average distance between pipes remains
roughly constant, while the vertical component of velocity
decreases laterally along the interface. Note that, far from the
cell center, the fluid velocity vi at the interface may not exceed
the threshold vic anymore, and fluidization should not happen.
Indeed, we report from the observations, in a given range of
flow rates, the absence of fluidization pattern on the cell sides
(see Fig. 3).

As λ does not depend significantly on vi or Q once the
fluidization pattern is formed, in the following, unless speci-
fied, we set Q = 30 mL/min. The associated velocity vi at the
interface depends on the coarse grain height hc, porosity ε, and
cell gap e [Eq. (1)]. In all experiments, hc = 8 ± 0.2 cm and
ε = 0.40 ± 0.03, which corresponds to vi � 1.2–1.3 mm/s for
e = 4.12 mm and vi � 2.0–2.2 mm/s for e = 2.35 mm.

B. Dependence on the coarse grain diameter dc

Figure 6 displays the variation of λ with the coarse grain
diameter dc. The characteristic length of the pattern increases
linearly with dc, with a different slope depending on the
cell gap e. Despite their slight difference, the two fine grain
batches follow the same trend (orange and purple dashed
lines, Fig. 6). Note here that the linear functions displayed
as guidelines for each cell gap have a slope ratio equal to the
cell gap ratio, indicating at first order a dependence of λ on
dc/e. Two points appear out of trend. First, for e = 4.12 mm,
d f = 165 µm, and dc = 750 µm, the dark purple point is much
above the general trend for the largest cell gap. Carefully
analyzing the images shows that, in this experiment, many
chimneys are skipped at the interface (see comment on the
interface heterogeneity at the end of Sec. II D). The correlation

FIG. 6. Typical length λ of the fluidization pattern as a func-
tion of the coarse grain diameter dc (hc = 8 cm, hf = 3 cm, and
Q = 30 mL/min). The orange and purple dashed lines are guidelines
for the eye for e = 2.35 and 4.12 mm, respectively. The slope ratio
between these guidelines is equal to the cell gap ratio.

function therefore gives either λ, 2λ, or an unusable result de-
pending on the image. To be consistent with the analysis of all
experiments, the value reported in Fig. 6 is the median value of
all extracted wavelengths, but this value gives 2λ rather than
λ. The second point out of trend is for e = 2.35 mm, d f =
150 µm, and dc = 1156 µm. In this case, two typical distances
λ have been extracted from the same experiment λ = 3.2 and
5.2 mm. It was not possible to report either from the images
or from the correlation function which length was the most
characteristic. However, it is important to note that, for this
experiment, the coarse grain size becomes of the order of the
cell gap, and barely one or two coarse grains can fit in the gap.
It is therefore probable that the fluidization pattern is biased by
strong wall effects. The interpretation of the influence of dc on
λ will be further discussed in Sec. IV C 1.

C. Dependence on the coarse grain height hc

We do not present here a systematic study of the fluidiza-
tion pattern when varying the coarse grain layer height hc.
Indeed, the requirement for the fluidization pattern to ap-
pear at the interface is percolation in the coarse grains and
fluidization in the superimposed fine grains. As pointed out
in Sec. III A, the physically relevant parameter is the fluid
velocity at the interface vi. Under these conditions, varying the
coarse grain layer height hc is equivalent to varying the flow
rate Q [see Eq. (1)]. In this work, we have chosen hc = 8 cm
so that the flow rates needed to reach and exceed the critical
velocity vic to generate the fluidization pattern at the coarse-
fine grains interface are in the range of the flow controller.

D. Dependence on the fine grain height hf

In this section, we assess the dependence of λ on the
fine grain height h f . Given the time-consuming preparation
of the initial bilayered condition (see Sec. II C), we adopted
the following protocol for this part. Instead of preparing each
experiment from an empty cell, we adjust the fine grain height
between each experiment, without removing the grains from
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FIG. 7. Typical length λ of the fluidization pattern as a func-
tion of the fine grain height hf (dc = 750 µm, hc = 8 cm, and
Q = 30 mL/min, except ∗, for which Q = 60 mL/min). The black
dots indicate experiments using the final state of the previous run as
the initial condition, after allowing the particles to resettle in the cell
(see text).

the previous experiment. To do so, we start from a small
fine grain layer (h f = 0.7 mm). After the formation of the
fluidization pattern, we let the experiment run until the top,
fine grain layer is fully fluidized. At this point, both the fine
grains and dusts are in suspension. We then turn off the water
injection and wait for particle sedimentation. After a few min-
utes, we then add fine grains from the top, up to the new h f ,
and start the experiment again. It has been checked for a few
data points that the resulting λ was independent of the initial
preparation of the system by doing the same experiments from
an empty cell.

The corresponding results are shown in Fig. 7. Whichever
the cell gap, λ remains roughly constant when h f increases.
This result may be surprising, as we could expect the flu-
idization pattern to change when the confinement pressure
increases. However, let us remind that the grains are confined
in the transverse direction between the two glass plates of the
Hele-Shaw cell. In this configuration, we expect the Janssen
effet to occur [35,36], thus modifying the apparent weight
of the top layer of fine grains. From the experimental results
shown in Fig. 7, we can conclude that, in the range of param-
eters explored in this work, λ is independent of the fine grain
height.

IV. DISCUSSION

A. Origin of the fluidization pattern

The coarse grains have been chosen so that the fluid per-
colates through the bottom layer. They remain motionless
during the experiments, as confirmed by direct observations.
We remind that, due to direct light transmission technique
(Fig. 1), we are able to visualize grain motion not only near
the front wall but throughout the entire bulk (cell gap). At the
onset of the fluidization pattern, particles in the top layer, right
above the interface, are entrained by the fluid. As highlighted
in Sec. II B, the originality of this work lies in the effect of
a bidisperse granular medium in the top layer on the emer-

gence of a regular fluidization pattern at the coarse-fine grains
interface. The presence of dusts alongside fine grains in the
top layer affects the fluid transport in saturated conditions.
These dusts, being the smallest particles, are more easily
entrained by the ascending flow and will mobilize at a local
fluid velocities lower than those required to displace the fine
grains.

The typical Reynolds number associated with particle
motion is given by Re = ρwvd/ηw, where d is the particle di-
ameter. Considering that the velocity vi at the interface ranges
between 1 and 4 mm/s, the Reynolds number range is of about
[0.04–0.16] for the dusts (dd ∼ 40 µm) and [0.15–0.6] for the
fine grains (d f ∼ 150 µm). In the laminar regime (Re < 1),
the particle sedimentation velocity can be approximated by
the Stokes velocity

v∗ = (ρg − ρw )

18ηw

gd2. (3)

The sedimentation velocity is therefore v∗
d � 1.2 mm/s for the

dusts and v∗
f � 17.5 mm/s for the fine grains. Note that v∗

d is
of the same order of magnitude as the critical velocity at the
interface necessary to observe the fluidization pattern vic �
1 mm/s (Fig. 5, Sec. III A).

Here, we propose that elutriation is the mechanism at
the origin of the fluidization pattern. Elutriation refers to the
entrainment of finer particles when a fluid flows through a
polydisperse granular medium, the larger particles remaining
motionless [37,38]. Figure 8 illustrates the proposed mech-
anism. At t = 0, just before opening the fluid injection,
particles are motionless in the bottom and top layers. Due
to their small diameter, dusts partially invade the pore spaces
between coarse grains beneath the interface [Fig. 8(a), left].
When fluid is injected and, owing to its incompressibility,
flows through the entire system, two situations may arise. If
the velocity at the interface is too small to lift any of the
particles (vi < v∗

d < v∗
f ), the fluid percolates through both the

coarse and fine grain layers and no fluidization occurs (Fig. 5,
vi < vic). Above a critical flow rate (or critical velocity vic �
v∗

d ), the drag force counterbalances the particle weight, and
the smaller particles (dusts) are entrained by the fluid, while
the fine particles remain motionless [v∗

d < vi < v∗
f , Fig. 8(a),

center]. At this stage, dust particle distribution within the
coarse grain pore network reorganizes, initiating the elutria-
tion process. This process can be clearly seen in Movie 2 in the
Supplemental Material [34], as described in Sec. II D. The lo-
cal pore opening or clogging modifies the fluid flow [Fig. 8(a),
right], leading to a local velocity increase (thick blue arrows)
or decrease (dashed blue line), respectively. In this latter case,
the local velocity can become smaller than v∗

d , stopping the
dust motion. As this process repeats, the open pores elutriate
more efficiently and enlarge further, capturing the neighbor-
ing fluid flow and redirecting it through these preferential
pathways until flow through adjacent blocked regions ceases
completely (red cross). In the open region (fraction α of the
initial surface), the local velocity can increase until becoming
large enough to lift the fine grains [v∗

d < v∗
f < vi/α, Fig. 8(a),

right, thick blue arrow].
This repetitive process along the interface leads to the

quasiperiodic fluidization pattern shown in Fig. 3, character-
ized by a typical distance λ. The sketch in Fig. 8(b) illustrates
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FIG. 8. (a) Illustration of the mechanism at the origin of the fluidization pattern. (left) Zoom on the coarse-fine grains interface. In the
inital state (t = 0, no fluid flow), particles are motionless with coarse and fine grains in the bottom and top layers, respectively. Dusts partially
invade the coarse grain pores. (center) For t1 > 0, the fluid flow (blue arrows) can entrain the dusts (vi > v∗

d ) but not the fine grains (vi < v∗
d ).

The dust distribution in the coarse grain pore network reorganizes, initiating the elutriation process. (right) For t2 > t1, dust motion creates
a dynamic feedback loop: some pores widen, causing local velocity increases (thick blue arrows), while others become constricted, reducing
local velocity below v∗

d , which halts dust transport in these regions. In regions where pores become constricted, fluid flow is redirected toward
adjacent open pathways, eventually ceasing entirely in the blocked areas (red cross). The fluid locally crosses the interface over a smaller area
(fraction α of the initial area) and can then have a velocity larger than v∗

f , entraining both the dusts and the fine grains. (b) The repetition of the
local mechanism in (a) along the interface (width w), over the gap e, leads to the fluidization pattern shown in Fig. 3, characterized by λ (white
regions of surface Si, liquid flow; black regions, no liquid flow). α is defined as the fraction of the interface through which the liquid flows.

a segment of the interface (width w, surface we) showing the
alternating pattern of open (white) and closed (black) regions
through which the fluid flows (blue arrows) or is arrested,
respectively. Note that, due to the radial velocity field, the
velocity is not uniform along the interface, and the pattern
may appear on the cell center only (w < W ). The fraction α

of the interface through which the fluid flows is defined as

α = 1

we

∑
i

Si, (4)

where Si is the surface of a single white region in Fig. 8(b),
and the sum is computed over all the white (fluidized) regions
of the fluidization pattern. The fraction α of open region at
the interface can be estimated as α � vic/v

∗
f ∼ 6%. Despite

image processing efforts, it proves difficult to estimate α

experimentally, as the region close to the interface does not
appear clear enough to distinguish the exact extension of a
locally fluidized region (Fig. 3, top).

From the fraction α of the interface through which the
fluid flows, it is interesting to estimate the extension 	y of
the chimneys in the y direction, along the cell gap. Along
the interface, in the x direction, as the coarse grains do not
move, the secondary sources are typically of the size of a
pore dpc = ζdc, with ζ of the order of a few percent. The
surface through which the fluid flows can thus be written
αwe = Ndpc	y, where N is the number of secondary sources
or chimneys along the interface, in the central region of width
w. From Fig. 3, top, we have N � 35 and w � 5 cm, yielding

	y � e. The chimneys therefore occupy all the cell gap, as
illustrated in the schematic representation of Fig. 8(b).

B. Elutriation and fluidization pattern

Although the elutriation process cannot be observed di-
rectly in our experimental setup, its significance can be readily
demonstrated through the critical role of dusts. We sieved
fine grain batches to remove dusts before filling the cell,
and none of the experiments conducted with these cleaned
batches exhibited fluidization. Without dusts, all experimental
parameters being kept constant (coarse and fine grain layer
height, flow rate, etc.), we have always observed percolation,
not only in the coarse grain layer but also throughout the
fine grain layer. The dusts are therefore essential for initiating
grain motion and creating preferential pathways which subse-
quently lead to fine grain mobilization and the formation of a
quasiperiodic fluidization pattern.

The inherent heterogeneity of granular media likely ex-
plains why the fluidization chimneys at the interface do not
maintain a uniform characteristic spacing of λ between each
pipe. Indeed, local variations in packing fraction, grain size
distribution, and force chain networks create regions where
fine particles are more or less mobile. These heterogeneities
produce two observable effects: (1) small variations in the
characteristic distance λ between chimneys, causing minor
deviations from perfect periodicity, and (2) occasional skip-
ping of potential fluidization sites, resulting in neighboring
pipes separated by approximately 2λ. This explains why the
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peak associated with the pattern wavelength is not the sec-
ondary maximum of the correlation function (see Sec. II D
and Fig. 4).

C. Dependence of λ

1. Influence of the coarse grain diameter dc

To account for the variation of λ with the coarse grain
diameter (Fig. 6), we consider the following. A chimney forms
at the interface if locally, a pore opens enough due to the
elutriation process so that the local fluid velocity overcomes
v∗

f , the critical velocity to lift a fine grain. Subsequently, this
pore drains the flow from the neighboring pores over a typical
distance λ. As a first crude approximation, we consider that
the medium is homogeneous and that the flow is equally
distributed along the interface with a local vertical flow rate
Qi through each coarse grain pore. The pressure drop due to
pore opening in the coarse grains directly beneath the interface
can be written from Darcy’s law

δPz = 128η

π
Lz

(
Qi

d4
pinit

− Qi

d4
pend

)
, (5)

where Lz = Nzdc is the typical vertical distance over which
this pressure drop occurs, Nz being the number of coarse
grains below the interface which have been elutriated from
dusts and locally focus the vertical fluid flow. Here, dpinit and
dpend are the coarse grains pore diameter before (dpinit ) and
after (dpend ) the elutriation process. They can be estimated as
dpinit � dpc − dd (pore filled with a dust particle) and dpend �
dpc (fully open pore), with dpc the coarse grain typical pore
size. Rewriting Eq. (5) gives

δPz = 128ηNzdc

π

Qi

d4
pc

[
1(

1 − dd/dpc

)4 − 1

]
. (6)

This pressure drop must be compared with the horizontal
pressure drop necessary to drain the flow from the neighboring
pores in the (x, y) horizontal plane, as represented in Fig. 9(a):

δPx = 128η

πd4
pc

(
λ

2

)
NyQi , (7)

where Ny � e/dc is the number of pores along the gap, in the
y direction. When the secondary source initiates, δPz ∼ δPx.
Assuming dd � dpc and dpc = ζdc (see Sec. IV A) leads to

λ ∼ ξdd

(
e

dc

)−1

, (8)

with ξ = 8Nz/ζ . In the following, we consider ζ � 10%.
Figure 9(b) displays the normalized pattern wavelength

λ/dd as a function of e/dc. The data are the same as in Fig. 6,
but we choose here to plot the normalized wavelength as a
function of e/dc rather than dc/e, as Ny � e/dc represents the
typical number of grains or pores in the gap (see above) and is
physically more relevant. The colored lines show the predic-
tion from Eq. (8) when varying the number of coarse grains in
the z direction Nz over which elutriation occurs. Without any
adjustable parameters and despite the crude approximations,
the model captures well the order of magnitude and variation

FIG. 9. (a) Sketch representing the flow pattern in the (x, y) hori-
zontal plane. When a pore opens at the interface due to the elutriation
process (blue dot), it drains the adjacent pore flow over a length λ.
(b) Characteristic length λ of the fluidization pattern normalized by
the dust diameter dd as a function of (e/dc ) (same legend as Fig. 6).
The light gray dots indicate the series with Q = 60 mL/min, far
from the pattern initiation threshold. The colored lines indicate the
prediction from Eq. (8), with the number of coarse grains Nz which
have been elutriated in the z direction indicated in the legend.

of the experimental data. It predicts Nz ∼ 3–5, which is phys-
ically relevant, as we expect the dusts to penetrate over a few
coarse grain layers and, thus, the elutriation process to take
place over this length scale.

For a higher flow rate, the model prediction stands fairly
well [Q = 60 mL/min, gray dots, Fig. 6(b)]. In this case,
however, the interpretation must be made with caution. In-
deed, the above model only stands at the chimney initiation
threshold and may fail for higher flow rates. Finally, note that
the model relies on strong hypotheses, in particular that the
number of coarse grains over which the elutriation process
occurs Nz is constant. However, Nz could possibly depend
on the coarse grain diameter dc, as larger pores could lead
to deeper penetration of the dusts into the coarse grain layer.
Conversely, a higher coarse grain polydispersity would lead to
a shallower penetration and a smaller value of Nz. This could
explain part of the data scattering in Fig. 6(b).

2. Influence of the fine grain and dust diameters (d f , dd )

Varying the fine grain diameter d f and dust diameter dd

over a large range is difficult in our experiments. Indeed,
the bidisperse size distribution of the top layer is crucial to
observe the fluidization pattern, which is triggered by the
elutriation process described in Sec. IV A. If we consider
smaller fine grains, there is no more difference between fine
grains and dusts, and the successive motion of dusts and fine
grains cannot be observed. Considering larger particles, on
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the contrary, increases their Stokes velocity and therefore the
critical fluid velocity necessary to initiate fluidization. Higher
flow rates should be fixed to reach these velocities, which is
not accessible in the range of the pump or which would lead
to both the coarse and fine grain layer fluidization.

D. Instabilities and flow localization

The above results can be discussed in the broader context
of instabilities generation at an interface and flow localization.

Since the pioneering work of Saffman and Taylor and
the so-called Saffman-Taylor instability at the interface be-
tween two nonmiscible viscous fluids [39], the emergence and
growth of instabilities at the interface between two nonmisci-
ble viscous fluids have been widely studied. This so-called
Saffman-Taylor or viscous fingering instability is observed
when a less viscous fluid invades a more viscous fluid under
a pressure gradient within a confined geometry, such as a
porous medium or a Hele-Shaw cell. Without forced fluid
injection, gravity-driven instabilities may also emerge at the
interface between two fluids of different densities. Unstable
conditions in this case arise when the heavier fluid is above
the lighter one, leading to the so-called Rayleigh-Taylor in-
stability [40,41]. More recent works have emphasized the
generation of fingering instabilities when injecting a fluid into
a saturated granular medium (see Refs. [42–48] and references
therein). Only a few studies, however, have focused on the
emergence of instabilities at a granular interface.

In a numerical study, Yarushina et al. [33] demonstrated
that porosity-dependent permeability at an interface could
trigger the development of localized flow channels. This
recent work has been performed in the framework of fluid-
escape pipes and geohazard prediction for petroleum and CO2

storage sites [33]. A similar phenomenon of flow localization
at a coarse-fine grains interface has been reported and widely
studied in the engineering community in the context of erosion
in layered soils. Soil contact erosion occurs at the interface
between coarse and fine grain layers submitted to a flow
parallel to the interface. Above a critical flow velocity, en-
trainment of fine particles through the coarse grain pores leads
to flow localization and subsequent erosion, with dramatic
consequences for dam or dyke safety [49–51]. However, these
previous works mostly focused on the triggering of a (sin-
gle) localized flow. Only the simulations of Yarushina et al.
[33] mention the possible appearance of regular fluidization
chimneys at the interface. The formation of such quasiperiodic
flow localization has been pointed out in the absence of an
interface, when a liquid flows through a bidisperse granular
medium [27]. In that case, internal erosion and channelization
occur, leading to regular preferential pathways, observed both
experimentally and numerically. The underlying mechanism
is the same as previously described, with smaller grains being
entrained through the larger grain pores [27].

In this work, we show experimental evidence of quasiperi-
odic instabilities and the formation of a regular fluidization
pattern at a coarse-fine grains interface. The crucial role of
dusts invading the coarse grain pores leads the system to
face filtration issues such as pore clogging, selective particle
retention, and flow path modification [50–54], enhancing the

porosity variations along the interface and subsequent flow
localization.

V. CONCLUSIONS

In this work, we have investigated the effect of a coarse-
fine grains interface on fluid ascent through water-saturated
sands. The presence of dusts together with the fine grains in
the top layer leads to flow self-organization and the formation
of a regular fluidization pattern at the interface. We have quan-
tified the pattern properties, with the following key results:

(1) A critical fluid velocity at the interface vic delimits the
domains in which we observe either percolation in both lay-
ers (vi < vic) or the formation of a quasiperiodic fluidization
pattern right above the interface (vi > vic).

(2) The pattern wavelength λ is roughly independent of the
injected flow rate in the range of parameters explored in our
experiments.

(3) λ is independent of the height of the top, fine grain
layer.

(4) λ increases linearly with the coarse grain size dc.
(5) Dusts present in the fine grain layer play a fundamental

role. They infiltrate the coarse grain layer over a few coarse
grain diameter beneath the interface. During fluid migration,
they are entrained upward through the coarse grain pores and,
due to local heterogeneities, trigger either pore clogging or
neighboring flow focalization. Such an elutriation mechanism
therefore leads to the formation of regular localized fluidized
zones above the interface. A simple model based on the bal-
ance between vertical and horizontal pressure gradients right
beneath the interface provides a prediction for the pattern
wavelength λ ∼ ξdd (e/dc)−1, with ξ a constant depending on
the dusts penetration length, dd the dust typical diameter, and
(e/dc) the typical number of coarse particles in the cell gap.

The fluidization pattern does not appear immediately when
starting the fluid injection at the base of the coarse grains
layer. Typically, the chimneys above the interface form after
a transient ranging from below a second to a few seconds.
Note that this transient time is much shorter than the time
required for the incoming fluid to reach the interface. Among
the many perspectives of this work, quantifying the transient
regime leading to the pattern formation would be of interest
to understand the mechanism at the grain scale leading to flow
self-organization. However, such observations are difficult, if
not impossible, experimentally and would require numerical
simulations able to capture the dynamics at the pore scale.

Concerning applications, the formation of regular chim-
neys or pipes strongly resembles fluid seepage structures
observed in sedimentary basins [10,12]. In such basins, geo-
physical acquisitions only provide a fixed image of fluid seep
structures at a given time (the time of acquisition). It gives the
envelope of a fluid pipe, and neither the internal architecture
nor the volume of involved fluids (injected and expelled) has
been characterized so far. Interpretations are based on the idea
that each fluid pipe has a unique source at depth. In this work,
we demonstrate that a unique injection point at depth may
be the source of multiple fluid pipes and fluid seeps. Fluid
seepage structures are usually encountered in an unconfined
environment, which could make this conclusion open to de-
bate, as the wavelength predicted by our model depends on
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the confinement length e. Interestingly, natural fluid seepage
also occurs in confined geometries such as seafloor gullies or
steeply dipping fractures or faults, generating lined-up pock-
marks (see Ref. [55], Fig. 6 and text within, among many
other examples). Among the perspectives, the model could
be adapted to an unconfined geometry by considering, for
instance, a hexagonal lattice for the source distribution at the
interface. This work is in progress as well as the setup of a
three-dimensional experiment to investigate the possible ap-
pearance of a regular fluidization pattern in the laboratory. An-
other step will be to investigate multilayered granular systems,
better representing the real geological millefeuille in nature.
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FIG. 10. Typical length λ of the fluidization pattern as a function
of the injected flow rate Q. The vertical dashed lines indicate the
critical flow rate Qc, above which the fluidization pattern is observed
for each cell gap e (dc = 750 µm, hc = 8 cm, and hf = 3 cm).

APPENDIX: INFLUENCE OF THE INJECTION
FLOW RATE Q

Figure 10 displays the dependence of λ with Q. The critical
flow rate Qc above which the fluidization pattern is observed
depends on the cell gap e (Fig. 10, vertical dashed lines).
Its value for e = 4.12 mm (dark purple) is about twice the
value for the gap e = 2.35 mm (light orange). The flow rate
is not the relevant parameter to collapse this transition (see
Sec. III A).
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