CHAPTER 6

Summary and conclusions

"Granular materials’ is a field of study which involves the investigation of the
physical behavior of granular materials, which are collections of particles such as sand,
powders, macaroni and piles of trees. Granular materials have unique properties due
to the nonlinear nature of the repulsive contact forces between the grains and the
geometry of the contact network. These materials can typically flow like a liquid,
but also support your weight like a solid with different environmental circumstances -
think of sand in an hourglass or on the beach.

Grain size, packing order, polydispersity, grain stiffness, friction, connectivity and
cohesion are all local granular properties that can be altered to tune the response of
a larger ensemble of grains. In this thesis, we aimed to stress that the Poisson’s ratio
is an additional granular property with tremendous consequences to the tunability of
the entire granular material’s response - despite being largely overlooked in earlier
studies. The Poisson’s ratio of a granular material is mostly close to 0.5, meaning that
the volume of an object is conserved. Compressing the object leads to the dilation at
the sides - the material becomes broader. In the past three and a half decade, the
field 'metamaterials’ has provided novel, auxetic materials - materials which display
negative Poisson’s ratios.

In Chapter 2, we incorporate auxetic structures in the individual grains to
create 2D disks which shrink radially when compressed. Based on competing effects
of varying the shape or the area of a grain, we were able to construct a simple but
effective numerical model where the Poisson’s ratios can be selected over the whole
spectrum, from -1 to +1. Both numerical and experimental grains are extensively
characterized.

In Chapter 3, we studied global granular properties of packings which consist
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out of the newly created auxetic grains. As these grains shrink radially in the presence
of an external pressure, they tend to reduce contact with neighboring grains. This
reduces the connectivity and therefore rigidity in the material significantly. Auxetic
packings are shown to be easy to compress, flow better and have more frequent and
smaller avalanches by reducing the released stress as well as the amount of grains

involved.

In Chapter 4, we study the granular mobility for auxetic packings. By tracking
all individual grains with a very accurate machine learning algorithm, we show that
auxetic grains move easily even when the packing density is initially high. Shearing
a packing of regular grains with a high packing density is difficult as the mobility of
the grains has been reduced. However, when shearing a packing of auxetic grains, the
stress induced by the Reynold’s dilatancy causes the grains to shrink. This means
that the grains effectively adapt to large confinement by lowering the packing fraction

- the packing can still flow well.

In Chapter 5, we presented a 3D auxetic grain design. Shrinking the radius
now has a much stronger effect to the volume of the grains. In a packing this is shown
to translate to a serious increase of the compressibility. The increased compressibility
is observed to be directly linked to more dissipated energy. The auxetic grains
increase both the compressibility and energy dissipation of a packing over an order
in magnitude. Moreover, by mixing an increasing amount of auxetic grains in normal
packings, the amount of compressibility and energy dissipation scales with the ratio of
the auxetic grains. This allows for tuning of both quantities by to obtained packings
with desired compressibility and dissipation for in with a substantial range of multiple

orders of magnitude.

In each chapter, a different facet of the impact of the Poisson’s ratio to the
global response of granular packings is brought to the attention. In this perspective,
this thesis has served as a first exploration. The Poisson’s ratio is shown to allow for
tuning a granular packing into an uncommon direction well worth noting. Whereas
most local changes in granular properties result in more stable or denser structures

which limit flow in a packing, auxetic grains instead enhance flow.

However, further exploration is strongly encouraged. We envision that negative
Poisson’s ratio grains are not only interesting to study from a purely fundamental
point of view, but also when considering applications in a broad range of industries

including the powder industry, construction industry and transport industry. We
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strongly believe that the designs presented can be improved to achieve strong auxetic
behavior for even larger compressive strains. Moreover, granular auxeticity could
be paired with other local granular properties to further enhance the tunablility we
have achieved. For example, a buckling mechanism could be constructed to obtain
bistable grains, which might lead to a sudden jump in the packing fraction. Also, the
large strains in the presented packings could be accentuated, for example by using

viscoelastic grains to introduce a strain rate dependence in the packings. There are

most certainly many more directions to be explored which are beyond our imagination.

Let these final words serve as an encouragement for anyone who is in for an exciting

challenge!




