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Abstract. In this paper, we report experimental results on granular compaction in a model system made of

mono- and bidisperse ellipsoidal packings as well as sand packings with grain size polydispersity. The packings

are subject to vertical tapping of varying duration (number of taps) and their internal three-dimensional structure

is obtained using x-ray computed tomography. Particles positions and orientations are reconstructed and the

global packing densities are computed. The analysis of the vertical and horizontal local packing fraction profiles

reveal a homogeneous densification in the ellipsoidal packings, however, sand packings exhibit radial density

gradient, possibly linked to the onset of convection.

1 Introduction

Granular materials are large conglomerations of discrete

macroscopic particles. Yet despite this seeming simplic-

ity, a granular system exhibits complex behaviours, such

as size segregation [1], dilatancy [2], creep [3, 4], glassy

behaviour [5, 6], shear banding [7] and pattern formation

[8, 9]. There are a number of factors that are responsible

for this rich diversity; chief amongst them are: grain-grain

friction, grain size distribution and particle shape1. Fric-

tion introduces a sharp nonlinearity in grain contact laws

resulting in complex energy dissipation mechanisms. Par-

ticle shape and size distribution are two other primary pa-

rameters that determine granular properties at both micro-

and macro-scale.

One particular physical phenomenon that has funda-

mental scientific value as well as outstanding industrial

applications is the process of granular compaction. Under-

standing the connection between granular compaction and

the slow relaxation of such out-of-equilibrium a-thermal

systems [10], is one of the main themes of the field of

Soft Matter [11, 12]. On the application side; due to the

fact that granular compaction results in porosity reduction

(increase in packing density) and permeability changes,

it has become the research focus for pharmaceutical and

transport industries. In geomechanics and carbon storage,
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1Assuming rigid particles.

granular compaction and deformation of soil and rocks are

the key mechanisms in predicting landslides [13] and long

term safety of carbon storage [14].

Characterisation of compaction process at the grain

scale is complex due to the addition of the time dimension.

As the compaction takes place in a granular medium, the

structure settles down in a permanent but metastable static

configurations. A large part of the problem arises from

the strongly nonlinear contact law between continually re-

arranging rigid bodies coupled with the dynamical nature

of the contact network. In this context, the spatial distribu-

tion and temporal evolution of the free volume available to

individual particles is a salient quantity that expands from

micro- (local Voronoi volume) to macro- (global packing

density) scales.

Microscopic (grain-scale) models for granular materi-

als need to incorporate physical parameters that are perti-

nent at the particle scale such as friction coefficients, com-

pressibility, etc. They also need to take into account distri-

bution properties such as the variability in grain size and

shape. In this paper, we aim to reduce the model complex-

ity to essential ingredients by identifying the key mecha-

nisms at play that govern the granular compaction. The

key question we aim to address is the extension of the

’zero-th order’ model –the spherical case– to model with

first- and second-order complexity. Recent years have seen

many studies addressing the effects of the particle shape

while maintaining uniform particles. Ellipsoids [15, 16],

tetrahedra and polyhedra, pear-shaped particles, etc. have

all been investigated. There has also been substantial in-
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Figure 1. Pharmaceutical placebo pills with two different aspect

ratios

vestigations into physical properties [15] that specifically

change the compressibility [17].

Here, we focus on a different effect, namely the the

compaction of bidisperse ellipsoidal & spherical particles

via tapping. In addition, we study compaction in sand

packings to better understand the effect of particle shape

irregularity. We investigate the effect of mixtures of el-

lipsoids of identical aspect ratio but different size. Evi-

dently, the question of particle size distribution has been

addressed before in systems of spherical particles, specif-

ically in the context of glass forming systems [18, 19], as

well as in the Apollonian packings [20, 21]. Also, in stud-

ies of two-dimensional glass forming systems, bidispersity

is a very commonly used tool to prevent crystallisation.

However, the effect of size polydispersity of ellipsoidal

packings is not extensively documented in the literature,

even though it may have strong repercussions e.g. for the

Voronoi cell distributions and hence local packing frac-

tions.

Our results have practical applications in domains such

as pore description in soil- and geosciences [22], which are

crucial for understanding natural systems mechanical sta-

bility and flow permeability. Moreover, at a fundamental

level, our results provide an opportunity to better our un-

derstanding of the non-equilibrium physics of compacting

granular assemblies.

2 Experiment

To study the properties of bidisperse ellipsoid packings,

we use two types of pharmaceutical placebo pills with an

aspect ratio α ≈ 0.57 and large axis lengths of 8.9 mm and

10.2 mm, as shown in figure 1.

We start the preparation of the packing by poring the

particles through a funnel into a cylindrical Perspex con-

tainer of 144mm diameter, as shown in figure 1. A set of

steel wire grids has been placed at the bottom of the con-

tainer before the fill. The circular grids have a square mesh

size of ≈ 20mm, spatially separated by ≈ 25mm in height

and their mesh orientation is rotated by 45degrees with re-

spect to each other. During the filling process, the con-

tainer is placed on a motorised, slowly rotating platform

(≈ 0.2 Hz) to create a homogeneous and isotropic packing.

The grid is slowly pulled out to loosen packing before the

Figure 2. Loose packing preparation

experiments. As shown in figure 3, this technique leads

to a reproducible initial condition with a global packing

fraction of 0.655± 0.002. This preparation method is sim-

ilar to the technique used for the study of monodisperse

ellipsoidal particles [15].

The container is subsequently mounted atop an

electro-dynamic shaker (TIRA TV51140). This 3kN

shaker has a comparatively large diameter, 300mm arma-

ture which provides excellent lateral stability. The ac-

celeration at the container base is measured using an ac-

celerometer (B&K 4507, 1000mV/g) via the shaker sys-

tems motion controller (Vibration Research, VR9500).

The packings are now compacted by applying sinusoidally

shaped pulses to the shakers linear amplifier. The chosen

peak acceleration of 2 g (where g = 9.81m/s2) is higher
than the earth’s gravitational acceleration to allow the par-

ticles to move and rearrange [10]. The pulse width is 50

ms with a repetition rate of 3 Hz. By varying the number of

taps from 0 up to 1,000,000, packings of different densities

are created, see figure 3. Each experiment (dataset) starts

with a new initial preparation. Packings of 0 taps (initial

loose packings), 100 taps and 1,500 taps are repeated sev-

eral times to assure consistency. The variation in packing

fraction is less than 0.5% for the initial packings reduces

to 0.05% for 1500 taps.
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Figure 3. Number of taps vs. global packing fraction. Data of

monodisperse and bidisperse ellipsoids is shown, as well as data

of Ottawa sand packings. The orange curve is the best fit of the

KWW law, see equation 1.
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Figure 4. Radial and hight profile of the packing fraction for tapped packings of bidisperse ellipsoids and Ottawa sand. r is the radial
distance from the rotation axis of the container and z the height from the bottom of the container in voxel units. Voxel size is 56μm for

ellipsoids and 9μm for sand. The local packing fraction is averaged over all particles in each bin.

The resulting packings are imaged by helical x-ray to-

mography [23–25] and the particles positions and orienta-

tions are detected in the reconstructed image by a method

based on a watershed algorithm [26, 27]. Particles close

to the boundaries (cylinder walls, top and bottom) are re-

moved from the analysis. The resulting packing is checked

for spatial homogeneity in packing density. As a second

dataset we show packings of Ottawa sand. The diameter

of the sand grains is between 500 and 1000μm. Loose sand

packings are prepared in the same way as the bidisperse el-

lipsoid packings, by pouring the particles in a cylindrical

Perspex container of 24mm diameter and pulling a dou-

ble grid through the packing to loosen it. The packings

are again compacted by sinusoidal taps with peak accel-

eration of 2g. Figure 3 shows the global packing fraction

vs. the number of applied taps for the bidisperse ellipsoid

packing and the packings of Ottawa sand. As a reference,

we include data for packings of monodisperse ellipsoids

with approx. the same aspect ratio α = 0.59 prepared with
a similar preparation method, which was published else-

where [15].

3 Results

Figure 3 indicates that both systems show densification

and density saturation, however, the ellipsoidal packing

shows a very slow density saturation with a gentle change

of densification starting at ≈ 10 taps and another transi-

tion to density saturation at ≈1,000 taps. The sand pack-

ing, however, exhibits a relatively sharp transition from

the onset of densification (≈ 15 taps) to density satura-

tion at ≈ 50 taps. The slow densification in the ellipsoidal

packings is reminiscent of relaxation and compaction dy-

namics in glassy systems, which are commonly fitted

by a stretched exponential law, the KWW (Kohlrausch,

Williams, Watts) law [10, 12]

Xinf − (Xinf − X0) ∗ exp
[
− (

#taps/τ
)β]

(1)

Figure 3 shows a fit of the KWW law to our data of bidis-

perse ellipsoids, which is in very good agreement. In con-

trast, the global packing density in the sand packing, how-

ever, fully saturates at ≈ 50 taps.

To better understand this sharp contrast in the be-

haviour of global packing density, we compute radial

(edge to centre) and vertical (direction of gravity) density

profiles in these systems by using Set Voronoi diagrams

[28]. The local packing fraction of a particle is defined

as the ratio between particles volume and its Voronoi cell.

Fig. 4 shows the radial and vertical density profile of se-

lected packings. The plots show that unlike the ellipsoidal

packing, the radial density profile of the sand packing is

inhomogeneous and the density monotonically decreases

towards the middle of sand packing. This is consistant

with our observation of sand pile-up in the middle of sand

packings after 15 taps. Both ellipsoidal and sand packings

exhibit homogeneous vertical density profiles.

4 Conclusions and future work

We have shown that using a “double-grid” mesh system

combined with pouring grains into a rotating container, we

are able to generate reproducible loose (initial state of tap-

ping) of bidisperse ellipsoid and sand packings. The pack-

ings are then subject to a fixed (2g) tapping with varying

number of taps. We compute the local and global pack-

ing density after each tapping stage. The ellipsoidal pack-

ings densify very slowly with the number of taps without

showing any sign of structural inhomogeneity. The sand

packings, however, exhibit sharp density-increase only af-

ter 15 taps and the global packing density saturates at 50

taps. By analysing the radial and vertical density profile of

the sand packings, we find strong structural inhomogene-

ity first appearing at 15 taps and increasing up to 50 taps.

The radial density inhomogeneity combined with our ob-

servation of the formation of sandpile in the middle of the

packings suggests that convection may be at play inside

the sand packings.

In sand packings, compaction slows down to almost

full saturation very quickly and we also observe convec-

tion. A possible reason for it is the frictional forces; be-
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tween the particles and the container walls, which are more

crucial because the sand particles are much smaller and

lighter than the placebo ellipsoids. We are currently study-

ing the effect that container roughness migh have on the

onset of convection and the compaction of sand packings.

Another future direction is to study the effect of friction

by using ellipsoids of the same size and shape but different

materials. Furthermore, we aim to investigate particle size

segregation by varying experimental parameters.
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