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Abstract. In this work we studied the effect of cyclic loading on a granular packing by means of numerical
simulations and experiments. A confined packing of glass beads was prepared and one of the walls was moved
cyclically with a prescribed amplitude of the order of the particle diameter. Different amplitudes were tested,
and their effect on the free surface evolution, the force transmitted to the moving wall and the displacement
patterns in the material was characterized. Discrete numerical simulations were also carried out with the specific
purpose of evaluating the effect of the particle shape on the dynamics of the system. The displacement amplitude
of the moving wall was shown to increase the maximum force experienced at the end of the compressive phase
of the wall movement; the angularity of the particles had a similar effect. Force-wall displacement curves
displayed a peculiar hysteretic behavior. The evolution of the system towards an asymptotic state was shown
to be faster for spheres than for angular particles; the latter displayed an interesting long-time evolution of the
force-displacement paths which deserves deeper investigations.

1 Introduction

Granular ratcheting is an interesting phenomenon which
arises spontaneously when a granular material is subjected
to cyclic loads or, more generally, to cyclic strains. It
consists in the accumulation of irreversible strains in the
granular mass and in a modification of its mechanical re-
sponse. The effects of granular ratcheting has been shown
in the form of convective flow [1, 2], densification, soil
settlementand a stiffening of the soil-structure interaction
(SSD) [3]. This evolution of the soil under cyclic loading
is mainly due to the rearrangement of the initial packing
and could be an important aspect to be considered for the
vulnerability of the underground structures. From an en-
gineering point of view it is important to understand and
predict this change of the soil behaviour under cyclic load-
ing especially in the long-term SSI problem. In this paper,
in order to characterize the ratcheting phenomenon, joint
laboratory tests and DEM simulations of a granular pack-
ing subject to the cyclic displacement of a lateral wall were
carried out. We focused on the effect of the displacement
amplitude and of the particle shape on forces transmitted
to the moving wall, and on the macroscopic motion of the
granular mass. In the following we first discuss experi-
mental conditions and setup, and then introduce the nu-
merical method.
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2 Experiments
2.1 Experimental set-up

Experimental tests were performed using a glass box of
size L = 150 x W = 50 x H = 90 mm in which one of
the lateral walls was cyclically moved with a prescribed
amplitude (see Fig. 1 for a sketch of the set-up). Glass
beads were poured in the box and then leveled to reach a
material height of 90 mm.

All tests were conducted in quasi-static conditions
with (dx/dfmax < 1073 mmy/s by means of a manual in-
built micrometrical screw, equipped with precision bear-
ings to avoid slack and a load cell in order to record the
horizontal lateral force. A triangle wave horizontal dis-
placement was imposed by the screw with different am-
plitudes. The materials used in the tests discussed here
were glass beads (soda-lime silicaglass) with an average
diameter of 1.5 mm. Results from other tests (for dif-
ferent materials and particle diameters), and more infor-
mation regarding the preparation and conduction of the
tests can be found in [2]. The present paper will focus
on two amplitude/particle diameter ratios (named A/D in
the following) equal to 1 and 0.50. For each A/D value,
50 wall displacement cycles were performed. A digital
camera Canon EOS 400D equipped with EF-S 18-55 lens
was placed perpendicular to the box in order to capture the
grain motions behind the transparent wall. The image se-
quences were analysed with an image analysis module for
MATLAB called GeoPIV_RG [4], which implements im-
age cross-correlation algorithm to identify the motions of
a grid of image patches.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution

License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. (a) Experimental device. A L = 150xW = 50xH = 90
mm rectangular cuboid is filled with a granular material (glass
beads). One of the lateral walls is cyclically moved with a given
amplitude in quasistatic conditions. (b) Typical profiles of the
horizontal force exerted on the wall as an function of the wall
displacement.

2.2 Experimental results

Due to the periodic displacement of the wall, the force ex-
erted by the material on the wall has a typical hysteretic
evolution, which is sketched in Fig. 1. During the (pas-
sive) compression phase, the force increases progressively
with the wall displacement, while in the (active) relaxation
phase the system follows another path, characterized by
lower values of the force. The hysteresis loop evolves
during the cycles. Figure 2 displays the evolution of the
maximum passive thrust (i.e. the maximum force exerted
during each compression cycle of the wall displacement)
with the number of cycles. It is evident that the maximum
force increases with the number of cycles, and that an in-
crease in the displacement amplitude yields an increase in
the force. It is reasonable to expect that the maximum pas-
sive thrust will reach an asymptote for a sufficiently large
number of cycles. In our experiments the maximum num-
ber of cycles was not sufficient to characterize this long
time behavior of the ratcheting phenomenon.

Figure 3 shows the free surface profile after 50 cycles
for the two values of A/D introduced above. It is clear that
both tests show a settlement of the granular material close
to the moving wall. This settlement is only slightly higher
the larger the amplitude.

The convective flux induced by the cyclic displace-
ment of the lateral wall can be appreciated by tracking the
position of a grid of patches in the sequence of images
taken when the screw passes at the zero position. This
is shown in Figure 4. It is clear that the larger displace-
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Figure 2. Evolution of the maximum passive thrust (i.e. the
maximum force exerted during each compression cycle of the
wall displacement) with the number of cycles.
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Figure 3. Free surface profiles after 50 cycles, for 1.5 mm glass
beads with A/D = 1 (green line)and 0.50 (red line). The dashed
line corresponds to the initial surface level.

ment amplitude displays a larger permanent displacement.
Most of irreversible strains are just behind the moving wall
where the particles move exhibiting a net vertical displace-
ment, which is not due to a simple gravitational densifica-
tion, since it persists at each cycle. Deeper particles near
the wall deviates from the vertical, and the horizontal com-
ponent results larger for larger displacement amplitude. In
the middle region of the sample the material moves with
different magnitude but approximately with the same di-
rection. Far away from the wall the cumulative displace-
ment is gentle and diagonal-upward, compatible with a
passive stress condition. No closure of the convective flux
(i.e. permanent displacement towards the wall) is detected
near the ground surface during the tests. This is very likely
consistent with the lack of an asymptotic behaviour in the
maximum passive force trend.

3 Numerical simulations
3.1 Numerical method

Numerical simulations were performed using the non
smooth contact dynamics method [5], as implemented in
the LMGC90 open source framework [6]. Simulations
were carried out in a rectangular cuboid geometry of di-
mensions L = 30d x W = 10d x H = 20d, where d is
the particle characteristic length. Simulations were per-
formed in dimensionless units with lengths rescaled by d,
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Figure 4. (top) Paths of the irreversible displacements after 50
cycles obtained by crosscorrelation PIV, for two values of the

displacement amplitude. (bottom) Focus on some peculiar paths
with the letters referring to the top picture.

time rescaled by \/57 , masses rescaled by pd>. In order
to study the effect of the the particle shape on the ratchet-
ing phenomenon, two types of monodisperse granular par-
ticles with different shapes were used in the simulations
(spheres, and pinacoids, as sketched in Fig. 5). The pina-
coid is an example of a very angular particle which was
already discussed by Camenen et al. [7]. The one cho-
sen in this work has all the three axis equal to 4 and a
side angle of 60°. Contacts were modeled as inelastic with
a particle-particle and particle-wall friction coefficient of
Hp = Mpy = 0.5. The initial packing was obtained by
a rainfall simulation with a stability criteria of total ki-
netic energy over total potential energy less than 1078,
Once a stable packing was reached, the ratcheting simu-
lation started. This paper will present two different nor-
malized displacement amplitude A/D = 0.5 and 1 tested
for each particle shape. The same displacement pattern
starting from (A/D)/2, inverting the motion and approach-
ing —(A/D)/2 was imposed for 100 cycles. Wall velocity
was maintained constant and slow to simulate quasi-static
conditions. In order to have approximately the same ini-
tial level independently of particle shape, the number of
particles was different between spheres (N = 5590) and
pinacoids (N = 5990).

3.2 Numerical results

The evolution of the free surface profiles with the num-
ber of cycles for different particle shapes and displace-
ment amplitudes is shown in Figure 5. It is clear that
the largest part of the evolution occurs between 1 and 50
cycles, and that particle shape strongly influences the fi-
nal surface shape. Increasing the angularity of particles
yields a more pronounced surface variation. Moreover, as
it was shown in experiments, increasing the displacement
amplitude yields a slightly more pronounced variation of
the surface profile. The surface variation is more impor-
tant than in the experiments; this is probably an effect of

A/D=1

z[d]
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Figure S. Free surface profiles for different cycle numbers for
simulations with different particle shapes and displacement am-
plitudes.

the difference in the ratio between particle size and system
dimension.

In figure 6a, the maximum passive thrust obtained
from the simulations is plotted as a function of the num-
ber of cycles. The force displays strong fluctuations from
one cycle to the other, probably due to the relatively small
system size in terms of number of particles. However, we
can see that an initial increase of the force is followed by a
nearly constant value for all the simulations after approxi-
mately 50 cycles. This is consistent with the fact that free
surface displays only a small evolution after 50 cycles, as
it was shown in Figure 5.

The force-wall displacement profiles for spheres (Fig.
6b) confirm this point. Between 50 and 100 cycles, the
force-displacement curves follow nearly the same hystere-
sis loop. The system has reached an asymptotic state. As
regards pinacoids (Fig. 6c¢), however, even if the free sur-
face displays little evolution and the maximum force is rel-
atively constant, the hysteresis loops definitely continue to
evolve from 50 to 100 cycles. While displaying nearly
the same final value, the force displacement curve during
the compressive phase is characterized by an increasingly
nonlinear path, with a steeper evolution. The total work
needed to move the wall in a compressive cycle seems to
decrease. As concerns the effect of displacement ampli-
tude, Fig. 6a shows that the larger the A/D value the larger
are the forces, as it was shown by the experimental results.
Particle shape also affects the maximum force values, with
the angular particles displaying larger values of the force.

4 Conclusions

In this work we studied the effect of cyclic loading on a
granular packing by means of numerical simulations and
experiments. A packing of glass beads confined between
four lateral walls was prepared and one of the walls was
moved cyclically with a prescribed amplitude of the or-
der of the particle diameter. Different amplitudes were
tested, and their effect on the free surface evolution, the
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Figure 6. (a) Maximum passive thrust as a function of the num-
ber of cycles for spheres, pinacoids and two values of the dis-
placement amplitude A/D. (b-c) Hysteresis loops for spheres (b)
and pinacoids (c) with A/D = 0.5 at different cycles

force transmitted to the moving wall and the displacement
patterns in the material was characterized. Numerical sim-
ulations by the nonsmooth contact dynamics method were
also carried out with the specific purpose of evaluating
the effect of the particle shape (spheres vs angular parti-
cles) on the dynamics of the system. The displacement
amplitude of the moving wall was shown to increase the
maximum force experienced at the end of the compressive
phase of the wall movement; the angularity of the particles
had the same effect. The evolution of the system towards
an asymptotic state was shown to be faster for spheres than
for angular particles; the latter displayed an interesting
evolution of the force-displacement hysteresis loop which
is probably related with microstructural changes and de-
serves deeper investigations. The effect of system size and
other particle shapes will also be addressed in the future.
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