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Microdisplacements induced by a local perturbation inside a granular packing
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The microdisplacements generated by a small localized overload at the free surface are visualized experi-
mentally inside a packing of steel beads. For a triangular packing, beads rearrangements remain confined in
two inverted triangles on both sides of the applied overload. This pattern disappears for stronger disorder. A
simple model allows us to account for these observations and to relate them to the stress function response
measured via photoelastic visualizations. This provides a different tool to probe the mechanical Green's
function in weakly confined packings of rigid grains the description of which is the most challenged.
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[. INTRODUCTION Young modulus 10 000 times smaller than the one of steel or
glass grains, while the greater sources of disagreements be-
Force distribution in granular packing is rather counterin-tween the different models concern precisely the hard grains
tuitive. For instance, the pressure profile measured at theacking. In this paper, we investigate the response of steel
basis of a conical sand pile can present a “dip” as well as deads packings to a localized overload at the free surface by
maximum below the apex of the heap depending on the pil¢ooking at the microdisplacements rather than the stress
construction history1]. These results entailed intensive the- variations within packings of different disorder stages. We
oretical research, leading to several models differing signifishow that the spatial ordering of the particle is a key param-
cantly. A broad group of models, referred toedasto-plastic ~ eter for the distribution of microdisplacements within the
models considers granular media as elastic media as long agacking. Ordered packings exhibit preferential propagation
for any point the Mohr-Coulomb criterion is not reacHed direction while disordered packings do not, as what was pre-
In the elastic domain, the components of the stress tensofiously observed on photoelastic visualizati¢ig The mi-
obey theelliptic partial differential equatiofPDE). Another  crodisplacements frames are claimed to be mainly related to
class of models, called oriented stress lineaf@®BL) mod-  the orientation map of the local forces induced by the over-
els questions the existence of an elastic regime and proposégad. A simple model is developed to test this relationship.
rather to put the force chain’s role forward, which leads to
hyperbolicPDE[3]. Finally, the last class of models, referred
to asq models, assimilates the packing to a regular lattice
where the force—considered only through its vertical The experimental setup is illustrated in Fig. 1. It consists
component—is transmitted randomly from a given grain t0of 3 fixed drum of diameteD,=45 cm and variable thick-
its two r_1eighbors bengath, which leadparabolicPDE[4].  ness 7, halffilled with steel beads of diameted=3
By leading to PDE qfdn‘ferent nature, these three approaches g 03 mm, of Young modulu®’ =200 GPa and of mass
are mutually exclusive. m=0.11 g. For such geometry, the stresgesp. displace-
How to test the competing models? The best way wouldnentg can be assumed to vanish at the free surfaesp. at
be .to measure the st_ress response function unde( a layer @fe drum lower boundarigs Three kinds of packings are
grains qf constant th_|ckne$$ perturbed by the addition of investigated:(a) a two dimensiona2D) ordered packing
an infinitesimal localized overload at the free.s'urface; OSloptained by setting=3.05 mm and by placing an item with
models foresee that the pressure profile exhibits peaks 4 half hexagon shape in the lower half part of the drum; the
whose width increases agH, separated by a distance in-
creasing linearly withH. For the same configuration, both
elastic model and) model predict the existence of a single
peak whose width increases linearly and as square rddt of
respectively. Several experiments have been performed with
this aim in view using either synchrone detectjéh or pho-
toelastic visualizatior{6,7], but they have not allowed to
clarify definitively the question. Depending on the investi-
gated system, either tleemodel[6], the elastic modd]5,7],
or the OSL mode]7] predictions are recovered. The stage of
disorder in the packing appears as a crucial parantél,
but its influence remains far from being understood.
Neither experimenf5,6] allows one to control the disor-
der in the packing. Moreover, the photoelastic experiments
[6,7] present the drawback of considering soft grains, with a FIG. 1. Sketch of the experimental setup.

Il. EXPERIMENTAL SETUP

variable weights

continuous light source
camera
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is 480X 420 pixels, one pixel corresponding to 0.224 mm.
The two sequences are first averaged. This process allows
one to greatly reduce the noise caused by lighting fluctua-
tions or drum and camera intrinsic vibrations. The two re-
sulting frames are subtracted, and then binarized. The beads
that have moved when the tube was retrieved are then dis-
tinguished. Application of this frame processing to the mo-
tion of a bead translated with a micrometric translator shows
that microdisplacements superior to 20n are spotted un-
ambiguously. This should be compared to the size of the
cage where each bead is confined. In the packing of maximal
volume fraction, the packinga), this size is given by the
scattering in the diameter and sphericity of beads, which is
around 30um. The microdisplacements entailed by the
overload can then be localized but cannot be quantified. Each
experiment is performed ten times by laying the rod to dif-
ferent places. All experimental results presented below are
averaged over these ten realizations.

IIl. MICRODISPLACEMENTS DISTRIBUTION
IN THE PACKING

Typical frames of the beads micromoved by the overload
are represented in Figs(d-f) for packing(a), (b), and(c),
respectively. For all these packings, the number of displaced
beads increases with the overload. In the ordered packing
[Fig. 2(d)], moving beads stand preferentially on either side
of the overload: a dark triangle, i.e., an area without any
microrearrangement, can be observed at the vertical of this
one. This suggests this in that kind of packimformation
of the overload existence propagates more likely along pref-
erential directions. Beads close to these directions feel in a
gtronger way the overload presence than the ones—rather

FIG. 2. Distribution of the displacements in different packing
with a small overload put at the free surfata, (b), and(c) are the
raw frames of a 1D triangular packing, a 2D disordered packing
and a quasi-2D disordered packing, respectisle text for de-
tails). The insets present the corresponding 2D FFT transforms. Th . . . e
six peaks observed if®) are the signature of the triangular packing. Closer—just _below it. In the_ disordered packirifigs. .
These peaks become blurred in the disorder 2D packimgand Z(e,ﬂ], the tnangula_r pattern disappears and the "‘,‘rea SESE
disappear in the quasi-2D packifg. The figures(d), (¢), and (f) tive to the perturt_)atlon takes the shape of a half disk. Beads
present the displacements distribution in packif@s (b), and(c) ~ are all the more liable to rearrangements as they are close to

when an overload of massl=1120 (adimensioned by the bead the perturbation source, without any noticeable anisotropy.
mass is added at the center of the free surface. These observations can be compared to the photoelastic

visualizations of Genget al. [7] exhibiting a propagative
packing is then monocrystalline with beads forming a trian-component in the stress response to a point force for ordered
gular lattice[Fig. 2@)]; (b) a 2D disordered packing by re- packings whereas such stress response is more like the one of
trieving the half hexagon from the previous packing and byan isotropic elastic material for disordered packings. Beads
adding randomly 100 cylinders with diameter of 5 mm. Themicrodisplacements are then conjectured to be driven by the
crystalline grains size is then about 50 beads diamékgs  following scenario: The overload induces an additional force
2(b)]; (c) a quasi-2D disordered packing by setting component to each bead. When this last one is oriented to-
=7 mm. Only beads in contact with the transparent sidevard the boundaries of the drum, the bead motion is only
wall of the drum can be actually seen. This 2D cut of a 3Ddue to contact deformatioa few nanometers for grains of
packing is then completely disordergeig. 2(c)]. The local- Young ModulusY=200 GPa). Such displacements are too
ized overload consists of a rod with a plate on which differ-small to be detected by our visualization method; but when
ent weights can be placed at its upper tip and a pad whickhe force component is oriented toward the free surface and
allows one to spread the overload on five to seven beadsufficient to lift the beads layer above it, displacements with
depending on the packing geometry at its lower(fjg. 1).  an order of magnitude of the cage size, i.e., (30, are
Beads are lighted via a continuous halogen lamp. The rod igxpected and can thus be detedtd].
put carefully at the center of the free surface of the packing.
A first sequence of 100 frames of tkenstrainedpacking is
recorded via a fast camera at a sampling rate of 250 Hz. The
rod is then retrieved very slowly. A second sequence of 100 Now we propose to test this interpretation. Several mod-
frames of thefree packing is recorded. The frame resolution els have been proposed to explain force distribution in a

IV. TOY MODEL
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The force network is then built in a hierarchical manner.
Each overloadwn(t) has one parent and two children. The
half-width L and the heigh#H of the packing are set th
=100 andH =100, respectively, in bead size units. When a
load reaches the boundary or the free surface, it does not
propagate anymore. Boundaries are thus perfect absorbing
boundaries. The number of transmitted load grows very rap-
idly as the network is built. A cutoff is then introduced.
When the norm of a load becomes smaller than a threshold
(b) w,=10*, this does not propagate anymore. The simulation

stops when all the loads are smaller than. _

FIG. 3. Propagation rule of the overload from a given bead to  DUring the simulation, a bead can get a loag'®: at a
two of its neighbors(a) The orientationp of the loadw determines ~ given timet whereas it has already acquired a Imqe"l’tl
the two neighbors?; and P, which will support this chargeth)  at a timet; anterior tot [12]. In this case, the bead will
The orientationsp,; and ¢, of the two children charges resulting  transmit on|y the |OadNteiLDt since the Compoﬂew‘ytleiq’t1

from the transmission coincide with the two contact orientatigns has already been transmitted in the gas]. At the end of
?;Sd ‘éét?vte‘l"'hmh two random numbers and 5 have been added, o gjmjation, the final load of this bead will be the sum of
P y all the loadsw,e'®t it has got during the simulation.

granular packing4,8,9), but, to our knowledge, none of After the simulation completion, one gets for each bead
them allows one to account for beads microdisplacements. IR =(X,Z) the overload given byw, ). A new quantitys
this context, a minimal toy model has been developed. It@ssociated to each bead is then introduced with account for
aim is not to reproduce quantitatively the observations, buthe bead displacemené=1 when the bead has moved and
rather to account qualitatively for the role of the disorder-6=0 in the other case. The only free surface is for0
controlled through a small set of parameters, ideally a singl&here beads can move in the semi-infinite plare0. A
one-on both stress and displacements response functiorBgad located a®=(X,Z) will thus move if thez projection
This model is described precisely in R¢L1] and summa- of its total applied forcev;,, =W+ w is negative (v, cor-
rized below. responds to the force component applied to this bead in the
Grains are placed on a triangular lattice. Each grain isabsence of the surchajgéAssuming thatH is large com-
located through its coordinateXZ) (Fig. 3. An overload pared to the width of the zone sensitive to the overloggis
is then applied on the grain at the surface at the center of thgiven on average by the hydrostatic pressure on this point:
lattice. The generated additional forces are characterized byoz(llr)(Zl\/§)Z wherer denotes the ratio between the ini-
three quantities: the positidd=(X,Z) of the bead to which tial force F=1 and the bead mass. Tl&variation is then
it is applied, the normv of the additional force and the angle given by =1, whenw sin(¢—m/2)=(1/r)(2/y/3)Z and &
& between this force, and the vertidariented from top to =0 otherwise.
bottom). A force F=1 is first applied to the bead O at the A numerical experiment is thus developed according to
surface at the center of the lattice. This bead acquires atwo steps:(1) One simulates the distribution and the orien-
overloadw(t=0) defined byP=(0,0), w=F, and®=0. tation of the overload entailed by a forEe=1 applied to the
This overload is transmitted to two of the bead neighbors abeadP(0,0). (2) The displacements entailed by these over-
the timet=1, which then transmit their overload to two of loads are then simulated. For a given set of parameys)(
their neighbors and so on. To be more precise, at a giveboth overload and displacement field are averaged over 50
time t, the overloadw(t) =(P,w,®) applied to the bead different numerical experiments.
=(X,Z) and created to the last time step is transmitted to the Figures 4a,b present the simulated overload fields ob-
beadsP; andP, associated to the contact orientatighand  tained for two values 0®. For triangular packings, disorder
,, the closest ofb [Fig. 3(a)]. Their locations X;,Z;) and is mainly dominated by the friction mobilization at the grain/
(X5,Z5) are thus given by;=X+siny, Zj=Z—cosy; for  grain contact. The angl® is then set to®=5°, which
i={1,2 where bothX andZ are adimensioned by the bead corresponds to a bead/bead friction coefficientg&0.1. In
diameter. In a triangular packing of identical perfectly the quasi-2D packing, disorder is maximal afdis set to
smooth beads, the two transmitted overload orientadign  ©® =30°. The model captures qualitatively the behaviors ob-
and ®, would coincide exactly withy; and,. To encode served experimentally by Genegt al. [7]. In a triangular
the disorder of the real packing as well as the existence of packing, the perturbation propagates along two preferential
friction component of the contact force and the beads polyeontact chains which make an angle of 60° between them. In
dispersity, two random angles; and a, are added;®; a disordered packing, these two directions exist for low
=i+ a; for i={1,2 [Fig. 3b)]. These angleg; are uni- depthZ, but they become blurred whehis increased.
formly distributed betweeh— ®,0 ] where the parameté Figures 4c,d) present the associated displacement field
guantifies the disorder stage in the simulated packing. Fifor the ordered packingg=5°) and the disordered packing
nally, the normsv; andw, of the transmitted loads are given (®=230°), respectively. The parametethas been set to
by the force balance of the bed® at the timet; we'® =1000 to be compatible with our experimental measures. In
=w,e'P1+w,e' 2, the triangular packing, the triangular pattern is reproduced
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and 14l for r=500, 1000, and 2000. The correct orders of
magnitude are recovered. Let us note, however that the lat-
eral extension of the sensitive zone is much more important
in the simulation than in the experiment.

V. CONCLUSION

In summary, the static of hard spheres packings has been
investigated experimentally through the localization of the
microdisplacements induced by a small overload added at
the free surface. The spatial ordering of the grains appears as
a key parameter, as previously reported by Gehgl. [7]
concerning the stress function response in soft photoelastic
grains packings. In the ordered packing, information of the

(©) 1

C))

FIG. 4. (Color) Mean distribution of the overloadsop) and of
the displacementéhottom generated by the forde. Model predic-
tionsL andH have been chosen to the=100 andH =100 and a
numerical experiment is averaged over 50 realizations. L@ft:

surface localized overload propagates along preferential di-
rections while the function response in disordered packings
is isotropic. The microdisplacements are conjectured to be
related to the orientations of the overloads induced by the

=5°. Forces propagate preferentially along two directions. Dis-perturbation, what has been tested through a toy model. Such
placements are confined into two triangles on both sides of the twgnethods allow one to probe extremely hard spheres packings
preferential lines. Right® =30°. The pattern disappears. contrary to photoelastic measurements and may provide a
new test for the latest mode]8] of static stresses distribu-
qualitatively with displacements localized from one part totjon in granular packing. Another natural extension of this
the other of the two referential directions of force propaga-york is to investigate the microdisplacements generated by a
tion. When the disorder is increased, this pattern disappeargmall overload added on anclined free surface. In particu-
of the area where beads can move decreases with increasigge of the area containing the moving beads when the incli-
extension of the moving area has been also investigated, witlrection is underway.
r set to 500, 1000, and 2000 f@=5° [14]. These values
are compatible with the ratio between the overload nmMss
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