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Abstract. Highly anisotropic granular particles can form very loose and stable piles with a large repose 
angle due to the geometric cohesion effect. The random geometric features of such structures and the origin 
of their stability against external mechanical perturbations remain to be explored. Here, using magnetic 
resonance imaging techniques, we perform an accurate structural reconstruction of columns built with long 
granular rods. We study the structural evolution during the gradual disentangling and collapse of a randomly 
poured free-standing pile of long rods under consecutive vertical shaking. The average height of the column 
decreases exponentially upon shaking, accompanied by a nonmonotonic evolution of the average packing 
fraction and an increasing negative nematic order of the rod orientations. Yet, the distributions of the relative 
position and orientation of contacting rod pairs remain roughly unchanged during the disentangling process. 
Distribution and spatial correlation between contact points as well as the evolution of contact network have 
also been analysed, providing insights into the micromechanics of nest-like structures.  

1 Introduction 
Packings of grains with highly anisotropic or nonconvex 
shapes can exhibit exceptional mechanical strength due 
to geometric cohesion [1], though the underlying 
mechanism remains unclear. Such randomly-assembled, 
strong structures can be found in both natural and 
artificial systems, for example, in bird nests or concrete 
tetrapods used for coastal protection [2]. While the 
mechanical rigidity for spherical granular packings may 
be linked to a hard-sphere glass [3], extending these 
theories to highly non-spherical systems remains 
challenging [4].  

The global mechanical behaviours of various non-
convex granular packings have been extensively studied, 
with particular focus on how particle shape influences 
mechanical and structural properties [5-8]. Recent work 
has also explored the micromechanical origin of 
plasticity in random rod packings [9]. An alternative 
approach to understanding the mechanical stability of a 
granular column involves analysing its collapse under 
external perturbations and the associated agitation and 
relaxation dynamics [10]. For instance, in U-shaped 
granular materials, stability appears to arise from a 
competition between packing fraction and the number of 
entangled structures [11], although exact contact-scale 
mechanism remains unclear. Moreover, for convex 
objects such as the long rod studied here, it is still poorly 
understood how entanglement and geometric cohesion 
emerge in such systems.  

In this study, we investigate the collapse and 
disentanglement process of long rod columns subjected 
to vertical shaking. Using magnetic resonance imaging 
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(MRI) combined with image processing techniques, we 
first reconstruct the three-dimensional packing 
structures. We then present preliminary analyses of 
contact point distributions and contact network 
geometries, revealing distinct structural features related 
to the system’s mechanical behaviour.  

2 Methods 

2.1 Experiments 

Each granular rod is a hollow 3D-printed plastic 
cylinder filled with water to enable the magnetic 
resonance imaging. The rods have a length 𝐿𝐿� �100 𝑚𝑚𝑚𝑚 and a diameter 𝐷𝐷� � 4 𝑚𝑚𝑚𝑚. In the experiment, 
about 600 rods were randomly poured into a cylindrical 
container (20 cm in diameter), forming a column of 
approximately 18 cm in height (Fig. 1(a)). The container, 
which is open at the bottom, was then gently lifted and 
removed without disturbing the column. The free-
standing column remained stable on the underpan 
without lateral support from the container walls. After 
acquiring MRI scans of the column’s initial state using 
a medical MRI scanner (MAGNETOM Prisma Fit, 
Siemens Healthcare, Erlangen, Germany), the entire 
column was lifted by 1 cm via a pully system attached 
to the underpan and then released to impact the scanner 
bed. The collision generated vibrations, causing partial 
disentanglement and collapse of the column. We refer 
this process as one shaking event. In situ scanning of the 
structure was repeated after 1, 4, 9, 16, 25, 36, 51, 71 
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and 101 shaking events. Fifteen independent 
experimental trials were conducted. 

 
Fig. 1. (a) Photograph of the free-standing granular rod 
column. (b) A 3D magnetic resonance image showing water 
voxel distribution within all rods. (c-e) Reconstructed column 
structures after 0 (c), 16 (d) and 51 (e) times of shaking. 

2.2 Image processing and reconstruction 

We applied a super-resolution algorithm to the raw MRI 
data (Fig. 1(a)), enhancing the spatial resolution from 
the original 0.8 mm/pixel by a factor of three. Because 
only the water inside the rods generates strong magnetic 
resonance signals, individual rods appear distinctly 
separated in the images. This enables a straightforward 
identification of each rod’s voxels, allowing direct 
calculation of both centroid positions and orientation 
vectors. This approach has been tested in our previous 
studies of granular disks [12]. 

To minimize artificial rod overlaps caused by 
imaging artifacts, we use a Monte Carlo optimization 
procedure [13]. In this approach, each rod’s position and 
orientation undergo small stochastic perturbations 
around their initial values. A perturbation is accepted 
only if it reduces the total overlapping volume between 
rods. This refinement process improves the 
reconstruction accuracy. The uncertainty of rod centroid 
is about 0.3𝐷𝐷� along the rod’s orientation and 0.1𝐷𝐷� in 
perpendicular directions. The error in rod orientation is 
about 0.8°. Meanwhile, we generalize the error-function 
fitting method for the tomographic images of granular 
spheres to identify contacts between rods [14]. Three 
reconstructed packing structures at different stages of 
collapse are shown in Fig. 1(c-e). 

2.3 Definition of packing fraction 

The packing fraction of a granular packing is 
conventionally defined as the ratio of the total particle 
volume to the packing volume. However, this definition 
becomes ambiguous for free-standing columns without 
clear boundaries. To address this issue, we develop the 
following method to calculate the characteristic packing 
fraction in such systems. First, we discretize each rod by 
selecting 𝐿𝐿� 𝐷𝐷� � 25  evenly spaced points along its 
cylindrical axis. For each point, we identify an optimal 
plane that maximizes the number of rod points on one 

side. The normal vector of this plane approximates the 
local density gradient of the system. We then define 𝑝𝑝 �
1 as ratio of the number of points on either side of the 
plane, where 𝑝𝑝 � 0 indicates proximity to the column 
periphery and 𝑝𝑝 � 0.5 corresponds to central regions. 
Finally, we obtain a convex hull bounded by all planes 
with 𝑝𝑝 � 𝑝𝑝�, compute the total rod volume within this 
hull, and determine the corresponding packing fraction 
Φ�𝑝𝑝�� . Naturally,Φ  increases monotonically with 𝑝𝑝� . 
When 𝑝𝑝� exceeds a critical threshold 𝑝𝑝∗ � 0.07, Φ�𝑝𝑝�� 
plateaus, allowing us to define Φ � Φ�𝑝𝑝∗�  as the 
characteristic packing fraction of the system. We have 
verified that 𝑝𝑝∗ remains roughly unchanged for different 
packings. 

3 Results 

3.1 Column collapse process 

Fig. 2(a) shows that the centroid height of a column, 
defined as the average vertical distance between rod 
centroids and the base, decreases exponentially with 
shaking time, consistent with observations in U-shaped 
granular packings [11]. This exponential decay persists 
across columns with diameters ranging from about 17 to 
30 cm with the same number of rods, though thinner 
columns typically fracture in the middle after several 
shaking cycles. During the collapse, we observe that 
rods closer to the vertical direction are more likely to 
slide down. To quantify this orientational dependence, 
we use a nematic order parameter 𝑆𝑆� �〈3�𝒏𝒏 𝒏 𝒏𝒏��� � 1〉 2 , where 𝒏𝒏  is the unit orientation 
vector of each rod, 𝒛𝒛� is the vertical unit vector, and 〈∘〉 
denotes an average over all rods in the column. As 
shown in Fig. 2(b), negative 𝑆𝑆�  values indicate 
preferential horizontal alignment due to gravity. Also, 
𝑆𝑆�  decreases approximately logarithmically with 
shaking time during the initial collapse stage.  

 
Fig. 2. (a) Temporal evolution of the column’s centroid height 
𝐻𝐻�������� and (b) nematic order parameter versus shaking time 
𝑡𝑡. (c, d) The relationships between average packing fraction Φ 
(c), average contact number 𝑍𝑍  (d) and 𝐻𝐻�������� . Φ  and 
𝐻𝐻��������  are normalized by their initial values: Φ�  and 
𝐻𝐻��������,�. Different symbols represent different realizations 
of the experiment. 

Unexpectedly, the average packing fraction shows a 
nonmonotonic relationship with the centroid height (Fig. 
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2(c)). The averaged initial packing fraction is about 0.22, 
and it decreases by about 10% upon shaking and 
increases at the final stage of the collapse. The average 
contact number exhibits the same nonmonotonic trend. 
At the early stage of the collapse, the stronger negative 
nematic order for looser packings is consistent with our 
recent results on very short granular spherocylinders 
[15], highlighting a common mechanical origin of this 
orientational ordering. Yet, the final densification of the 
column represents a different regime. It is similar to a 
shaking-induced compaction of grains confined in a 
container, except that the remaining structures of the 
column at the end of collapse is self-supporting. 

3.2 Contact point distribution 

To investigate how geometric features influence 
mechanical stability of the columns, we analyse contact 
point distributions on individual rods. Each rod is 
described in a local coordinate system (Fig. 3(a)), where 
𝒛𝒛�′ is a unit vector along the rod’s axis, oriented to form 
an acute angle with 𝒛𝒛�, 𝒙𝒙�� is parallel to the cross product 
𝒛𝒛�′ � 𝒛𝒛�, and 𝒚𝒚�� � 𝒙𝒙�� � 𝒛𝒛�′. The origin is fixed at the rod’s 
centroid. Contact positions are parameterized using 
cylindrical coordinates �𝜃𝜃�, 𝑧𝑧��, representing azimuthal 
and height coordinates respectively.  

 
Fig. 3. (a) Local coordinate system definition for a rod. (b, c) 
Height 𝑧𝑧�  and (d, e) azimuthal angle 𝜃𝜃�  probability 
distribution functions (PDFs) of contact points, comparing 
initial state (b, d) and those after 51 times of shaking (c, d). 
Different symbols represent rods with different number of 
contacts, and dashed lines represent uniform distributions. 

The contact point distribution is nonuniform. The 
contact points cluster away from the rod ends and 
display a slight bias towards the upper half, that is: 
〈𝑧𝑧�〉 � 0 (Fig. 3(b, c)). These axial preferences weaken 
both for rods with more contacts and during later 
collapse stages. In contrast, a much stronger angular 

preference can be noticed, with contacts predominantly 
located on the top and bottom surfaces, that is, 𝜃𝜃� close 
to 0° and 180° (Fig. 3(d, e)). This orientational order 
persists regardless of the contact number but intensifies 
with stronger collapse level, that is, a larger 𝑆𝑆�. These 
observations clearly demonstrate how contact geometry 
stabilizes the column against gravitational forces.  

Furthermore, we observe a nontrivial correlation 
between contact points on individual rods. For each pair 
of contact points on one rod, we calculate their axial 
separation ∆𝑧𝑧�  and azimuthal difference ∆𝜃𝜃� . By 
binning the data by ∆𝑧𝑧� and averaging ∆𝜃𝜃� within each 
bin, we find that contact pairs with ∆𝑧𝑧� � 0.5𝐿𝐿� 
preferentially occupy opposite rod surfaces, that is, with 
∆𝜃𝜃� � � 2 , while those with larger axial separations 
tend to cluster on the same side (Fig. 4). We attribute 
this anti-correlation at small separations to torque 
balance constraints governing individual rod stability. 

 
Fig. 4. Average azimuthal distance ∆𝜃𝜃� as a function of height 
difference ∆𝑧𝑧�  of contact points on a rod, for (a) the initial 
packings, and (b) those after 51 times of shaking. Different 
symbols represent rods with different number of contacts. The 
dashed lines represent ∆𝜃𝜃� � � 2 , indicating uniform angular 
distribution. Background colour maps represent the joint 
probability distribution of �∆𝑧𝑧�, ∆𝜃𝜃��. 

3.3 Contact loops 

To elucidate how contact geometry governs the 
column’s mechanical strength, we analyse contact loops, 
in which several rods contacting with one another 
consecutively and form a closed loop. For each rod in a 
loop of 𝑛𝑛 rods, (which we referred as an 𝑛𝑛-loop), we 
define the edge length 𝑙𝑙�  as the axial separation ∆𝑧𝑧� 
between its two contact points connecting adjacent rods. 
A loop is considered entangled when all constituent rods 
exhibit angular separations ∆𝜃𝜃� � � 2  of their 
individual pairs of contact points with other rods in the 
loop. These entangled loops impose mutual constraints 
on rod mobility, as illustrated in Fig. 5(c, d). 

To investigate whether contacting rods exhibit 
spatial correlation in loop formation, we generate 
randomly distributed contact points uniformly along the 
rods and calculate the PDFs of the length of 𝑛𝑛 edges that 
can form a closed 𝑛𝑛 -loop. Comparing experimental 
PDFs with these uncorrelated distributions reveals that 
3-loops are noticeably shorter than the random case, 
while 4-loops are close to the uncorrelated distributions 
(Fig. 5(a, b)). Loops composing more than four rods 
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show qualitatively similar behaviours to those of the 4-
loops.  

Furthermore, we find that entangled n-loops have 
longer average edge length compared to their 
unentangled counterparts (Fig. 5(e, f)). During column 
collapse, 3-loops show a gradual increase in edge length, 
with entangled loops expanding at a slightly higher rate. 
While 4-loops initially follow this trend, their average 
edge length undergoes rapid shortening after about 30 
times of shaking. This transition point coincides with 
both the minimal packing fraction and contact number 
preceding the late-stage re-compaction of the column. 
These observations show that the column collapse is 
accompanied with a gradual disentangling of contact 
loops, with entangled 3-loops displaying particular 
stability. This suggests that such 3-loop configurations 
may serve as fundamental structural units providing 
stability to the column. 

 
Fig. 5. (a, b) PDFs of edge length of contact loops. Different 
symbols represent edges lengths in a sequential order. The 
dotted lines represent uncorrelated cases with uniform contact 
point distributions. (c, d) Examples of entangled loops. (e, f) 
Average edge lengths of entangled (symbols with a dot at 
centre) and unentangled loops (open symbols). Data and 
pictures are show for 3-loops (a, c, e) and 4-loops (b, d, f). 

4 Conclusion 
In this work, we study the collapse process of a column 
of long granular rods under vertical shaking. The MRI 
and image processing techniques allow us to reconstruct 

the packing structures with a relatively high accuracy. 
During the collapse, the average packing fraction and 
contact number evolve nonmonotonically, suggesting a 
two-stage structural evolution: the disentangling of 
relatively unstable structures at the beginning of the 
collapse, followed by a compaction of the remaining 
stable structures. The orientational orders of rods and 
contact points, as well as the spatial correlations of 
contact positions coherently suggest that the mechanical 
stability requirement leaves evident geometric features 
in the column structure, and thus, there could exist some 
hidden intrinsic structures (such as the entangled contact 
loops) that play the role of a rigid backbone of the 
system. 
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