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Abstract. By subjecting a granular assembly to confining pressure, it is expected that each particle is com-
pressed (positive pressure). This study highlights a situation where some particles find a mechanism to find
themselves in tension (negative pressure), while the sample is compressed. This state is achieved by packing
elongated rod-shaped particles in a cylindrical box and applying an uniaxial compression. Using discrete ele-
ment simulations with the code Rockable, able to model sphero-polyhedral shapes, an analysis is conducted to
characterize this striking feature at first glance. The particle length are varied to show at which elongation ratio
the long range interactions become sufficient to allow for friction to pull the particles, i.e., make the negative
grain-pressures emerge. A relation linking the orientations of negative grain-pressures to the loading direction

is presented through statistiscal analyses.

1 Introduction

Cohesionless granular materials, when subjected to con-
fining pressures, are typically expected to experience a
positive compressive pressure, with each individual par-
ticle being compressed. However, our recent observations
indicate that, under certain conditions, cohesionless fric-
tional particles within a granular assembly can experience
tensile (negative) pressure, even when the overall sam-
ple is under compression. While some studies, such as
[1, 2], also report negative pressures in compressed sam-
ples, those cases involve adhesive forces between the par-
ticles, which differs from our scenario. This phenomenon,
although counterintuitive, arises from the specific arrange-
ment and interaction of particles within the system. In
this study, we focus on a unique situation where elongated,
rod-shaped particles are packed into a cylindrical container
and subjected to uniaxial compression. Through discrete
element simulations using the code Rockable [3], capa-
ble of modeling sphero-polyhedral shapes, we investigate
the conditions under which these elongated particles expe-
rience negative pressures.

The concept of tension within compressed systems,
particularly in relation to the arrangement of rigid bod-
ies, has been extensively studied in tensegrity systems [4].
Tensegrity structures, which rely on the balance of ten-
sion and compression, offer a useful analogy for under-
standing the mechanical behavior of granular materials in
unusual stress states. In tensegrity systems, elements in
compression (typically struts or rods) are held in place by
a network of tensioned cables, with the system as a whole
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remaining stable despite the absence of traditional inter-
nal support structures. This analogy, suggests that certain
granular materials may exhibit similar behaviors, where
tension and compression coexist in a manner reminiscent
of tensegrity frameworks.

2 Granular model and sample preparation

This study is based on discrete element simulations. The
code Rockable, which is a discrete element code able to
model sphero-polyhedral shapes, was used. The initial
idea was to look at the stacking characteristics of longer
and shorter rods in relation to their length. To do so,
the rod-particles were shaped in a tube with round caps
as sketched in Figure 1. Figure 1 defines the parametric
sizes: thickness d (a constant value in the present study)
and cap-to-cap length ¢. One peculiarity of this form is
that, in addition to single-point contacts at the two round-
ends, multi-contact configurations can exist between the
rods. Apart from that, the treatment of frictional contacts
is quite classical. The normal repulsion force f,, is linear-
elastic of stiffness k,; the tangential force intensity f; im-
plies an elastic stiffness k, = k, up to a plastic yielding
threshold at |f;| = uf,, where u is the Coulomb friction
coefficient.
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Figure 1. Sketch of the parametric sizes of the rod-particles
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The procedure for setting up the samples followed a
well-defined protocol. In addition to defining a certain
control over the arrangement at the end of preparation,
its objective was also to limit the influence of the walls.
The rod-particles container was thus a cylinder to avoid the
rods alignment that can occur with parallelepipedic boxes
and the number of rod-particles was set so that the rod
length be at least 9 times smaller than the container diam-
eter D (D > 9¢) and the aspect ratio of the sample was
nearly 1 to 1.5 at the end. The minimum number of rods
N, was set to 10 000.

Usually, to create a sample by gravity, the particles are
arranged on a grid with random orientations in such a way
that they do not overlap. However, for the longest rods,
this method would result in excessive drop heights and
long simulation times during the preparation. Therefore,
an alternative technique was implemented using a geomet-
ric algorithm similar to the classical random close packing
algorithm for spheres (this algorithm is not detailed here
for the sake of brevity). A low solid fraction (¢ ~ 0.1) state
was initially generated before allowing the rod particles to
fall inside the box, with a stacking-dedicated friction co-
efficient of 1 (corresponding to a friction angle of 45°).
To minimize the influence of the walls, the Coulomb fric-
tion between the rods and the walls was disabled. Figure 2
shows 3 examples of prepared assemblies for £/d = 1.1
(nearly spheres), ¢{/d = 6 and ¢/d = 10.

¢/d =10.0

Figure 2. Example of generated assemblies.

Once built and stabilized (with gravity deactivated),
the inter-rod friction was maintained at u = 1, the stiffness
level k = k,/(Pd) was kept constant at 1000, and the sam-
ple was subjected to axial pressure P, with no lateral defor-
mation (oedometric conditions). The simulation was run
until the contact forces were sufficiently stabilized, with
stringent criteria:

e a well balanced static equilibrium of the forces f/~7 ex-
erted by surrounding particles j on each particle i
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o the symmetry of the moment tensors for all particles
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where xﬁlj is the @ = {x, y, z} component of the contact
point coordinates between grain i and j where stands the
/3 component of the contact force f; . V; is the volume
of the grain i, (p;) represents the average, taken over all
grains, of the mean stress acting on each grain i.

Each configuration, outlined in Table 1, defined by a
single rod elongation, was simulated 3 times with different
granular arrangements to increase the dataset and enhance
the robustness of the subsequent analyses.

f/d N, & fjd N, &

x10®  +0.05 x10°  +0.05
1.1 10 0.60 6.0 10 0.45
2.5 10 0.60 8.0 15 0.40
3.0 10 0.55 10.0 20 0.35

Table 1. Sample properties: number of particles N, and solid
fraction ¢.

3 Some micro-mechanical analysis

To characterize the rod orientations resulting from the
preparation protocol, as a function of the rod elongation
£/d, the probability distribution of the rod axis, projected
on the symmetry axis 7 of the sample, is plotted in Fig-
ure 3. This projection is referred to as |cosy |.

Figure 3. Definition of the orientation y of the rod axis with
respect to the vertical, and the angle 6 between a given principal
direction of the rod-mean-stress-tensor and the axis of the rod.

When studying the statistical distribution of orienta-
tions in three dimensions, we can represent it using a de-
composition in terms of Legendre polynomials:

+00

P(cosy) = > BuPx( cosy|) (3)
k=0
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For an expansion up to order 4, the coefficients B,
and B, characterize the amplitude of the anisotropy. The
orientation distribution is isotropic when B, = By = 0,

which corresponds to the conditions (cos?y) = % and
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Figure 4. Probability distributions of | cosy|, i.e., the projection
of the unit vector defining the axis orientations of rods onto the
vertical (see Figure 3), for different rod-elongations £/d. The
curve is a fit with Legendre polynomial function of order 4,
where A =+/B2+8 is representative of the amplitude of the ori-
entation anisotropy.

Figure 4 presents the probability distributions of
| cosy |, which represents the projection of the unit vector
along the rod axis onto the vertical direction. The distri-
bution is analyzed for various rod elongations, £/d. The
curve represents a fit using a Legendre polynomial expan-
sion up to order 4. The coefficients A =+/B2+82 quantify
the degree of anisotropy in the rod orientations. A higher
magnitude of these coefficients suggests stronger align-
ment along a preferred direction, whereas values close to
zero indicate isotropic orientation.

As €/d increases, we observe a transition in the dis-
tribution, with the anisotropy parameter evolving from
A = 0.2 (indicative of weak anisotropy) for nearly spher-
ical particles to A = 0.4 (moderate anisotropy) at larger
elongations. This increase in anisotropy may be influenced
by the cylindrical boundary of the container, despite pre-
cautions taken to ensure its diameter is nine times larger
than £. Nevertheless, the overall anisotropy remains rel-
atively limited. Additionally, comparing the fitted curves
with the raw data provides further insight into the accuracy
of the Legendre polynomial approximation in describing
the orientation distribution.

The rods are made of a tube and at each end of a
sphere, whatever the elongation £/d of the particle. When
two particles i and j are in contact, they are in contact via
their spheres and their tube: sphere-sphere contact, sphere-
tube contact and tube-tube contact. If two rods are in con-
tact via their respective spheres, the two spheres of particle
i can potentially be in contact with the two spheres of grain
Jj. In this case, the contact between the two rods is via two
contact points, i.e., the contact is double. This case is not
rare and is all the more frequent as the two spheres of the

same particle are close (£/d = 1). For {/d = 1.1, 7 % of
the contacts are double. This proportion decreases linearly
with £/d. It stabilizes at 3 % for £/d > 8.

The coordination number (Z*) — average number of
contacts carrying nonzero contact forces per particle — is
influenced by the packing fraction ¢ of the granular sys-
tem, as well as other factors such as the stiffness of inter-
particle contacts. In static systems composed of perfectly
rigid frictionless spheres, (Z*) = 6 when gravity is ab-
sent [5]. However, when inter-granular friction is consid-
ered, this value decreases below 6. For particles with com-
plex shapes, such as clusters of spheres as in [6], the av-
erage number of contacts per cluster lacks an upper limit,
as interactions between two clusters can involve multiple
spheres. It follows that the number of contacts is directly
related to the number of spheres constituting the clusters.
To make the coordination number independent of the parti-
cle composition (spheres or tubes), we define the average
number of contacts of particles in contact, (Z’), instead
of (Z*). In the simulations presented, when two rods are
in contact through two contact points, only one contact is
counted. For ¢/d = 1.1, we find that (Z') ~ 4.67, and it
reaches a constant value of (Z’) ~ 5.74 for £{/d > 3. No-
tably, £/d = 3 appears to represent a threshold value for
elongation, beyond which the inter-granular connectivity
becomes independent of the particle elongation.
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Figure 5. Probability density function of the mean normalized
particle stress for different particle elongations. Negative values
of p;/{p;) correspond to tensile stress. Note that (p;) is positive
due to the overall compressive loading. The inset shows a zoom
for normalized stresses ranging from -2 to 1. For ¢/d = 10,
pil{pi) < 0 for 3% of the rod-particles.

The contacts between particles carry both normal com-
pression and tangential forces, with the magnitudes of
these forces constrained by Coulomb friction. These two
components of the contact forces, defined in the local con-
tact reference frame, can also be expressed in the global
reference frame along with the coordinates of the contact
points. Therefore, once the forces f/~' and the contact
coordinates x" are computed over the set of contacts be-
tween grain i and other grains j, they enable the calculation
of the components of the stress tensor exerted on grain i.
A tensorial moment for each rigid element i can be com-
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puted using the following relation, and the average stress
tensor is obtained by dividing the moment tensor M; by
the volume V; of particle i

Mi=-)xlgf~ and o= M @)
i Vi

The symbol ® indicates the dyadic product. The sign con-

vention is chosen such that compression forces are repre-

sented by positive values.

We now focus on the average stress tensor defined
for each rigid rod-particle. Initially, the mean pressure
is determined as the first invariant of the tensor: p; =
trace(o;)/3. Figure 5 presents the statistical distributions
of normalized particle pressures, p;/{p;). The probabil-
ity density function (PDF) broadens as particle elongation
{/d increases. For p;/{p;) > 1, the PDFs exhibit an expo-
nential decay, similar to normal contact forces [7]. When
{/d > 3, the average stress can become negative, with
longer particles experiencing more intense negative pres-
sures. Conversely, for £/d < 3, pressures remain positive.
This is intriguing, as in a system of purely frictional parti-
cles under compression and shear, tensile stresses can arise
in sufficiently elongated particles.

As illustrated above, certain rods have been identi-
fied as experiencing tensile stresses. Here, we aim to fur-
ther characterize these specific particles. To achieve this,
we analyze how the principal directions of the stress ten-
sor interact with the rod-particle axis. The first, second
and third eigenvectors correspond to the principal stresses
(01 > 0 > 03). Figure 6 presents, for each ratio £/d, the
correlation between the magnitude of o-; (respectively 073)
and the angle 6 of the corresponding eigenvector relative
to the particle axis, regardless of the spatial orientation of
the stick (see Figure 3).

- -

0d =100 — -
£fd=8.0 —

£/d = 6.0

¢/d =30 i
0jd =25

fd=11—

o
v:/-""- -
%//// -y
3
-1 | i
0 15 30 45 60 75 90
[4

Figure 6. Averaged eigenvalues of the stress tensors (normalized
by (p;) > 0) acting on each grain versus the angle 6 between the
eigen vector direction and the particle direction.

This figure provides several key insights. For sam-
ples composed of short rods, £/d = 1.1, we observe that
o1 /{p;) = 2 for all 4, indicating that, on average, the major
principal stress does not exhibit a preferred direction along

the rods. A similar conclusion holds for o3, though with
a lower value of o3 /(p;) = 0.2. However, as the particles
elongate and {/d increases, anisotropy emerges, becom-
ing more pronounced with increasing particle length. This
trend appears to reach a peak at £/d = 8. For {/d = 8 and
¢/d = 10, the conclusions remain consistent: o /(p;) is
maximized when it acts along the longest axis of the stick,
i.e., for 6 = 0, indicating that particles experience stronger
stress along their greatest length. Interestingly, a similar
pattern is observed for o3: tensile stresses are maximized
atg =0°.

4 Conclusion

In this study, we investigated the emergence of negative
grain pressures in packings of elongated particles sub-
jected to uniaxial compression. Using DEM simulations,
we demonstrated that as particle elongation increases, ten-
sile stresses can develop within individual grains despite
the overall compressive loading. Our results highlight a
transition in stress distributions, with longer rods exhibit-
ing a broader range of normalized pressures, including
negative values. The findings provide new insights into
the mechanics of granular materials with elongated shapes
and suggest potential connections to tensegrity-like struc-
tural behaviors. Future work may explore the influence of
additional factors such as contact parameters (k,/k,, () and
particle break-ability on these stress states.
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