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Abstract.

The study of stress transmission and particles’ mobility in powder beds constitutes a
challenging issue to improve processes such as milling, agglomeration and kneading. In this
paper the ability to promote particle mobilities by means of an intruder is investigated. An
experimental setup was developed to characterize the particles’ mobility at the voxel scale. A
Particle Image Velocimetry (PIV) algorithm was employed to determine the velocity fields in
the vicinity of an intruder in ascendant vertical motion. A Discrete Element Method (DEM)
model was developed to simulate the same system at the particle scale. Velocity maps were
determined relying on a coarse-graining procedure and compared to PIV results. During the
rise of the intruder the experimental and simulated drag forces are in good agreement. Spatio-
temporal correlation between the granular mobility and the state of the force network are
analyzed as a function of the height of the intruder. The drag force profile exhibits a relaxation

trend, noised by fluctuations whose origin are in successive loading/rupture events. An



interpretation of these fluctuations is proposed with regard to the development of preferential
paths in the normal force network, and to the localization of sliding at the contacts scale. Finally,
we show that global strains are a consequence of the ejection of particles directly in contact

with the ends of the intruder.

Keywords. Intruder, Granular bed, Drag force, Particle Image Velocimetry (PIV), Discrete

element method (DEM), Coarse graining.

1. Introduction

Mixing powders using intruders, such as blades, paddles, agitators... is widely used in chemical
engineering [1,2], civil engineering [3], pharmaceutical [4,5], food science [6,7] or agronomy
[8,9]. Common concerns regarding interactions between an intruder and a granular bed are
shared by many unit operations like blending, kneading [10], wet agglomeration [11,12] or

milling [13,14].

More precisely, in blending operations, the paddle transmits mechanical energy to the granular
bed inside a vessel [15]. To control the input energy or the shear rate, a range of low to high
blenders are available. The efficiency of shear transmission requires adapted design of the
whole setup (paddle shape and trajectory, vessel, wall-paddle gap) [16,17]. One major issue is
to transfer energy from the scale of the reactor to the scale of the micro-structure. At the particle
scale, this energy is dissipated through frictional contacts and damping. In addition of these
interactions the available energy is turn into particle motion. Compared to liquids, the control

of particle flows is a challenging issue due to spatial (localization of the flow, shear banding)



and temporal (intermittent flow) deviations of particles from the mean field. In the case of
mixing, the blender is used to promote the mobility of particles compared to their mutual
friction whereas friction is rather privileged in agglomeration or kneading operations to control
the growth in size of aggregates [18,19]. Understanding how energy is distributed at the particle

scale to promote local friction or mobility is a key issue to optimize the processes.

In these reactors shearing is promoted by a blade or paddle that is cyclically driven into and out
of the granular bed [16-17]. Most of the mechanical energy inducing particles mobility is
transferred during pull-off phases. Penetration phase can be analyzed based on studies
performed in other scientific fields regarding intruder penetration in a granular packing [20-
25]. However, to our best knowledge, the pull-off phase has been little studied per se in spite
of its interest in process engineering. In this framework we will consider a simplified
configuration in which the intruder is removed vertically at constant speed from the granular

bed.

In this paper we propose a methodology to investigate the influence of an intruder on force
transmission and particle mobility in an ensiled granular bed. This methodology associates
experiments using an original setup and 2D Discrete Element Methods (DEM) simulations. In
the experiments we use a transparent glass cell filled with glass beads. The pull-off test consists
in moving an intruder upward at constant speed into the granular bed. The drag force acting on
the intruder is measured while a slow-motion camera records the displacements of the particles
around the intruder. Relying on a Particle Image Velocimetry (PIV) method it is possible to
determine the 2D experimental velocity fields for particles behind the front wall. Numerical
simulations were performed at same velocity on a similar configuration of cell, packing and

intruder. One major interest in simulation is that it gives detailed information on force



transmission that is hardly accessible by experiments. Particular attention was paid to the filling
procedure which is important to control the initial microstructure of the packing. During the
simulations, we monitored the particle velocities, and the normal and tangential forces as a
function of the height of the intruder. This data is then used in a coarse-graining approach to
upscale the velocity field. One of the main objectives was to provide comparable experimental
and numerical systems in which the walls have an influence on the local texture of the packing
as in mixing or blending problems. In this regard, experimental and numerical drag forces and
velocity fields are compared in this paper. There is a large corpus of references on granular
materials, which deals with experimental, theoretical and numerical aspects. One major
achievement was to clarify the mechanical behavior of granular flow with the u(I) rheology
[26]. However, many transient phenomena remain poorly investigated despite their great
interest in technical applications for example in chemical and civil engineering. One critical
issue is to consider the effect of non-homogeneous boundary conditions. While many papers
deal with the penetration of an intruder in a packing [23, 24, 44], to our best knowledge there
are very few that deal with its pull-off [27]. Note that these are far to be symmetrical
configurations which confirm the difference of behavior with our configuration and show the
need for a specific study. In our case an intermittent flow around the intruder was evidenced
generating strong fluctuations in the drag force profile during the motion of the intruder. These
fluctuations were already investigated in previous studies on intruder penetration in a granular
medium [28] and have been attributed to dilatancy phenomenon. We discuss the relevance of
this interpretation for our experiment and finally, we describe the evolution of the flowing zones

in relation to force fluctuations and sliding contacts.

2. Materials and methods



This section, describes the experimental and numerical setups developed in order to study the

behavior of a packing during the vertical ascension of an intruder.

2.1. Experimental device

The device consists of an open rectangular cell of length L, = 100 mm, width W, = 50 mm
and height H. = 500 mm made with transparent glass walls (Fig. 1). A rigid rectangular
intruder of length L = 10 mm, width W = 49 mm is preliminary positioned at the bottom of
the cell and used to probe the flow properties of the particle bed. Before the test, the cell was
filled up to a height of 150 mm with glass beads of size d = 3 + 0.05 mm, with a density p =
2500 kg m™2 and bulk modulus E = 64 GPa. Following Ovarlez et al. [29], the coefficients of
friction between the grains and a glass surface (1) was determined using three grains glued on
a metal plate forming a tripod. This tripod was disposed on a glass plate (same material as the
cell wall) equipped with an inclinometer. The glass plate was gradually tilted up to a sliding
friction angle 6 (26.5°) at which the tripod slips. Even if the obtained value may largely depends
on surface roughness [30], we chose to use the same coefficient of friction for the contacts
between the particles u = 0.5 £+ 0.02.

To control the filling rate a hopper of aperture diameter D,, = 11 mm is used with an angle
chosen sufficiently large to be greater than the repose angle of the granular bed. The outlet of
the hopper is positioned at a height H, = 447 mm. During the test, the intruder is pulled off
from the granular material at a constant velocity V. Although in the experiments, the velocity
may be varied in the range [1 - 29 mm s''], in this study, we focus on the results obtained for
V = 1.2 mm . The drag force is measured using a force sensor (TME-Type F 108 TC —range:

1-25 daN) attached to the intruder via a steel rod. We checked that the force on this shaft is



below 1.6% of the drag-force in the worst-case (at the beginning of the test). To capture the
particle motion in the vicinity of the intruder we use a high-speed camera (Dalsa CMOS
monochrome, frequency rate 100 fps, image resolution 1392 x 1024 pixels) whose displacement
follows that of the intruder. A Particle Image Velocimetry (PIV) method (described in the next
section) is employed to determine as a function of time, the 2D velocity field at the surface of

the front wall (Fig. 1c).
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Fig. 1 Experimental device: a) front face; b) lateral face; c) experimental cell (for
better visualization, the photograph is taken with an intruder positioned at 20 mm from

the base).

2.2. Particle Image Velocimetry

The 2D velocity field is determined thanks to the PIVIab® module of Matlab® which provides
useful tools for Particle Image Velocimetry (PIV). In our study we employed a Fast Fourier
Transformation (FFT) correlation algorithm with multiple passes and deforming windows of
64x64 and 32x32 pixels [31]. The images were captured using the camera at a frame rate

Atp;y = 50 ms. In order to follow the particle flow in the frame of the intruder, the trajectory



of the camera was set to be the same as the intruder and a fixed mask zone was defined around
its boundary. To exclude the walls and the free surface in the analysis, we defined a Region Of
Interest (ROI) localized on the granular sample. With this setup an individual glass bead is
described approximately with 35 pixels which corresponds to a spatial resolution of 1.3d. The

velocity field ¥(x, y) = v,X + v,y is then determined as a function of time during the intruder

pull-off. In the following we only focus on maps of velocity magnitude (/v + v§).

2.3 Numerical method

In order to better understand the mechanisms involved during experiments, we developed a
versatile 2D C++ code based on the framework of the Discrete Element Method (DEM) [32].
We used a classical molecular-dynamics approach with an explicit velocity Verlet integration

scheme [33]. The main characteristics of the code are briefly recalled in this section.

Contact forces between particles

In the simulations the particles are 2D disks interacting via frictional elastic contact laws. Fig.
2a shows a particle i of center of mass 0; and diameter d;, located at a position 7; and with a
velocity ¥; and an angular velocity ;. Figure 2b shows the contact between two particles i and
j of center of mass 0; and O; located at #; and 7; (in the following for sake of simplicity we
avoid to mention i and j in pairwise variables). The distance between particles is determined

5 o
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using 6, = ||7; — 75|| — > (d; + d;). For particles in contact (6, < 0) we definen = e
it

normal vector at contact and £ the tangential vector chosen so that (7, t) is right-handed. In this



local frame of reference, the contact force can be written as F = E,ii + F,t, where F, and F,

are the normal and tangential components, respectively.

Fig. 2 a) Kinematic coordinates of a particle i in the global frame of reference; b)
Contact between two particles 1 and j as revealed by an overlap equals to & n; c)
Contact between a particle and an intrudeur.

FE, is determined using a visco-elastic law composed of two additive terms F,, = F; + F,;, where
E¢ and F; are the elastic and viscous contribution, respectively. For the elastic part we used a
linear (unilateral) elastic law F,; = —k,,&,,, where k,, is the contact stiffness. Following Rognon
etal. [34] we set k,, ~Ed (corresponding to Hertzian contact in 2D), with E the elastic modulus
and d is the average diameter of all particles. For the viscous part, used to dissipate energy
during collisions, we chose Fy = vv,,, where v is the damping coefficient and v, = (¥; — v;) -
7 is the relative normal velocity between the two particles. In the absence of cohesion, this

damping coefficient is related to the normal coefficient of restitution e through the equation

v=1/J1+ (r/Ine)Z [35].

For the friction force F;, we used a viscous-regularized Coulomb law [36]: |F;| < FtSlip with
FtSlip = uF, and pu the friction coefficient. For each time step At, an increment of tangential
force opposed to the increment of the tangential relative displacement §; is computed such as

SFAt=—Fk,8, with k, the tangential stiffness of the contact. At time t + At, the tangent force is

equal to FFTAt = Ft + §FA [37] where F, is limited by the Coulomb law (Fig. 3).
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Fig. 3 Components of the regularized friction law a) contact, b) sliding, c) rolling.

According to Campbell [38], k; has a weak influence for cohesionless particle and is fixed to
k'?" in this paper.

For the rolling moment M,., we used a rolling friction law (Fig. 3¢): |M,| < u,-F, with y, =
pd1072 the rolling friction coefficient. For each time step At, an increment of moment opposed
to the increment of the rotational relative displacement 8y is computed such as M2t = —k,.50
with k, = d?k,,10~* the rotationnal stiffness chosen following the paper of Gilabert et al. [35].
At time t + At, the rolling moment is equal to M{YAt = ML + M2t where M, is limited by

the rolling friction law. Apart from k¢, k, and p,., all other parameters are chosen according to

experimental data described in section 2.1.
Walls and intruder

Following the article of Fakih et al [9], for the boundary conditions (wall and intruder) we use
sphero-line objects that are constituted of a line connecting two spherical caps. The contact
forces between particles and these objects are obtained using similar equations as described for
particle’s contact. As an example, Fig. 2¢ shows the contact between the intruder and a particle.

Different cases can be considered depending on the position of this contact. For that we define
a system coordinate (%, ¥) attached to the sphero-line, where & = C,C,/||C,C;|| is an unitary

vector orienting the sphero-line object and v is the right-handed oriented unitary vector. The



overlap can be calculated as a function of the position of the contact based on the following

equations:

- IfCO; 1 < —C,Cy/2 then 8, = [[0,C/]| - =2 (eq.1)
A > - d;+D

- IfCO;-U = C,C,/2 then 8, = ||0,C,]| — . (eq.2)

- If—C,C;/2 < TO; - U < ,C,/2 then §, = |CO0; - 5| — 222 (eq.3)

For the computation of the contact between particles and the intruder, we use the same

relationships as described above for particle-particle contacts.

2.4 Numerical tests

Sample preparation

The numerical cell as the same dimensions as the experimental one, except that the numerical

dmax

simulations are performed in 2D. For the simulations we used a slight polydispersity ( =

Admin
2) in order to limit crystallization effects while remaining as closed as possible to experimental
value of d [39]. For the particle-particle and particle-wall normal coefficients of restitution we

set e = 0.9 [40] which corresponds to a damping v = 0.034Nsm'!. All simulations are done

Mmin

with a timestep At = 1077s. Assuming At, ~ (where m,,;,, is the mass of the lightest

n

particle and k,, = Ed = 1.92 10°Nm") we have At/At, ~ 1/60.
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The sample preparation consists in two steps. The particles are first placed on a triangular mesh
and settled into a hopper under gravity (Fig. 4a). To obtain the same height H, = 150 mm of
granular bed as in experiment we used 1600 particles. The simulation runs until relaxation of
the packing (1h on an Intel Core i7 CPU). An hopper angle of ~50° is chosen to promote
particle flowing. We then let the particles flow through the aperture whose size allows to control
the filling rate (Fig. 4b). It takes about 3h to fill the cell and reach a full stabilization of the bed.

At the end of this process the particle solid fraction ® =~ 0.82 + 0.02.

Pull-off test

The numerical test consists in vertically pulling the intruder off the granular bed (Fig. 4c) at
constant velocity V. Although, simulations were performed using different intruder velocities,

in this study we compared with the experiments for a single value of V = 1.2 mms,

corresponding to approximatively 0.7% of the characteristic velocity \/g_a_l where g = 9.81 ms”
2, As this value is very low we expect that the flow regime will not directly depends on the
magnitude of the velocity of the intruder. In other words, this case can be viewed as a limit case
in which the role of the intruder is to structure the packing without inertial contribution. By way
of example the lowest velocities employed in low-shear mixing are about ten times higher [41].
Note however that due to rupture of force chains the particles experience local intermittent
flows and cannot be considered as in quasi-static regime. During the full simulation which last
more than 300 h of computation time, we periodically record the average force on the intruder
(called drag force in the following), the positions and velocities of particles, and the normal and

tangential force networks.

11



a) b) C)

Fig. 4 Numerical device: a) particles are initially placed on a triangular lattice mesh

and settled in the hopper; b) filling of the cell; c) pull-off of the intruder.
Coarse graining

Following the works of Weinhart et al [42] and Algarra et al. [43] we employed a coarse
graining method to upscale the continuous velocity field from the positions of the particles and
their velocities computed by DEM. Among other, this method has the advantage to satisfy the

conservation equations of continuum mechanic. Fig. 5a shows the DEM domain meshed using
a rectilinear grid of spatial resolution Ax. In the following we chose Ax = % which gives a good

compromise between the resolution of the mesh and the computation time (250x420 pixels).
The physical quantities (mass density and momentum) are determined at each node of position

7 by integration in a circular domain of radius ¢ = 4w using a gaussian kernel

2

G(P) = V;lemw? (eq.4)

12



where, V,, is a constant determined to satisfy [ G(#)d7 = 1. For a 2D problem we get

2

fozn foo Vw‘lez_W rdrdd = 1 (eq.5)

and,

21° -r21%
Gy =J"do I—erml =21 I‘erml = 2nw?(1—e™®) (q.6)
0 0

The mass density field is obtained from:
p(#,t) = X;mG(T — 1)) (eq.7)
By denoting a the x or y component, the coarse-grained momentum density vector is
Pa(F,t) = Xim; VoG (7, 7)) (eq.8)

and the velocity field is

V(7 t) = % (eq.9)

In this method, the higher % the more homogeneous the velocity field is. Note also that as this
method is a non-local approach the computation effort increases with% (for fixed value of Ax).

We set w = 1.5d that is in the range of values proposed by Weinhart et al. [42] and gives

velocity fields which compares well with PIV results.

13
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Fig. 5 Coarse-graining method. a) Meshing of the domain; the computation of
physical quantities (velocity, stresses, and particle volume fraction) are performed at
each node within the characteristic size a. b) Illustration of the gaussian kernel (Eq.

4).

3. Experimental results versus DEM simulations

In this section we compare experimental and numerical pull-off tests to analyze the force
transmission and the localization of the particle mobility. We discuss the origins of the spatio-

temporal fluctuations due to the intruder’s motion in the granular bed.

3.1. Drag force

In both experimental and numerical cases, the force exerted by the granular material on the
intruder during its vertical ascension presents a heterogeneous profile due to a succession of
fluctuations (Fig. 6). Although the amplitude of these fluctuations are higher for simulations,
we clearly see a good agreement between the experimental and numerical general trends. The
origin of these fluctuations was studied by [44] for the penetration a cylindrical punch into a

dense cohesive granular bed and by Gravish et al. [45] for an intruder moved horizontally. Both

14



studies attribute the origin of the fluctuations to the phenomenon of packing dilatancy which is
known to strongly depends on the initial packing fraction compared to its critical value in the
steady state [46].

The drag force profile (Fig. 6) can be decomposed into two parts. The first part, located in the
vicinity of the bottom of the cell (bottom zone) corresponds to the beginning of the pull-off of
the intruder. It starts by the development of a high force peak followed by its disappearance,
and then a new loading step. The second part is marked by a succession of loading/rupture
events whose intensity relaxes as the intruder reaches the free surface. This behavior
corresponds to a global relaxation of the drag force. For the velocity of one millimeter per
second chosen is this study, the peaks are spaced apart of approximately a grain radius (d/2)
corresponding to frequency of 1 Hz. For higher velocities, Mandato et al. [28] shown that this

frequency also depends on the velocity of the intruder due to dynamics effects.

The force network (normal component) is shown in Fig. 6 for a height of intruder of 34mm.
We note a strong localization of the largest force chains that starts from upper part of the
intruder. The force transmission from the intruder to the granular material follows preferential
paths. However, the state of the network experiences loading/rupture events as evidenced by
the fluctuations measured on the drag force. Fig. 7 shows an example of a loading/rupture event
for the intruder located in the lower part of the cell. A large zone of the packing above the
intruder is disturbed leading to a decrease in contact connectivity. The transient rupture
observed on the drag force is due to the breakage of the force paths. Interestingly, force chains
breakage is localized in the vicinity of the intruder and is not due to a long-range failure. In Fig.
7 we see that the breakage of the main force chains is initiated by the displacement of few lateral
grains directly in contact with the intruder. A new preferential path gradually forms again and

other contacts percolate from the intruder to the walls inducing a new increase in the drag force.

15



While this description of the fluctuations in drag force remains valid during the pull-off test,
their magnitude depends on the distance of the intruder to the free surface. It worth noting that
in the upper part of the cell (Fig. 6) the amplitude of the force fluctuations decreases almost
linearly. In the top layer, these fluctuations vanish with the overall relaxation of the drag force
until a depth of nearly 45 mm from the free surface corresponding to a height of 105 mm. Note
that at this position the distance between the end of the intruder and the walls is approximatively
the same as the distance between the intruder and the free surface. In this top-layer the
magnitude of the force depends linearly with the depth and the force network becomes isotropic.
It worth noting that in this zone the force network does not percolate from the intruder to the
wall. For a weakly cohesive granular material, the thickness of this layer was already identified

as a characteristic length by Mandato et al. [28].
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Fig. 6 a) Experimental drag force profile (green solid line) vs DEM (blue solid line).
The inset shows the evolution the amplitude of loading/rupture events. b) Simulation
snapshot showing the force network in color levels (the thickness of segments is
proportional to the magnitude of the normal force). The red dot on the graph shows the

value of the force for the corresponding position of the intruder in b).
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Fig. 7 Three magnifications showing a loading/rupture event in the vicinity of the intruder.
The force network is plotted with the same color gradient as in Fig. 7. The velocity field is

shown in red arrows with length proportional to d/V, where V is the velocity of the intruder.

3. 2. Particle velocity field

In this section we rely on the coarse-grained DEM velocity fields to investigate the kinematics
of particles (see section 2.3 Fig. 5). Fig. 8 shows v* the magnitude of coarse-grained velocities
normalized by V for five different intruder positions during loading phases just before the

rupture of force chains.

Fig. 8 Visualization of the intruder’s influence zone. The velocity magnitude

normalized by V (velocity of intruder) is shown in color gradient for 5 different

positions: a) in the lower part, b) ¢) d) in the upper part and e) in the top layer.

17



Different modes of particle rearrangement can be identified during the vertical ascension of the

intruder. This motion induces an intermittent granular mobility from the position of the intruder

to the free surface. Four specific cases can be identified on Fig. 8:

a)

b)

d)

The particles in the blue zone (v* < 0.25) are immobile or experienced weak
displacements due to local rearrangements.

In the red zone above the intruder (v* > 0.75), the dragged particles have a velocity
close to that of the intruder V = 1.2 10™3m s’'. During a loading event, this red zone
propagates in front of the intruder along the vertical axis. When a breakage occurs, this
zone reduces to a cluster of particles directly in contact with the intruder. Finally, as
shown in Fig. 8 and 9, the size of the red zone increases with the vertical position of the
intruder, except in the top layer when approaching the free surface.

During loading phases the grains are displaced in a conic domain above the intruder.
This zone corresponds to a range of velocities 0.25 < v* < 0.75 displayed in green in
Fig. 8. ForV = 1.2 1073m s°! the opening angle of the cone is almost constant with time

and equals to f = 60°. Due to the presence of the lateral walls, for intruder height below
Hp = %(LC — L) tan B this cone is truncated (in our case Hgy = 0.078m). We note in
Fig. 8aand 8b that in the green zone all particles are displaced, including those in contact
with the walls. When the intersection of the cone with the walls reaches the free surface
(Fig. 8c), the particle mobility does not percolate up to the walls.

Ruptures in the force network trigger convective patterns in the vicinity of the ends of
the intruder (Fig. 10). The particles laterally bypass the intruder before avalanching
underneath in an inverse-heap shaped hole. The flow of particles is intermittent and
occurs on both sides with respect to the vertical axis. The occurrence of the discharge

of particles may be in or out of phase leading to fluctuations in the hole size under the

intruder. As an illustration we chose a situation where the avalanches on both sides of

18



intruder occurs in phase (Fig. 10a) and out of phase (Fig. 10b). Fig. 10a and Fig. 10b
also show velocity vortices for PIV and coarse-graining, respectively. These mobility
zones, based on the velocity fields analysis, are summarized on the scheme Fig. 10c.
The observed vortices are comparable to those already evidenced in papers dealing with
the so-called granulence phenomenon [47][48][49] which is an analogue of the
turbulence for granular flows. Note that, these vortices are intermittent and do not last
sufficient time to generate a persistent rotational flow of particles. Contrary to the
vortices observed in the papers of Radjai et al. [47], Miller et al.[48], Combe et al.[49]
which appear randomly in homogeneous shear flows, in our case the intruder localizes

these labile structures in the vicinity of the tips.

.' 1
—0.75

I 0.5"%

—0.25

0

0 0.15

Fig. 9 Normalized vertical velocity along a vertical line (y) in the center of the cell as a
function of the position H of the intruder. Top-left corner, magnification of the onset showing

the dilatancy A® of packing.
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Fig. 10 Magnification of the velocity field normalized by V determined in the local

frame of the intruder during its vertical ascension using a) PIV methods and b) coarse
graining (plotted with the same color gradient). ¢) Scheme of the pattern of mobility

around the intruder.

4. Discussion

In order to clarify the ability of the intruder to transmit mobility to particles through the contact
network, Fig. 11 shows the normal force network superimposed on the coarse-grained velocity
field (with color ranged in log scale). This representation enlightens the spatio-temporal
correlations between force transmission and particle mobility. Indeed, during its vertical
ascension, the intruder supplies energy to the granular medium that is stored in the elastic
interactions at contact scale and is dissipated through the friction, damping and rearrangement

of particles.
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Fig. 11 Four snapshots showing two successive loading/rupture events. The force
network is superimposed on the coarse grained velocity field. The velocity scale is in
logarithmic scale.

During the loading phases, the normal force network polarizes along preferential force chains
(Fig. 11a and Fig. 11c). These chains are limited by the walls, creating an upward front at the
vertical of the intruder but also are at the origin of transient arches joining the intruder-driven
particles (Fig. 11a, 11c) to the lateral particles in contact with the walls. The velocity field is
greater in the zones where the forces are weak except for particles localized in front of the
intruder (Fig. 12a). The ratio between the tangential force and its maximum value is denoted
w=Fr/ FtS”p which is a measure of the friction mobilization within the Coulomb range [50]
(note that in this paper the particle-particle and particle-walls friction coefficients are the same).
With this definition u* equals 1 for particle at the slip threshold (Fig. 12b and Fig. 12c). In the
sample, the displacement occurs even if the contact’s slip threshold is not reach (Fig. 12b).
Interestingly, this is true not only for particles in the bulk but also for those in contact with the
walls. As an illustration, Fig. 12c shows corresponding values of u* for all particles together
with the Coulomb yield surface (dotted lines). It worth noting the slip threshold is reached for
less than 20% of the contacts.

During this transient phase of loading, some particles focuses the forces on the intruder (Fig.
7b and 7c) playing the role of keystones in-between lateral arches that percolates to the walls.
An increment of intruder displacement increases the magnitude of the forces involved in these

arches. Concomitantly, this motion of the intruder leads to incremental particle displacements.
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The strain localized in a shear bands (Fig. 10c) and the particle motion only implies the conic
green zone (Fig. 8). This leads to an increase of the volume of the hole below the intruder as

the granular material underneath is immobile.

force (N)

a)

Fy (N)

Fig. 12 a) Normal force network superimposed with the velocity field. b)
Representation of y* for all contacts at same time as in a). ¢) Corresponding values of

normal vs. tangential forces at each contact (cone of Coulomb).

The rupture occurs when a particle in contact with an end of the intruder drop underneath. This
particle is ejected from its keystone position leading to a sudden displacement on a length
greater than a diameter which disconnects the force chains. This phenomenon can be viewed as
a disjunction in the force network that occurs at large scale. Consequently, avalanches appear
in the free volume under the intruder on one or both sides together with a relaxation at long
range of particles above the intruder. The contact network reforms again due to rearrangements
of particles, conducting to a new static state under the intruder and a strengthening of the force
network. As already evidenced on the fluctuations of the drag force (Sec. 3.1) this sequence of
loading/rupture events synchronized with intermittent flows (Sec. 3.2). This phenomenon
repeats along the rise of the intruder with a magnitude that depends on the position of the

vertical intruder.

22



In the lower part (Fig 6a), the opening of hole under the intruder leads to a local densification
of the particle bed which resists to the motion of the intruder and induce a first loading/rupture
event. This resistance is at the origin of force chains of high magnitudes. The rupture of these
chains is a critical event at the onset of the largest observed displacements of the whole test.
The observed decrease in particle solid fraction can be attributed to a global dilatancy (Fig. 9)
[44, 45, 51]. Fig. 13 shows i* the average value of u* for all contacts in the bulk (pink dots) or
at the walls (green dots), as a function of the position of the intruder. We note that " is well

below 1 (sliding value) and is maximum in the lower part.

In the upper part of the cell, as long as the position of the intruder is lower than Hp, particles
rearrange from the intruder to the walls. In this zone, the force network percolates to the walls
during the loading phases. In the bulk and at the walls " fluctuates around constant values
lower than 1 indicating that motion of particles does not occurs at the yield friction value for
all contacts. This shows that the strain occurs in-between clusters of particles [52]. In Fig 12b
we note also that the largest values of u* occurs for the particles in motion whereas the lowest

values can be associated with particles that contributes to strong force chains.

For positions of the intruder greater than Hg, the force network still percolates but the mobility
of particles is lost in the vicinity of the walls. Above Hg, both values of f*for the bulk and the

walls decrease toward " =~ 0.24 (Fig. 13). Finally, when the intruder reaches the top-zone the
connexity of the force chains is lost and the magnitude of forces becomes lower compared to

the average normal force in the bed below the intruder.
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Fig. 13 Average friction " of u* in the bulk and at the walls as a function of the position of

the intruder.

Conclusion

In this paper, we present a methodology for the study of particle mobility and force transmission
induced by an intruder immersed in a dense granular packing. This methodology relies on
experimental and DEM numerical simulations to better understand the evolution of the drag

force acting on an intruder and its consequences on particle’s rearrangements.

We found a good agreement between experimental and numerical evolution of the drag force.
Although the simulations are in 2D the PIV fields compared well with coarse grained fields
derived from the position and velocities computed at a particle scale. One major advantage of
the DEM has been to provide detail analysis at the contact scale in terms of force transmission

and mobilization of friction; both in the bulk and in the vicinity of the walls.

During a pull-off test of the intruder, loading/breaking events were evidenced. At large scale,

the rupture of the force network appears to be a consequence of the ejection of particles directly
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in contact with the ends of the intruder. However, the dilatancy observed at global scale does
not seems to be at the origin of this phenomenon.

The velocity field and the force network are influenced by the presence of the walls. This
influence affects the magnitude of forces and velocities but also has an impact on their spatial
extension. Two characteristic lengths were evidenced above which the velocity field and the
force network decorrelates from the influence of the walls. The insights provided by the
numerical simulations call also for new investigations on spatio-temporal correlations in such

a system.

These two characteristic lengths allow us to distinguish several zones which can be associated
with specific granular behaviors typologies. The detailed characterization of these zones is an
important sizing aid for the design of processes. For example, in the hydrostatic zone the
particle inertia is high and the force network is nearly isotropic with a low friction mobilization
limiting abrasion phenomena. There is a potential benefit to maximize this area in mixing
operation. On the contrary, for kneading and wet agglomeration in which it is necessary to
control the growth of particles, it is more suitable to promote high friction mobilization. Finally,
for higher input energy as in attrition mill the zone below hydrostatic zone should also be
privileged.

Ongoing works aims to provide a detailed parametric study of the influence of material
parameters such as friction, stiffness or cohesion. The finite size (diameter of particles
compared to the cell size) and dynamics (intruder velocities, cyclic loading) effects will also be
investigated with this approach. Finally, one major concern will be to vary the dimension and

shape of the intruder to provide design assistance and help to process control.
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