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We investigate the effect of an ambient fluid on the dynamics of collapse and spread of a granular
column simulated by means of the contact dynamics method interfaced with computational fluid
dynamics. The runout distance is found to increase as a power law with the aspect ratio of the
column and, surprisingly, for a given aspect ratio and packing fraction, it may be similar in the
grain-inertial and fluid-inertial regimes but with considerably longer duration in the latter case. We
show that the effect of fluid in viscous and fluid-inertial regimes is to both reduce the kinetic energy
during collapse and enhance the flow by lubrication during spread. Hence, the runout distance in
a fluid may be below or equal to that in the absence of fluid due to compensation between those

effects.

Modeling the dynamics of dense granular materials
submerged in a fluid represents a major challenge both
in the context of geological flows and for a better control
of wet processing in powder technology. Most natural
destructive events involve the destabilization and flow of
dense and polydisperse granular materials (sand, grav-
els or rocks) saturated by or immersed in water (slurries,
submarine avalanches, debris flow) [1,2]. The prediction
of the runout distance of such hydro-granular flows ac-
cording to their initial composition and geometry is cru-
cial for risk assessment. Likewise, very basic processes
in food and pharmaceutical industries rely on the trans-
port of a powder or a collection of aggregates in a liquid
which plays the role of lubricant or binder. The grain-
scale mechanisms of transport and segregation in such
processes are generally poorly understood E] The dis-
persion of fuel fragments in the coolant water during a
hypothetic nuclear accident is another example of the in-
tricate grain/fluid mixing process in extreme conditions,
which remains a real unknown for the design of modern
pressurized water reactors.

The presence of a fluid phase in a granular medium
has profound effects on its mechanical behavior. In dry
granular media the rheology is governed by grain iner-
tia and static stresses sustained by the contact network
depending on the shear-rate and confining pressure, re-
spectively M] As the fluid inertia and viscosity come
into play, complications arise as a result of contradictory
effects. On one hand, the fluid may delay the onset of
granular flow or prevent the dispersion of the grains by
developing negative pore pressures @, B, ] On the other
hand, the fluid lubricates the contacts between grains,
enhancing in this way the granular flow, and it has a re-
tarding effect at the same time by inducing drag forces
on the grains [7].

In this Letter, we rely on extensive numerical simula-
tions to analyze the relative importance of grain inertia,

fluid inertia and viscous effects in a dynamic test consist-
ing of a granular column allowed to collapse and spread
on a horizontal plane under its own weight. This choice
was motivated by well-documented experimental and nu-
merical data for similar tests but with dry granular mate-
rials ] A common observation is that the terminal
morphology of deposits is independent of grain size and
packing fraction, and the runout distance grows in a non-
trivial manner with the initial aspect ratio. Our simula-
tions reveal a nearly similar behavior in the presence of
an ambient fluid but with a rather complex dependence
on the fluid inertia and viscosity.

The simulations were performed by means of a recently
developed model coupling the contact dynamics method

| for discrete-element modeling of the grains and
their interactions with the finite-element method for the
integration of Navier-Stokes equations in 2D ﬂa] The
coupling is based on the “fictitious domain” approach
in which the fluid domain is extended to that of grains,
and the rigid-body motion of the grains is imposed by
means of distributed Lagrange multipliers ﬂﬁ, E] Sam-
ple movies of the simulations analyzed in this Letter are
available at www.cgp-gateway.org/ref013. Note that, due
to a broad fluid domain with frictional contact interac-
tions, these simulations are cpu-intensive and take several
days with a parallelized version of the software running
on several tens of processors.

The granular samples are composed of disks of mean
diameter d = 1072 m with a weak size polydispersity
Ad/d = 0.8. The disks are assembled in a rectangular
domain of width Ry and height Hy. The fluid domain is
rectangular with dimensions varying between 150 d x 60 d
and 300 d x 150 d. The grains are assumed to be per-
fectly rigid with normal and tangential restitution coef-
ficients set to zero. The Coulomb friction coefficient is
fixed to 0.3 between grains and with the walls. The fluid
density py is that of water pg,o and we set the density
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FIG. 1. (Color online) Successive instants of the collapse of
a column of aspect ratio ¢ = 8 in (a) fluid-inertial, (b) vis-
cous and (c) grain-inertial regimes. The grains and fluid are
colored according to the amplitude of their velocities.

of grains ps = 2.6p¢, roughly corresponding to rock de-
bris in water. For each aspect ratio a = Hy/Ry, three
simulations were performed: one without fluid and two
with fluid for two values of the viscosity n = nu,0 and
10n#,0. These simulations correspond to grain-inertial,
fluid-inertial and viscous regimes, respectively ﬂﬂ, @]
The width of the column is fixed to Ry = 11.5d and a
varies in the range ]0; 10]. The largest number of grains is
1360 for a = 10. Since we focus in this paper on the influ-
ence of the column aspect ratio and grain/fluid regimes
on the runout, the packing fraction is set to ¢ = 0.8 in
all simulations. Note that only d, the grain mass m and
the gravity g keep the same values in all regimes, and for
this reason we normalize the lengths by d, the times by
\/d/g, the velocities by v/gd, the energies by mgd and

the viscosities by m+/g/d.
Figure [ displays successive snapshots of the collapse

and flow of grains for a = 8 in the three grain/fluid
regimes. The grains collapse vertically and jam in a heap
that spreads along the plane and finally stops. Convec-
tive rolls are induced in fluid by granular flow. The three
phases (collapse, heap and spread) are clearly evidenced
in Fig. where grain trajectories are shown together
with the mean kinetic energy per grain E., = (mv?/2)
and E., = (mw;/2) carried by the horizontal and vertical
grain velocity components, respectively, as a function of
time. The vertical collapse is characterized by the fast
growth of E., and negligible E.,. The latter begins to in-
crease only at the peak value of E.,, and in a short time
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FIG. 2. Grain trajectories (main plots) in the fluid-inertial
(a), viscous (b) and grain-inertial (c) regimes for a = 8. Only
10 % of trajectories are plotted. The insets show the evolution
of the mean kinetic energy per grain carried by the horizontal
(z) and vertical (y) components of grain velocities.

interval extending from this point to the peak value of
E.., most of the kinetic energy is transformed from ver-
tical direction to horizontal direction. This short inter-
val defines unambiguously the heap phase. Finally, the
spread phase is reflected in the long tail of E., falling
off from its maximum to zero. For small aspect ratios
(a < 4), we observe no distinct collapse phase.

The evolution of F., indicates that the grains do not
reach their Stokes velocity in the fluid. The mean vertical
velocity of the ten initially highest grains is plotted as a
function of time for ¢ = 8 in Fig. We note that,
regardless of the grain/fluid regime, the collapse obeys a
power law (V)10 o t? over nearly one decade with 8 ~ 1
in the grain-inertial regime, corresponding to a ballistic
fall, 8 ~ 0.95 in the fluid-inertial regime and g ~ 0.75 in
the viscous regime. This is an indication of the collective
collapse of the grains with liquid as binding agent.

Figure M shows the total normalized runout distance
(Rstop — Ro)/Ro and runout duration ¢, as a function
of a. The behavior is similar in all regimes: for small
aspect ratios (¢ < 4) the runout distance increases lin-
early: (Rsiop — Ro)/Ro = Ma with Ay ~ 2.45 for the
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FIG. 3. Average vertical velocity of the ten initially highest
grains as a function of time for a = 8 in different grain/fluid
regimes.

grain-inertial and fluid-inertial regimes and ~ 1.21 in the
viscous regime. For larger aspect ratios, the runout dis-
tance follows a power law Rgtop X A2a® with a >~ 0.640.1
and Ao ~ 4.3 in the the grain-inertial and fluid-inertial
regimes and o ~ 0.87 & 0.1 and A2 ~ 1.5 in the vis-
cous regime. It is remarkable that the values of Ay, Ao
and « in the grain-inertial and fluid-inertial regimes are
identical to those reported in the dry case for narrow
or 2D flows ﬂg The equality of the runout distance
between grain-inertial and fluid-inertial regimes contra-
dicts at first sight the fact that underwater avalanches
have a longer runout distance E] The change of behav-
ior between small and large aspect ratios also appears
in tst0p, which seems to increase linearly but with two
different slopes as a function of a. However, unlike the
runout distance, the duration is significantly shorter in
the grain-inertial regime than in the fluid-inertial regime
for all values of a. Note also that, unexpectedly, the
runout duration is shorter in the viscous regime than in
the fluid-inertial regime.

The spatiotemporal evolution of the grains and their
kinetic energy, evidenced in Fig. Bl suggests that the
runout may be portrayed as resulting from the transfor-
mation of (part of) the initial potential energy into the
peak kinetic energy E** that controls in turn the sub-
sequent runout along the plane. The process can thus
be split by analyzing separately the dependence of EI2**
with respect to a, on one hand, and R, as a function
of EIN* on the other hand. These functions are plotted
from all simulation data in Fig. Bl We see that, irrespec-
tive of the grain/fluid regime, E7** is a growing function
of a with a transition around a ~ 4. This is consistent
with the fact that the grains do not reach their Stokes
velocity in the fluid (Fig. B]) since otherwise the kinetic
energy per grain would not depend on a unless probably
at low a. E7** is considerably higher in the grain-inertial
regime, indicating that part of the potential energy in the
presence of the fluid is dissipated during vertical collapse
due to viscous friction and contact interactions.
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FIG. 4. Normalized runout distance (a) and duration (b) as
a function of the aspect ratio in different grain/fluid regimes.
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FIG. 5. (a) Peak value of the mean horizontal kinetic energy
per grain in different grain/fluid regimes as a function of as-
pect ratio. (b) Normalized runout distance as a function of
the peak value of the horizontal kinetic energy per grain.

Figure BIb) reveals a very simple dependence of the
runout distance with respect to the maximum kinetic en-
ergy at large aspect ratios. In all regimes, in exception
to low energies in the grain-inertial regime, the runout
distance increases as a power law Rgop < (E72**)7 with
v = 0.50 + 0.05. When the runout distance is compared
among the three regimes not for the same initial aspect



ratio as in Fig. @] but rather at the same level of E7*,
it has its lowest value in the grain-inertial regime, largest
value in the fluid-inertial regime and intermediate values
in the viscous regime. This result is physically plausible
as the fluid has a lubricating effect at the contacts and
fluidizes the grain/fluid mixture. These effects are more
pronounced in the fluid-inertial regime and, what is more,
the viscosity is lower. For this reason, Ryop is larger in
the fluid-inertial regime than in the viscous regime.

The unexpected traits observed in Fig. El can now be
understood in the light of the collapse and runout data
of Fig. Bl For a given aspect ratio, the grains acquire the
highest kinetic energy in the grain-inertial regime due to
the lack of fluid dissipation during vertical collapse. This
extra kinetic energy is high enough to propel the heap,
in spite of a high frictional dissipation, over a distance
that can be longer than the runout distance in the fluid-
inertial regime. In the latter case, the grains begin to
spread with a lower kinetic energy but dissipate much less
energy due to contact lubrication. In the viscous regime,
for the same aspect ratio, the kinetic energy available for
spreading is still lower and the dissipation due to viscous
drag is higher, leading thus to a much shorter runout
distance.

The scaling of Rgop with E7N* at large aspect ra-
tios suggests that, in a mean-field picture of the spread
phase, each grain is on average subject to a viscous drag
force f, = —kv, (here in 2D), where k is the effective
viscosity of the mixture. Indeed, solving the equation
of motion mv, = f, for a single grain (for example,
the grain at the tip of the slurry) with initial velocity
Umaz = /2E7% /m and assuming that Ry is the posi-
tion of the grain when the F., takes its peak value, yields
Rstop — Ro = /2mEme® k. The values of k may be esti-
mated from the data for each regime. We get kf; >~ 0.012
for the fluid-inertial regime, k, ~ 0.014 for the viscous
regime and kg ~ 0.018 for the grain-inertial regime in
dimensionless units. kg may be attributed to collisions
between grains at high shear rates M] The value of ky;
is larger than ng,o ~ 0.0018 as expected for a dense sus-
pension of grains. But k, is well below the fluid viscosity
103nm,0 in the viscous regime. This picture based on the
dynamics of a single grain can be improved by adjusting
the mass in order to account for the collective flow of the
grains. However, a depth-averaged model of the transient
dynamics of the slurry, as that developed in E] for dry
grains, should provide a more systematic approach for a
better understanding of the data.

In summary, in this Letter we used the dam-break con-
figuration as a benchmark test to investigate for the first
time by coupled numerical simulations in 2D the influ-
ence of an ambient fluid on transient granular dynam-
ics. The effect of fluid in both viscous and fluid-inertial
regimes is to reduce the kinetic energy during collapse
and to enhance the flow by lubrication during spread.
Hence, the runout distance in a fluid for a given geome-

try of the column may be below or equal to that in the
absence of fluid due to compensation between those ef-
fects. This shows that the trigger mechanism plays a
crucial role in the runout distance in the presence of a
fluid as previously pointed out also in the dry case m]
In our dam-break geometry, the avalanche is triggered by
the energy released as a result of the spontaneous collapse
of the column. The generic effect of fluid on the runout
might more easily be investigated by assuming an arbi-
trary source of kinetic energy (earthquake, tsunami, .. .)
in a granular assembly initially at rest. The simulations
provide a convenient tool that can be exploited to in-
vestigate in such generic configurations the influence of
grain/fluid characteristics such as particle size distribu-
tion.
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