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M| Check for updates

Miles L. Morgan®'

, David W. James', Martin Monloubou? & Bjernar Sandnes ®'

Fluid-driven flow of granular material leads to complex behaviour and emergent instabilities in many
natural and industrial settings. However, the effect of using fluid flow to vertically drive a dense bed of
sedimenting grains is not well documented. Here we find contrasting behaviours in a submerged fluid-
driven silo, including fingering patterns, porous flow, classical silo flow, and the formation of straight,
semi-dilute wormhole-like channels. Once formed, these channels rapidly propagate towards the
outlet and act as a bypass of the wider packing. The onset of this instability occurs when the gravity-
driven grain flow at the free surface is insufficient to supply the fluid-assisted central region below the
interface. Balancing empirical models of these flows predicts the height at which channels emerge as a
function of grain size and flow rate. These findings provide a framework for predicting and controlling
fluid-grain interactions in natural hazards, industrial processing, and geophysical flows.

Granular materials are known to exhibit complex behaviours in flow across
inertial, collisional, quasistatic and viscous regimes'”, and even superficially
simple geometries such as silo flow still receive significant attention.
When driven by fluid, grains are subjected to hydrodynamic forces which
can lead to erosion and deposition, porous flow and pattern formation””,
with gas driven into granular packings inducing fracturing'® and Saffman-
Taylor-like finger instabilities at the grain interface'’.

The granular flow rate in a classical dry silo is described by the Beverloo
equation”, chiefly depending on the size of the outlet and grain char-
acteristics, while internally, the velocity of grains converging towards the
outlet is often described through a diffusion framework that conveniently
captures the Gaussian velocity profiles as they spread upwards through the
silo” . This centralised flow causes a depression at the upper grain
boundary; the slopes eventually exceed the angle of movement, resulting in
avalanching at the free surface and the formation of a pointed V-shaped
interface®'’. Meanwhile, the imposition of fluid flow through a silo can lead
to the control of grain flow rate beyond Beverloo’s base law™", with the
diffusion in the velocity field also affected'®. However, the effects of imposed
fluid flow on the grain interface of a fluid-driven silo are not well under-
stood. Flow in such conditions is not just of interest for the efficient
hydraulic transport of granular materials, but also regarding natural
instances of fluid-driven non-buoyant granular media in confined envir-
onments that are difficult to observe, such as suffosion in sink hole
formation”, and erosion in fractures” and fault gouge that can weaken
faults™*.

Here we experimentally demonstrate and characterise regimes of flow
in a submerged quasi-two-dimensional fluid-driven silo. Grains of various
diameters d are drained with fluid from a vertical Hele-Shaw cell of fixed

plate spacing and outlet size, at a controlled flow rate Q. We find “worm-
hole”-like instabilities occurring with all grain sizes at a range of flow rates, in
addition to finger-like instabilities and behaviour similar to classical silo
flow. The gravitational avalanche flow down the sides of the V-shaped
depression replenishes mass to the central parts of the silo and acts to
stabilise the interface at fluid flow rates that would otherwise induce viscous
finger instabilities in a horizontal cell. However, observations suggest that
when a critical flow rate is exceeded, wormholes form due to an imbalance
between the stabilising avalanche-like surface flow and the grain flow drawn
by the central region of the silo below.

Results

Four principle regimes of flowing behaviour were observed in experiments.
(i) Atlow total flow rate Q the granular bed remains static with Darcy flow of
water through the pore space. (ii) Above a critical Q the grains in the outlet
are mobilised, leading to stable silo flow. Increasing Q further leads to fluid-
driven instabilities: (iii) wormholes and (iv) viscous fingers, shown in Fig. 1a,
b respectively. Video examples of these are presented in Supplementary
Movie 1 and Supplementary Movie 2. In cases of wormhole formation,
initial flow of the granular bed typically is similar to classical silo flow,
with an internal velocity field that spreads outwards with height resulting
in a depression at the centre of the upper grain boundary, causing ava-
lanching at the free surface and a V-shaped grain-fluid interface. How-
ever, as the grain boundary descends, at some height y. above the outlet, a
relatively dilute, narrow channel emerges at its centre, penetrating the
granular packing, advancing directly towards the outlet significantly
faster than the remaining grain-fluid interface. Figure 1d shows grain
velocity magnitude measured by PIV during wormhole growth. Within
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Fig. 1 | Instabilities in a fluid-driven silo. a A
wormbhole advancing in fluid-driven silo flow at a
total flow rate of 3 ml/min and b viscous fingers at 50
ml/min for 75-100 um grains. Flow is controlled by a
syringe pump that withdraws material from an
outlet located at the base, which is visible as a black
region in the centre at the bottom of the image.
c-e illustrate wormhole characteristics. ¢ Schematic
of falling free surface flow Q feeding a central silo
region of width w and flow rate Qy;, before worm-
hole formation, with a total flow rate Q withdrawn
from the outlet. d Velocity magnitude of the
wormhole region measured with particle image
velocimetry and represented as displayed in the
colourbar. e Vertical grain velocity v as a function of
horizontal distance from the silo centre x at a time ¢
before the wormhole formation time ¢, (open
squares), and after ¢, (closed squares) at 1.75 ml/min
~5 cm above the outlet, both fitted with Gaussian
functions. The width of the central silo region is
marked as w.
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Fig. 2 | Time evolution of wormhole progression.
a Thesilo is depleted such that the height of the grain
boundary reaches the critical wormhole formation
height y,, triggering wormhole formation. b The
wormhole rapidly descends, reaching the outlet in
(). d The wormhole remains stable while the silo
empties, until the grain boundary converges with the
outlet in (e). Video for this experiment is provided in
Supplementary Movie 1.

the wormhole, the grain velocity is several times that of the wider flowing,
dense packing otherwise exhibited in the silo, as illustrated in Fig. le
which plots vertical grain velocity v before and after wormhole forma-
tion. As the wormhole approaches the outlet, the wider Gaussian velocity
profiles typical of silo flows cease, with all grain flow above the wormhole
tip occurring in the newly formed central channel, which incidentally is
itself described well with a Gaussian function. The formation and growth

of a wormhole with time for a typical case is shown in Fig. 2. Once the
wormhole tip reaches the outlet, all grain flow in the silo takes place
within and around the wormhole, which now spans fully from the top of
the granular layer to the outlet. The wormhole remains stable as the silo
empties until the grain boundary converges with the outlet. Such chan-
nelisation is comparable to dissolution wormholes in porous media, that
effectively act as a bypass for injected fluid™.
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(a)

Fig. 3 | Location of wormhole onset. a Wormhole

formation height y. as a function of total flow rate Q
for all grain sizes. Solid lines represent the height y,,
solved numerically through Egs. (3), (5) with

Q= Quip- Colours and symbols indicate different 10F
grain size intervals. b y. plotted as a function of the

dimensionless number F’ defined in Eq. (1) that /g
quantifies viscous and gravitational effects. The o

. . ~
dashed line represents a power law fit of index 2. o
Error bars represent the standard deviation of repeat = %
measurements.
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Wormbhole formation occurs higher up in the silo—and therefore
sooner relative to depleted silo volume—as flow rate Q is increased, and as
grain size d is decreased. This critical formation height y. is plotted as a
function of Q in Fig. 3a for each grain size. For a general understanding of the
mechanisms causing this behaviour, we may first parametrise the influence
of viscous and gravitational effects in the silo with the dimensionless number

18
=1 M
Apgd°A
where Ap is the density difference between the solid and liquid phase, and 7
is fluid viscosity and A is silo cross sectional area. This accommodates the
independent variables and is equivalent to the ratio of the settling velocity of
a grain in fluid and the superficial velocity in the silo imposed by the
controlled flow rate. F’ has previously been used to quantify the changing
velocity field within such a fluid-driven silo'®. Figure 3b displays wormhole
formation height as a function of F', finding a collapse for all grain sizes, and
an approximate relation y_ ~ F’ 2, suggesting as viscous forces become more
influential with respect to gravity, wormholes form more easily during silo
depletion. The scaling may be broadly justified by approximating the width
of the silo’s flowing region to increase parabolically with height, as described
by the normal diffusion model in classical silo flow'’. We can consider a local

F(y) = 122;;{), where 1(y) is the magnitude of the vertical grain velocity as a

function of height y in the silo. The parabolic approximation leads to the
scaling of this velocity v(y) ~ Q/1/dy in terms of the presently relevant
variables'’. If a wormhole forms when the grain interface reaches a height y.
and there exists some corresponding critical local F'(y.) - where the viscous
effects are sufficiently dominant over gravity—the height at which it occurs

therefore scales as y. ~ (7Q/Apgd®’ 2)2 ~ F?/d for a given silo. This
generally captures the behaviour of Fig. 3, with the exception of a greater d
dependence, which may be attributed to the approximation made regarding
the silo velocity field, and the generality of F', that merely considers the drag
acting on a single sphere.

In order to understand the onset of this instability in more detail, we
will consider the behaviour around the central tip of the interface, and
propose that it occurs due to an imbalance between the grain flow ava-
lanching towards the centre, and that which is drawn by the silo below.

Surface avalanche flow

Unlike dry silos where the grain flow rate is typically low and the free surface
flow is sufficient to maintain a steady interface near the angle of repose'*,
fluid-driven silos are capable of high grain flow rates within the silo, while
surface flow in such submerged systems is inhibited by viscous forces™ .
The avalanching surface grain flow observed presently is similar to both dry
and submerged heap and avalanche surface flows, being most rapid and
dilute near the free surface, whilst becoming dense with decaying velocity

below (see Fig. 4a)***°. Figure 4b displays the free surface angle f measured at
the steepest section of the grain surface, where there exists a region of
constant slope. Plotted as a function of time leading up to the point of
wormhole formation ¢ — ¢ for a typical case, § undergoes an initial increase
when the V-shaped depression first forms, before becoming a constant
dynamic angle of repose 6 with time. The steepening angle accommodates a
larger avalanche flow rate, shown in Fig. 4¢, which also reaches a plateau Q.
Increasing imposed total flow rate Q through the system results in a higher
grain flow rate within the silo Qg To balance this flow at the surface, 6
increases, shown in Fig. 4e, but approaches a maximum value 67, which is
observed to increase with grain size, as determined by curve fitting and listed
in Table 1. In fact, the angles observed here are very high (up to 80°) and
exceed that of superstable dry heap flow reported in thin channels”**. These
high inclination angles are enabled by friction exerted at the sidewalls that
retards the flow, necessitating a steeper slope to sustain a given flux. To
describe 6" empirically, a two-phase exponential association is employed
that considers the static angle of repose 6, and maximum dynamic angle

ke .
O

0" =6, + (65 — 6,) [p(l - e*%’f) +(1-p) (1 - e’%)} )

The numerical coefficient p = 0.36 weights the respective decay constants
q1 =0.072 ml/min and g, = 0.35 ml/min that describe the curve from 6, at no
flow to the € plateau. The inset of Fig. 4e consists of the same data
normalised with 8}, . The collapse reflects the ratio 6,/6; . ~ 0.45 that
approximately holds for all grain sizes.

Figure 5a shows the strong dependence of steady state surface flow rate
Q* with angle 6. Data for each grain size is fitted with the function

Q; = gp(tan 0" — ;) 3)

reflecting similar non-linear behaviour in immersed avalanches™ and
qualitative similarity to dry super stable heap flow”". Here, the static limit is
parametrised by an effective friction y, = tan 6, while gy is a free fitting
parameter that is found to decrease with the degree of confinement d/b.
Namely, at a given angle the surface flow rate is lower for more confined,
larger grains. When normalised by g, the data collapses, shown inset of 5(a).

Combining Egs. (2), (3) provides an empirical model for the steady
state surface flow rate in the silo as a function of silo grain flow rate, which is
shown as solid lines in Fig. 5b, plotted with measured values as points. At low
Qq the surface flow rate is equal to that of the internal silo grain flow rate,
represented by the dashed line. As Qg increases, however, and the surface
angle approaches its maximum 6, this parity breaks and the surface flow
rate falls significantly below Q. This effect results generally in a higher Q]
for larger d, in addition to the Q dependence.
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Fig. 4 | Surface grain flow measurements.
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a Measured local surface grain velocity v, and solid 0.0 N
fraction ¢ with calculated local grain flux ¢v,, in the _/-'.
steady state for 125-150 um grains at a total flow rate e :
of 2.5 ml/min, plotted as a function of depth per- f 1
pendicular to the surface flow x'. b Free surface angle — _,-‘i :
0, c instantaneous surface flow rate Q;, and d average Eo05}a |
central silo velocity ¥, ;4 1 cm below the surface, 2 :. !
plotted as a function of time from wormbhole for- = E 40 (b) :
mation t — f.. Vertical dashed lines represent the H ]
start of wormhole formation at ¢ = t.. The red solid E X
line represents average velocity in the central region 1oL= 1.0
of the silo 1 cm below the surface according to Eq. 0 1 2 0.0 0.5 0.0 0.5 =
(5). e Steady state free surface angle 6" as a function Vy, (cm/ S) ¢ ¢ Vv, (Cm/ S) é
of silo grain flow rate Qg for each grain size fitted Y =
with Eq. (2). Inset: 6" normalised by 67 and fitted EO.S
with Eq. (2) with the approximation 6, /6], ~ 0.45. »
Colours and symbols indicate different grain size Ql
intervals; error bars represent the standard deviation 0.0
of multiple angle measurements. 8t |
1
2 of |
é 1
5 g 4 1
40Fo 75100 pm 0 { = !
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Table 1 | Physical characteristics of grain samples between the limits — 5 and ¥.. It follows that this flow rate Qg;, can be written
as a function of distance y from the outlet:
Sieve dEm  6,() Oinax) ¢
range (um) , ¥
53-75 64.5 325+ 0.1 755+ 1.1 0.553 Qp = % erf< x ay“) )
75-100 87.3 33.2+0.9 78.9+0.3 0.573 2 (5)
100-125 122.8 35.9+£0.2 81.0+£0.7 0.559 — Qgerf ( w a)
125-150 142.7 406+1.4 83.6+0.5 0.546 B

Granular materials were sieved within various size ranges and their properties quantified: average
grain diameter d, in situ static angle of repose 6,, maximum dynamic angle of repose 67, and static
solid fraction ¢s measured in the silo.

Central silo flow

We now wish to quantify the grain flow internally within the silo, below the
grain surface, in more detail than previously discussed. For illustration,
Fig. 4d shows the mean velocity in the central (x = 0) region v,;;, measured
ina 1 cm” moving square area below the tip of the descending grain surface,
as a function of time. The gradual increase for ¢ < ¢ reflects the vertical grain
velocity field inside the silo - the central velocity increases with proximity to
the outlet. This can be described by the diffusion model in a fluid-driven silo:

) = e (- ) @
’ = X] -
4 \/4nBy* P 4By~

where g, is the flux per unit depth across the gap, presently considered to be
dg = Qg/¢sb as transverse variation in the cell is minimal and the solid
fraction is constant to leading order in the dense silo'*”; b is silo plate
spacing and ¢ is the static solid fraction. Constants « = 0.7 and B, =1 - d
m®® are henceforth taken as characteristic values observed in similar
conditions' to go beyond the earlier parabolic approximation. The grain
flow rate in a central column of width w in the silo (as marked in Fig. 1¢ can
be calculated by evaluating the integral of Equation (4) with respect to x

Internal-surface flow mass balance

In this viscously unstable system, the gravitational surface flow is acting to
stabilise the grain surface. In order to maintain this stability, the surface flow
rate Q; must be sufficient to supply the flow Q;, demanded locally below it
in the centre of the silo. The lowest height y. at which this can still be
achieved is therefore when Qyp = Q;. Using Egs. (3), (5), this is solved
numerically for y. and plotted as a function of imposed flow rate Q in Fig. 3a,
with w/2 = 7 mm as marked on Fig. le, equal to approximately three
standard deviations of a typical wormhole velocity profile. This model
correctly predicts that wormholes form higher in the silo for both higher Q
and smaller d, and shows quantitative agreement with measured y.. For
¥ < Yo where Qq, > Q; the disparity in grain flow is appropriated by fluid,
causing dilation of the packing and the formation of a wormhole. As Q
increases further, the upper grain surface becomes increasingly unstable,
resulting in a transitional region in which fingers begin to form before
eroding into wormholes while the silo rapidly empties, precluding the
existence of a steady-state in which Egs. (4), (5) hold.

Phases of behaviour

A phase diagram constructed from experiments is plotted in Fig. 6 that maps
the various behaviours observed in the controlled parameter space of d and
Q. This shows Darcy flow at low flow rates where the fluid flow is insufficient
to mobilise the grains in the horizontal outlet, and a transition to classical
silo is flow marked (solid line) by the flow threshold Q,, = % where k is
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Fig. 5 | Surface grain flow rate. a Steady state free
surface flow rate Q plotted as a function of angle 6 1.5

and fitted with Eq. (3). Inset: Q¢ normalised by
surface flow rate fitting parameter gy plotted as
function of tan 6" — y, and fitted with a rearranged
Eq. (3), where y, is the effective friction coefficient.
b Q{ as a function of total grain flow rate Qg. Solid
lines represent the combination of Egs. (2), (3);
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colours and symbols indicate different grain size
intervals; error bars represent the standard deviation
from repeat measurements.
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Fig. 6 | Phase diagram of silo behaviour. Each of the four behavioural regimes
observed in experiments are illustrated at the top of the figure. In the graph below
they are represented in terms of total flow rate Q and grain size d, where the Darcy
flow (blue diamond), classical silo flow (yellow hexagon), wormhole (green star) and
viscous finger (purple pentagon) regimes are marked in Q — d space. For wormhole
and viscous finger transitions, a continuous line was obtained via linear fits

(R* > 0.96) of the calculated numerical transitions for each grain size. The shaded
area represents an intermediate region between wormhole and viscous fingering.

the permeability using the Kozeny-Carman equation, A, is the outlet cross
sectional area, and p is grain friction coefficient taken nominally here as
tan(33°). This considers when the pressure due to Darcy’s law exceeds the
gravitational friction of the grains in the outlet'™. This behaviour is
therefore specific to systems with a long, laterally oriented outlet and would
not occur with an outlet of sufficient size positioned on the bottom*. Beyond
this threshold, classical silo flow occurs until a further transition to the
wormhole regime, marked (dashed line) by solving Qf = Qy;, numerically
for the flow rate at which y. = w/2, and the distance from the interface to the
outlet is comparable to the wormhole width. More generally, system con-
finement is likely to influence wormhole onset due to the important role of

the sidewalls. As the grain flow rate in confined heaps has a strong depen-
dence on wall gap Q¥ ~ b° /2 for a given angle’!, a less confined silo may
require comparatively faster imposed flow before the criteria Qy, > Q; is
met to achieve wormhole formation.

Athigher Q, a transition to finger patterning is observed. In contrast to
horizontal fluid-driven fingering in granular media that exhibits pressure-
related regimes', the gravitational surface grain flow acts to smooth initial
finger instabilities, delaying their onset. Therefore only when Q > Qf, and
the characteristic finger velocity is much faster than the falling grains, can a
finger-like instability persist through the silo to the outlet without morphing
into a wormhole or stabilising to classical flow. As a guide to mark this
transition to fingering in Fig. 6, a dotted line represents the relationship
Q x Q¥(6" = 67,,). This considers when the imposed flow rate reaches
some threshold proportional to the maximum surface flow rate as described
by the empirical model; the dotted line represents when Q is eight times that
of the Q] plateau.

Conclusions

In summary, an array of behaviours has been observed in a fluid-driven
granular silo, including the formation of wormholes, in which all grain flow
occurs in a rapid central channel. The instability may be generalised as a
competition between gravitational and viscous effects, and was found to
occur following an imbalance between the grain flow drawn by central silo
region, and that avalanching towards it at the free surface. If the imposed
flow rate is high enough, the surface flow is insufficient to placate the
demand of the silo below and water takes the place of the absent grains.
Empirical models were formulated for surface and internal flow and used to
predict the height in the silo at which the wormholes form, finding agree-
ment with observations at different flow rates and grain sizes. The behaviour
was contextualised with a phase diagram marking the transitions between
the different regimes. The granular suspensions used here comprise mate-
rials that are ubiquitous in nature and industry; the incidence of wormholes
in real-world submerged granular systems could lead to significant local
variation in material fluxes, particularly in confined geometries such as fault
gouge and fractures.

Future work may entail the development of an accurate rheological
model of submerged surface grain flow, coupled with the internal silo flow
field to correctly predict inclination angle and subsequent surface grain flux.
The role of sidewall friction may be particularly important in this respect
and a potential factor in the onset of wormhole formation. Experiments in
silos with larger internal spacing could prove useful to assess this practically.

Methods

Experiments were performed in a manner similar to previously detailed
work considering submerged silos'®. A quasi-two-dimensional silo of width
20 cm, height 30 cm, and internal spacing b = 0.05 cm, was constructed from
two glass plates separated by double-sided tape along the edges and base. It
had an open top edge and a horizontally oriented 4 mm outlet hole drilled
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through the front plate at the base. Initially, the cell was filled with water
before adding soda lime glass beads (density 2.47 g/cm®) from the top,
allowing them to settle under gravity to form a bed with a horizontal top
surface. The grain diameters, given in Table 1, and narrow plate spacing
result in a highly confined system such that 4 < b/d < 8, though no clogging
or intermittency were observed. A syringe pump (Harvard PHD Ultra) at
the outlet was used to withdraw a total volume flow rate Q, while a second
pump replenished water at the top to maintain a constant hydraulic head.
The silo was backlit with an LED screen and flow was captured with pho-
tographic equipment. Critical wormhole formation height y. was deter-
mined visually by identifying the earliest captured frame in which a
wormhole was evident and measuring the distance from the outlet to the
point of formation; ¢, corresponds to the time at which this measurement
was taken. Free surface angle 8 was calculated by a linear fit of the surface
profile at its steepest and concurrently straightest. § is the time-average of 6
at its maximum plateau (see Fig. 4b). Particle image velocimetry (PIV) was
carried out using PIVLab toolbox in MATLAB” to extract grain velocity
fields. Local solid volume fraction ¢ measurements were obtained by
mapping transmitted light intensity I according to a Beer-Lambert rela-
tionship I = I, exp(—eb¢) where I, is the intensity with no grains present
(¢ =0) and € is a parameter related to the absorption and scattering of light
through the granular media, determined considering I for a static bed where
¢ = ¢,”. Free surface grain flow rates down the avalanching slopes were
calculated by Q; = 2b [ ¢(x')v, (x)dx’, where x’ and y’ are the dimensions
perpendicular and parallel to the surface flow, respectively and the factor 2
accounts for both slopes. The integral was taken by the trapezoidal method
from the free surface to where the velocity decayed to two orders of mag-
nitude below its maximum, or a limit of 1 cm below the surface in the
minimal occurrences otherwise. Images of grain depletion in the silo were
used to measure the total grain flow rate Qg for each experiment, assuming
the solid fraction in the silo to be ¢,. Above Q = Qpp, Qg increases linearly
with Q for a given grain size; linear fits were used to plot the model y.(Q) in
Fig. 3. Static solid fraction was calculated by measuring the packing volume
taken up by a known mass of grains deposited in the cell and is displayed in
Table 1 for each grain size, in addition to the angle of repose measured in situ
within the silo. These quantities generally reflect the increasing

confinement™**,

Data availability
Experimental data is available on the Zenodo data repository https://doi.
org/10.5281/zenodo.17227173%.

Received: 1 April 2025; Accepted: 11 October 2025;
Published online: 24 November 2025

References

1. Midi, G. D. R. On dense granular flows. Eur. Phys. J. E 14, 341-365
(2004).

2. Boyer, F., Guazzelli, E. & Pouliquen, O. Unifying suspension and
granular rheology. Phys. Rev. Lett. 107, 1-5 (2011).

3. Rubio-Largo, S. M., Janda, A., Maza, D., Zuriguel, |. & Hidalgo, R. C.
Disentangling the free-fall arch paradox in silo discharge. Phys. Rev.
Lett. 114, 238002 (2015).

4. Koivisto, J. & Durian, D. J. The sands of time run faster near the end.
Nat. Commun. 8, 15551 (2017).

5. Zou,Z.,Ruyer, P.,Lagrée, P.-Y. &Aussillous, P. Nonsteady discharge
of granular media from a silo driven by a pressurized gas. Phys. Rev.
Fluids 7, 064306 (2022).

6. Hung, C.Y., Aussillous, P. & Capart, H. Granular surface avalanching
induced by drainage from a narrow silo. J. Fluid Mech. 856, 444-469
(2018).

7. Ferdowsi, B., Ortiz, C. P., Houssais, M. & Jerolmack, D. J. River-bed
armouring as a granular segregation phenomenon. Nat. Commun. 8,
1363 (2017).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sandnes, B., Flekkay, E., Knudsen, H., Malay, K. & See, H. Patterns
and flow in frictional fluid dynamics. Nat. Commun. 2, 288 (2011).
Loiseleux, T., Gondret, P., Rabaud, M. & Doppler, D. Onset of erosion
and avalanche for an inclined granular bed sheared by a continuous
laminar flow. Phys. Fluids 17, 103304 (2005).

Campbell, J. M., Ozturk, D. & Sandnes, B. Gas-driven fracturing of
saturated granular media. Phys. Rev. Appl. 8, 064029 (2017).
Johnsen, @., Toussaint, R., Malgy, K. J., Flekkay, E. G. & Schmittbuhl,
J. Coupled air/granular flow in a linear Hele-Shaw cell. Phys. Rev. E77,
011301 (2008).

Beverloo, W., Leniger, H. & van de Velde, J. The flow of granular solids
through orifices. Chem. Eng. Sci. 15, 260-269 (1961).

Nedderman, R. & Tuzlin, U. A kinematic model for the flow of granular
materials. Powder Technol. 22, 243-253 (1979).

Bazant, M. Z. The spot model for random-packing dynamics. Mech.
Mater. 38, 717-731 (2006).

Zuriguel, 1., Maza, D., Janda, A., Hidalgo, R. C. & Garcimartin, A.
Velocity fluctuations inside two and three dimensional silos. Granul.
Matter 21, 47 (2019).

Samadani, A., Pradhan, A. & Kudrolli, A. Size segregation of granular
matter in silo discharges. Phys. Rev. E 60, 7203-7209 (1999).

Zhou, Y., Lagrée, P.-Y., Popinet, S., Ruyer, P. & Aussillous, P. Gas-
assisted discharge flow of granular media from silos. Phys. Rev. Fluids
4, 124305 (2019).

Morgan, M. L., James, D. W., Monloubou, M., Olsen, K. S. & Sandnes,
B. Subdiffusion model for granular discharge in a submerged silo.
Phys. Rev. E 104, 044908 (2021).

Gutiérrez, F., Guerrero, J. & Lucha, P. A genetic classification of
sinkholes illustrated from evaporite paleokarst exposures in Spain.
Environ. Geol. 53, 993-1006 (2008).

Dunne, T. Hydrology mechanics, and geomorphic implications of
erosion by subsurface flow. In Groundwater Geomorphology; The
Role of Subsurface Water in Earth-Surface Processes and Landforms,
vol. 252, 1-28 (Geological Society of America, 1990).

Vavrycuk, V. & Hrubcova, P. Seismological evidence of fault
weakening due to erosion by fluids from observations of intraplate
earthquake swarms. J. Geophys. Res.: Solid Earth 122, 3701-3718
(2017).

Dorostkar, O., Guyer, R. A., Johnson, P. A., Marone, C. & Carmeliet, J.
On the micromechanics of slip events in sheared, fluid-saturated fault
gouge. Geophys. Res. Lett. 44, 6101-6108 (2017).

Szymczak, P. & Ladd, A. J. C. Wormhole formation in dissolving
fractures. J. Geophys. Res. Solid Earth 114, 1-22 (2009).

Doppler, D., Gondret, P., Loiseleux, T., Meyer, S. & Rabaud, M.
Relaxation dynamics of water-immersed granular avalanches. J. Fluid
Mech. 577, 161-181 (2007).

Courrech du Pont, S., Gondret, P., Perrin, B. & Rabaud, M. Granular
avalanches in fluids. Phys. Rev. Lett. 90, 044301 (2003).

Richard, P. et al. Rheology of confined granular flows: scale
invariance, glass transition, and friction weakening. Phys. Rev. Lett.
101, 248002 (2008).

Taberlet, N. et al. Superstable granular heap in a thin channel. Phys.
Rev. Lett. 91, 264301 (2003).

Lloyd, H. et al. On the formation of super-stable granular heaps. J.
Fluid Mech. 1002, A27 (2025).

Choi, J., Kudrolli, A. & Bazant, M. Z. Velocity profile of granular flows
inside silos and hoppers. J. Phys.: Condens. Matter 17, S2533-S2548
(2005).

Morgan, M. L., James, D. W., Barron, A. R. & Sandnes, B. Self-similar
velocity profiles and mass transport of grains carried by fluid through a
confined channel. Phys. Fluids 32, 113309 (2020).

Jop, P., Forterre, Y. & Pouliquen, O. Crucial role of sidewalls in
granular surface flows: consequences for the rheology. J. Fluid Mech.
541, 167-192 (2005).

Communications Physics| (2025)8:468


https://doi.org/10.5281/zenodo.17227173
https://doi.org/10.5281/zenodo.17227173
www.nature.com/commsphys

https://doi.org/10.1038/s42005-025-02366-w

Article

32. Thielicke, W. & Stamhuis, E. J. PIVlab—towards user-friendly,
affordable and accurate digital particle image velocimetry in MATLAB.
J. Open Res. Softw. 2 (2014).

33. duPont, S. C., Gondret, P., Perrin, B. & Rabaud, M. Wall effects on
granular heap stability. Europhys. Lett. (EPL) 61, 492-498 (2003).

34. Verman L. C. & Banerijee, S. Effect of container walls on packing
density of particles. Nature 157, 584-585 (1946).

35. Morgan, M. L., James, D. W., Monloubou, M. & Sandnes, B. Data
repository: wormhole formation in fluid-driven granular flow. Zenodo
(2025).

Acknowledgements
This work was supported by the Engineering and Physical Sciences
Research Council EPSRC grants EP/X028771/1 and EP/S034587/1.

Author contributions

The original experimental research was designed by B.S. M.L.M., D.W.J.,
and M.M. carried out the experiments. M.L.M. performed data analysis,
model development, and paper composition with discussions and
contributions from B.S., D.W.J. and M.M.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42005-025-02366-w.

Correspondence and requests for materials should be addressed to
Miles L. Morgan.

Peer review information Communications Physics thanks Renaud
Delannay and the other anonymous reviewer(s) for their contribution to the
peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Communications Physics| (2025)8:468


https://doi.org/10.1038/s42005-025-02366-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsphys

	Wormhole formation in fluid-driven granular flow
	Results
	Surface avalanche flow
	Central silo flow
	Internal-surface flow mass balance
	Phases of behaviour

	Conclusions
	Methods
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




