¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

PAPER

How cohesion controls the roughness of a

’ '.) Check for updates ‘
granular deposit

Cite this: Soft Matter, 2021,

17, 10723 . .
Anais Abramian,

* Pierre-Yves Lagrée and Lydie Staron

Cohesive granular materials often form clusters of grains, which alter their flowing properties. How
these clusters form and evolve is difficult to visualize in the bulk of the material, and thus to model.
Here, we use a proxy to investigate the formation of such clusters, which is the rough surface of a
cohesive granular deposit. We characterize this roughness and show how it is related to the cohesion
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between beads. Specifically, the size of this roughness increases with the inter-particle cohesion, and
the profile exhibits a self-affine behaviour, as observed for crack paths in the domain of fractography. In
addition to providing a simple method to measure the inter-particle cohesion from macroscopic
parameters, these results give better comprehension of the formation of clusters in cohesive granular
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1 Introduction

Cohesive forces between grains strongly alter the flow of a
granular material. Instead of flowing homogeneously, grains
often aggregate and form clusters in the bulk of the material.
In an industrial context, this aggregation is sometimes desired
for mixing or granulation processes," but can also slow down the
flow of a production chain, and even clog a conveyor or a silo.>
Overall, better handling of these materials requires proper
characterization of their flowing properties. More generally,
these cohesive flows are encountered in many other situations,
such as soil stability or debris flows. However, what controls the
size and the dynamics of the aggregates, from a fundamental
point of view, remains an active matter of research.

Most studies on the dynamics of aggregation focus on wet
granular materials, for which cohesion is induced by capillary
bridges between grains through a small amount of liquid. In
this context, different configurations have been investigated,
such as the formation of aggregates in rotating drums,’ in a
vibration shaker,® or at the surface of stationary flows.’
All these studies show that the cluster size increases with liquid
contents, and, to a lesser extent, with the flow dynamics or the
grain inertia. To explain this behaviour, it is possible to
visualize the liquid bridge distribution, forming the clusters
in the bulk of the material, using fluorescence confocal
microscopy’ or X-ray microtomography.® The peculiar
distribution of liquid is then related to the mechanical
properties of the material. This visualization however requires
heavy techniques and is only possible for a static material.
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An easier, although indirect, visualization of this
distribution is possible through the shape of a fracture formed
in the material. Indeed, Tapia et al.” recently characterized the
profile of a fracture produced in a thin layer of a humid granular
material, by controlling the humidity of the surrounding
atmosphere. Using a statistical approach, they showed that the
typical size of the roughness is related to the cluster size, L,
which is strongly correlated with the liquid content, and
therefore with the number of cohesive bonds. However, cohesive
force between grains is then a complex function of the bond’s
shape. It is thus difficult to relate the cluster size to the grain-
scale cohesive forces. An alternative to liquid-induced cohesion
was recently proposed by Gans et al,® who synthesized a
cohesion-controlled granular material. This sticky material is
made of polymeric coated beads, which enables the cohesion of
the bulk to be tuned easily by varying the concentration of the
polymeric solution. This allowed them to relate the macroscopic
properties of the material to the grain-scale forces, which
facilitates models in the perspective to investigate the rheology
of such a material.

Another option to investigate the influence of cohesion in the
flow of a granular material is to adopt a numerical description of
cohesive forces at the grain scale using discrete methods. In this
case, adhesive forces result from a cohesive contact model, either
explicit in Discrete Elements Methods,’ ™" or implicit in Contact
Dynamics algorithms.'>"? Despite the use of simple interaction
models, the presence of cohesion reveals a rich dependency of
the flow with numerical parameters, contrary to dry granular
materials. In discrete element methods, the flow becomes
sensitive to the stiffness and the elasticity modulus of the
grains." In contact dynamics, where particles are perfectly rigid,
this dependency translates into a contribution of the time step
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into the dynamics equations.'® Overall, the introduction of a single
dimensionless number accounts for this dependency. In the pre-
sent paper, we will use a code based on contact dynamics, where
simulations are performed with a fixed time step corresponding to
a weaker influence of the latter and small averaged error.'®

Based on this numerical scheme, we investigate here the
formation of clusters in cohesive granular materials in a simple
configuration: the collapse of a granular column. When a
column of cohesionless grains is released under its own weight,
it flows until the deposit reaches the angle of repose, arctan(ys),
where 1 is the static friction coefficient. The surface of the final
deposit is then perfectly smooth, exhibiting only a grain-size
roughness. However, when cohesion is introduced, the final
deposit features a different, larger roughness. Here, we char-
acterize the statistical properties of this roughness, and show
that the morphology of the final deposit is an immediate
signature of cohesion and cluster size. This correlation pro-
vides a direct measurement of the inter-particle cohesive forces,
in addition to other characterization studies of the mechanical
properties of a cohesive granular material or a powder'”.

The present article is organized as follows. We first describe
the numerical simulations, and then analyze the statistical
parameters of the roughness. Finally, we relate these
parameters to the inter-particle forces, and compare this study
to recent experiments of cohesive granular collapses.

2 Numerical simulations

We perform a series of numerical simulations based on a
Contact Dynamics algorithm in two dimensions.'®2° This
algorithm follows the equations of the dynamics for each
perfectly-rigid grain while obeying the contact laws, through
an implicit method.

The grains interact at contact through Coulombic friction,
involving the grain-scale friction coefficient y, set to 0.2 and not
varied in this study. The contacts are made cohesive through
the introduction of a cohesive threshold F. in the unilaterally
Sigorini’s graph. We associate, to this cohesive force, the

dimensionless Bond number:'**!
F,
BO = ;7 (1)
mg

where m is the mass of a grain, and g is gravity. The Bond
number provides a definition of cohesion at the grain scale, and
is thus pertinent for discrete numerical simulations. However, at
the material scale, we can define a cohesive length /., defined as:

TC
le="¢ 2)
where 7. is the yield stress of the material and p its density. This
is a definition of cohesion at the material scale. To bridge the
gap between these two scales, we can use the approach of a
previous study,® by measuring the threshold of stability of a
cohesive granular column, and comparing it to its theoretical
value, which depends on the yield stress of the material
described by a cohesive rheology. This provides a relation
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Fig. 1 Fluctuation of the final deposits around their mean profile. Blue
lines: 10 simulations made in the same configuration, but varying the initial
state. Dashed black line: average profile over the 10 simulations. (a) Initial
column. (b) Final deposit. Bo = 0. (c) Final deposit. Bo = 20. (d) Final deposit.
Bo = 50. (d) Deposit profiles subtracted by their average over 10 collapses
for Bo = 20. Dashed red line: limit between static grains and flowing grains.

The longitudinal length 7, and the transverse length 7, are sketched.

between the Bond number and the cohesive length, /. ~ 0.8Bo/d,
which will be useful in the following.

At the beginning of a simulation, we first build a column by
simulating a random grain of N, = 5572 grains in the gravity field.
The diameter of the grains is randomly distributed between 4 mm
and 6 mm, so that the particle mean diameter is d = 5 mm. In a
first series of numerical simulations, the initial height of the
column is fixed at H = 22.6 cm = 454, and its radius at R = 60 cm =
120d, leading to an aspect ratio of a = H/R= 0.4 [Fig. 1(a)]. This
keeps us in a regime where the left wall is far enough from the
right corner not to have any influence on the final deposit. After
the initial configuration is built, the column is released and flows
under its own weight, until it reaches a final runout. The bottom
is made rough, as if grains were virtually glued on it, to ensure the
no-slip condition during the collapse.

At the end of the collapse, the final shape of the deposit is
then interpolated from the grain positions following the contour
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of the deposit with a binning window. We ensure that the size of
this window is much smaller than the grain size, and we keep it
constant for all the simulations.

For this given geometry, and at a fixed Bond number, we
then reproduce 11 independent simulations varying the initial
configuration, through randomly varying the distribution of
grain diameters. A typical profile is plotted on Fig. 1(c) in blue,
for a Bond number of Bo = 20. We then define the mean profile
(y) of the collapse averaged over the 11 simulations [dashed
black line in Fig. 1(b)-(d)].

We vary the Bond number from 0 to 50 and follow the same
procedure. This gives us a total of 55 numerical simulations for
one geometry of column. We did three additional series for
different heights; the discussion on its influence is presented in
Section 4.2. The computation time varies from a few hours to a
few days depending on the number of grains.

We can now observe the final shape of the deposit as a
function of the Bond number, for a fixed initial height (Fig. 1).
Without any cohesion (Bo = 0), the fluctuations around the
mean profile virtually vanish, and all the profiles therefore
match with the average. The fluctuations then increase with the
Bond number, which suggests a strong correlation between the
roughness of the deposit and the cohesion. In the next section,
we describe quantitatively this observation.

Note that if the column is too small, the cohesive forces over-
come the weight of the column; the column is thus stable and does
not flow. Therefore, this threshold limits the range of Bond numbers
and of initial heights for the column. This range is chosen to obtain
unstable columns, or flowing columns, for which the weight over-
comes the cohesive forces. This limit has been specifically investi-
gated with this code and compared to a continuous approach, for
which an analytical model is feasible."® For information, the thresh-
old height column is about 20d for a Bond number of 50.

3 Roughness characterization

To measure quantitatively the influence of cohesion on the
roughness of the deposit, we define the function x as

Paper

the subtraction of the mean profile to the final deposit
[Fig. 1(e)]:

nx) =y — 3)

where (-) denotes the average operator over the simulations of the
same parameters (ensemble mean). In the part lying on the left
wall, the grains do not flow, and this function almost vanishes
[before the dashed line, Fig. 1(d)]. When the grains flow, this
profile features strong fluctuations around zero [after the dashed
line, Fig. 1(d)]. The fluctuation height decreases with the x-
coordinate. This is probably correlated with grain inertia, and
thus with the distance travelled by grains during the collapse.
Inertia induces fragmentation, and thus diminishes the fluctua-
tions. However, as a first step towards the characterization of
these fluctuations, we do not study this influence. In the follow-
ing, instead, we focus on the typical length of the fluctuations in
the transverse direction, /), and on their typical wavelength in the
longitudinal direction, 7y, as defined in Fig. 1(e).

Note that we subtract the average profile by following its
vertical projection, instead of using the normal direction of the
mean deposit. This may introduce a bias with the Bond
number. However, as the slope of the deposit is not clearly
defined, it is difficult to apply a reproducible procedure.
Moreover, the probability distribution of #, plotted on
Fig. 2(a), is symmetrical enough to allow us to neglect this
effect. This distribution is peaked around zero for a cohesion-
less granular material, and then widens with the Bond number.
Overall, these distributions are nearly Gaussian, which allows
us to define usual statistical properties for the profile #.

3.1 Standard deviation

We first define a characteristic length through the standard
deviation of this distribution:

() = (m.2, (4)

where (-), denotes the average over the coordinate x, this time.
This length is found to be approximately constant from one
simulation to another, although it varies in a tiny range around
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Fig. 2 Amplitude of the fluctuations. (a) Probability density function of 5 for the simulations of initial column H = 45d, and for different Bond numbers. (b)
Standard deviation of the fluctuations for each simulation of initial column H = 45d, and for different Bond numbers. We define 7, as the average of this standard
deviation over the simulations. The colored area corresponds to the standard deviation of this length over the 10 simulations. (c) Typical height of the fluctuations
¢, as a function of the Bond number for different initial geometries of the column. Error bars are the standard deviation of 7, over N simulations divided by VN.
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the average, corresponding to the error bar [Fig. 2(b)]. We thus
define the typical size of the fluctuations as the mean value of the
standard deviations over the 11 simulations. We observe a strong
correlation between this typical length and the Bond number,
namely the cohesion between grains [Fig. 2(c)]. For cohesionless
particles, the height of the fluctuations is typically a fraction of the
grain size (0.3d), meaning that the roughness is only induced by
the grains. It is then multiplied by a factor of 4 when the Bond
number increases from 10 to 50. Thus, this length seems to be a
reliable proxy for the cohesion of the material.

More precisely, we can try to compare this length to the
natural length of the system: the cohesive length, /., as men-
tioned in section 2 through eqn (2). To do so, we use the
relation between the Bond number and the cohesive length
established in Abramian et al,"* by comparing the stability
threshold of a numerical discrete cohesive column. Following
this relation, we obtain that the length /), increases proportion-
ally with the cohesive length as:

4, L

7= 0.34 + O.70E7 (5)
for a column of initial height equal to H = 45d [orange line,
Fig. 2(c)]. This correlation qualitatively agrees with the experi-
ments of Tapia et al.” on the roughness of a cohesive fracture,
for which the size of the crack path fluctuations increase with
relative humidity, and therefore with cohesion. At this step,
however, we must be careful with the quantitative interpreta-
tion of the coefficients. The latter could depend on the nature
of the grains, or on a few numerical aspects; we discuss this
point later in the article. We turn now to the characterization of
the fluctuations through correlations that could be more robust
against numerical or experimental parameters.

3.2 Correlations

We characterize the correlations of the fluctuations through the
height-height correlation function:

Soft Matter

where A# is the height difference between two points spaced
from a distance Ax.

This definition is commonly used in the community of
fractography, to characterize a fracture surface or a crack path
in materials.>® In this context, the statistical properties of
this correlation function reveal how cracks interact with the
material microstructure and provide a description of the crack
dynamics.”® This subtracting correlation function can be
generalized for two-dimensional roughness profiles, which
provides the direction of propagation of the crack in the
material. Following this approach, we analyze the correlations
of the roughness profiles.

For these granular-deposit profiles, Ak starts from zero and
increases with Ax until it reaches a plateau region [Fig. 3(a)].
For Ax smaller than typically 10d, this trend is reminiscent of a
self-affine or a self-similar profile, for which:

AR(AX) oc Ax%, 7)
where ¢ is the roughness exponent, sometimes called the Hurst
exponent in the fractography community.>* The fluctuations of
a crack path in a thin sheet also feature a self-affine profile.
Specifically, crack path profiles in different types of paper sheet
display a roughness exponent of about ¢ ~ 0.7 that varies
weakly from one type of paper to another.>” This exponent
differs significantly for polystyrene panels or sandstone, with
¢ ~ 0.5. These differences indicate two different failure
behaviours: cracks in polystyrene follow a directed random
walk, characteristic of a brittle crack growth (¢ ~ 0.5), whereas
cracks in a paper sheet correspond to a propagation of the
failure by damage coalescence and nucleation (¢ > 0.5).2472¢

The self-affine behaviour has also been observed for fracture
profiles in a humid granular material by Tapia et al.” In this
case, they showed that the exponent of the power law fit varies
with the liquid content in the bulk of the material. However, as
the grain-scale cohesive force is then a non-monotonic function
of the liquid content, the relationship between the exponent

_ 2
Ah(Ax) = \/(['1(\7 +Ax) = n(x)]) ©) and cohesion is complex.
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Fig. 3 Correlations of the fluctuations profile . (a) Auto-correlation function of the fluctuations averaged over the N simulations, for different Bond
numbers. We define /, as the maximum of this function. (b) Auto-correlation exponent of the fluctuations. Each color corresponds to a different initial
height for the column. (c) Auto-correlation length of the fluctuations, /., as a function of the Bond number. Error bars are measured by taking the
standard deviation of this length over the N simulations, divided by v/N.
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Our numerical simulations straightly yield the dependency
of this exponent with the grain-scale cohesive forces: the
roughness exponent increases with the Bond number through
the curve plotted in Fig. 3(b). It starts from about 0.1 for a
cohesionless material—a value significantly smaller than
encountered for crack paths. It then reaches about 0.6 when
increasing the Bond number towards 50, although following a
nonlinear trend, resulting in saturation for high Bond numbers.
If this exponent depends only on the failure mechanism at the
grain scale, as is the case in the crack paths of heterogeneous
materials, it could be a better proxy for cohesion than the length
/y, but this question would require a dedicated investigation.

For Ax typically larger than about 10d, the power-law fit then
features a plateau [Fig. 3(a)]. We define /, as the maximum of
this function 7, = max[Ah(Ax)], and find that this parameter,
seen as a correlation length, also increases with cohesion.
Precisely, by relating the Bond number with the cohesive length
/., ¢ follows the relation:

0 A
—=0. 1.2—
= 0.55+1.2% 8)

here again, this length is controlled by the grain size for a
cohesionless material, and then increases linearly with the
cohesive length. Here again, the quantitative interpretation of
these coefficients may be affected by any other parameters, and
must be taken with caution.

Finally, in the fracture surface context, experiments reveal
the pertinence of the cutoff length, or crossover length scale,
i.e. the abscissa of the intersection between the power law and
the plateau variation of the correlation function.”” In our
system, these lengths could also capture the cohesive properties
of the material. However, they are not well defined in our
measurements, and seem to remain constant for almost all
simulations, of the order of 10 grain diameters.

4 Discussion
4.1 Exploitation of the results

The numerical simulations presented here yield a clear relationship
between roughness and cohesion: The two characteristic
lengths, /. and /), linearly increase with the cohesive length.
If these relationships hold for any material, we could extra-
polate the inter-particle cohesion only from the macroscopic
properties of its roughness deposit. However, the coefficients
involved in eqn (5) and (8) have no reason to be universal, and
should probably be calibrated according to the material. First,
these coefficients could depend on the nature of the granular
material, such as the grain size, or the friction coefficient.
Secondly, they might be affected by numerical aspects, such
as the interrelation between time-step and cohesion in contact-
dynamics algorithms'®, or the dimension of the experiments.

As in the context of fractography, the roughness exponent ¢
is potentially a more comprehensive proxy for cohesion
that could reveal the grain-scale origin of the roughness.
If confirmed, its curve could allow for a direct measurement
of cohesion without any calibration.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Characteristic length of the fluctuations in the longitudinal direction,
¢y, as a function of the transverse one, /,. Each marker corresponds to a
different column’s initial height. Black line: linear fit of the data.

By plotting now the size of the vertical fluctuations of the
surface /, as a function of the correlation length /,, we find them
proportional (Fig. 4). This is consistent with the formation of
clusters of size L on the surface of the material, which was
investigated by tapia2016fracture in the case of a fracturing wet
granular layer. We find that the longitudinal characteristic
length 7, is twice larger than the transverse one, /). This factor
2 could come from the different definitions, and roughly coin-
cides with the fact that the column spreads sideways to form a
deposit with a small angle of repose of arctan(/,//,), at least for
small Bond numbers. More importantly, this linear relation
states that only one characteristic size exists in this profile,
probably that of the cohesive clusters.

By considering a unique characteristic length L, that we take
arbitrarily equal to /,, we can compare it to a prediction made
by Alarcon et al.,”® according to which:

L 1 pgdit,

a2 s ©)

where f is a coefficient taking into account the influence of the
grain surface asperity or the liquid bond shape. This relation is
not directly comparable with our data, as it holds for humid
granular materials, but it is 0.5 d for cohesionless particles, and
then linearly increases with the cohesion length /., as 7, does
in eqn (8). It provides a rough order of magnitude for the
cluster size in cohesive granular matter that is between one and
ten grains in diameter.

4.2 Influence of the column’s initial height

We characterized the roughness deposit of a given initial
geometry, and showed that the size of the fluctuations
increases with the inter particle cohesion. We now want to
investigate the influence of the column’s initial height, which
should translate into a change of flow inertia, as higher
columns lead to larger and faster collapses. We expect more
fragmentation as the flow is faster, and a size of aggregates
which might therefore diminish.

To test this scenario, we now vary the initial height of the
column. Over this range of Bond numbers, we cannot decrease
the height because the column would not flow. We must
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Table 1 Table of parameters for numerical simulations

Initial Initial Number of
Label height config. grains Bond numbers
1 45d 11 5572 0, 10, 20, 30, 40, 50
2 67.5d 5 8358 10, 30, 50
3 90d 5 11144 10, 30, 50
4 264d 3 33432 10, 30, 50

therefore increase the height of the column, to remain in the
unstable domain. However, increasing the height of the
column means to increase the total number of grains, and thus
the computation time. Therefore, we perform two series of 5
simulations, increasing the height by a factor 1.5 and then 2,
and finally 3 additional simulations increasing the height by
5.5 (Table 1).

We apply the same procedure to measure the typical long-
itudinal length [Fig. 2(c)] and the typical transverse length
[Fig. 2(b)]. Surprisingly, we do not observe a strong influence
of the collapse dynamics. In particular, at a fixed Bond number,
the length /), varies of about 10% when the height is multiplied
by a factor 2. Moreover, this variation is counter-intuitive as the
fluctuations increase for higher columns, instead of vanishing,
but this variation remains in the measurement uncertainties.

For a height factor of 5.5, we observe, this time, a significant
change for 7, and /,. The fluctuation size still increases with the
Bond number, but all the lengths are smaller than in the
previous configurations, as expected. This allows us to high-
light a domain where inertia starts to play a significant role on
the roughness deposit, but the effect of inertia would require a
dedicated investigation.

4.3 Comparison with granular-collapse experiments

Granular collapse experiments are not rare in the literature.
Since the pioneering studies on dry granular collapses,*™"
recent articles have dealt with humid granular collapse, from
wet to fully saturated situations.>** These articles focused on
the runout distance; the shape roughness of the deposit is only
barely mentioned. It is therefore difficult to compare this work
with the present analysis, but we report here some interesting
information in the light of our results.

Langlois et al.*® investigated numerically the collapse of brittle
material, where, contrary to our cohesive grains, bonds between
grains are irreversibly broken during the collapse. As expected, the
surface of the deposit is still qualitatively rougher as the Bond
number increases. By attributing a color to each particle according
to their vertical position, they show that (i) stratigraphy is not
preserved, and that (ii) the deposit features blocks, sometimes of
size comparable to the columns’ height, lying on fine-grain
materials; superficial blocks are indeed subject to less stress
and therefore remain roughly intact. This suggests a link between
the surface roughness and the dynamics in the bulk of the
material, which could be investigated further.

In a different way, Bougouin et al>> performed granular-
collapse experiments of a fully saturated material, changing the
initial column’s height and the bead size. When the column
flows, the deposit features either a block-avalanche profile or a

10728 | Soft Matter, 2021,17,10723-10729
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continuous avalanche one, depending on the contribution of
the capillary effects; this might introduce a nonlinear variation
of the lengths 7/, and /, with the capillary length. Finally,
experiments in the pendular regime®*?* reveal the influence
of the grain shape and grain size distribution on the flow.
Although pictures also suggest a rough surface of the final
deposit, these experiments reveal the existence of two distinctive
angles, top and toe angles, in the final shape of the deposit. Note
that in most experiments with humid granular materials, liquid
bonds migrate, and lubrication effects can occur, which is not
the case in our simulations.

Overall, only one series of cohesive granular collapse, made
with the cohesion-controlled granular material described in the
introduction,® is directly comparable to our numerical simula-
tions. This experiment, performed by Gans,*® was initially done
to investigate the influence of cohesion on the runout length of
the deposit. The material used is coated beads in which the
cohesion is controlled and reproducible through the concen-
tration of boric acid during the preparation. In this case,
the concentration leads to a thickness of coating of 2.8 mm,
resulting in a Bond number of about 8. The beads have a
diameter of d = 800 + 60 um, and a friction coefficient of us = 0.4.

The material is initially set in a column of radius 6.6 cm, and
of height 12 cm, providing an aspect ratio of 2. After the gate is
removed, the column then flows under its weight, just as in our
simulations. Repeating this experiment five times provides 5
experimental profiles for the final deposit. From these five
profiles, we then measure the averaged profile that we subtract
to all final deposits. We can thus apply the same procedure to
measure 7, and /).

We find a transverse length of /, = (1.4 + 0.1)d, which is
significantly higher than the trend we found in our simulations.
We did not report this point on the plot as there are several
reasons why we cannot compare it. First, the grain size is much
smaller compared to the height of the column, and the friction
coefficient is also different. Second, the procedure to measure
the Bond number relies on an experimental calibration which
induces uncertainties. Finally, by looking at the correlations,
we also find a self-afine profile, while the exponent is about 0.5.
The correlation length is equal to ¢, = (2.3 & 0.2)d.

These experimental data are in overall accordance with the
order of magnitude of our numerical simulations. Again, as the
aspect ratio and the grain sizes are different, we can only
compare qualitatively.

5 Conclusions

In this article, we performed a series of simulations of cohesive
granular collapses and analyzed the shape of their final deposit.
As cohesion increases, the deposit features a stronger
roughness that we characterized. Quantitatively, we showed that
the typical height of these fluctuations, based on the standard
deviation of the roughness distribution, and the typical correla-
tion length both increase linearly with the bond number, namely
with the material cohesion. These two lengths are correlated,
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resulting in a unique underlying length scale L, which corre-
sponds to the cluster or aggregation size.

These results provide an easy visualization of the typical
cohesive cluster size in the material, and yield a direct
measurement of the inter-particle cohesive forces, while not
requiring any heavy experimental setup. Moreover, the slight
variation of these lengths with the collapse dynamics makes this
measurement a fairly robust one. By increasing significantly the
column’s height, we highlighted a limit above which inertia plays a
role in the roughness of the material, but we analyse the influence
of the dynamics on the roughness for further investigations.

Finally, from a fundamental point of view, how these
fluctuations at the surface are related to the clusters in the bulk
of the material remains unexplored. This could be investigated by
measuring the porosity or density fluctuations, and could then
explain how the presence of clusters translates into a different
formulation for the rheology of the material. Indeed, a simple
continuous rheology with a yield stress does not reproduce this
roughness at the surface of the deposit,"* meaning that a mere
yield stress is not a sufficient ingredient. Recently, a lot of work
was devoted to provide a cohesive rheology, based on numerical
studies.>”*® These rheologies show strong nonlocal effects and
account for the observation of shear banding. Implementing such
a rheology for free-surface flows could explain the properties of
this cohesion-induced roughness.
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