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Abstract

Force transmission in granular media occurs through an inhomogeneous network of inter-
particle contacts referred to as force-chains. A thorough understanding of the structure of these
chains is indispensable for a better comprehension of the macroscopic signatures they generate.
This paper introduces Force-Chain Finder (FCF), an open-source software tool designed for
detecting force-chains in granular materials. Leveraging the stress tensor computed for each
particle based on its interactions with neighboring particles, the tool effectively identifies the
magnitude and direction of the most compressive principal stress. Through a recursive traversal
of particles and their neighbors, force-chains are robustly detected based on the alignment of
the principal stress directions, which is decided by a parameter a (an angle in radians). The
software provides a comprehensive suite of post-processing features, including the exportation
of results in different formats, enabling detailed analysis of specific regions and dynamic
phenomena. Additionally, the software facilitates the computation of statistical measures
pertaining to chain size and population. By streamlining the identification and characterization
of force-chains within discrete element method (DEM) simulations, this tool significantly
enhances the efficiency and accuracy of force-chain analysis. Thus, the software promotes
deeper insights into the behavior of granular materials by enabling researchers to effortlessly

detect and analyze force-chains.
Keywords
Force-chain detection, granular flow, discrete element method, recursive search.
PROGRAM SUMMARY
Program Title: Force Chain Finder (FCF)
Licensing provisions: GNU General Public License 3 (GPLv3)

Programming Language: C++, Python
Supplementary material: lllustrative examples

1



32
33
34

35
36
37
38
39
40
41
42
43
44
45
46

47

48
49
50
51
52
53
54

55
56
57
58
59

60
61
62
63
64
65

Nature of the Problem: FCF has been developed with the primary objective of efficiently
and comprehensively detecting force networks that arise in Discrete Element Modeling (DEM)
simulations of granular flow.

Solution Method: The method is based on the work of “J. Peters, M. Muthuswamy, J.
Wibowo, and A. Tordesillas, Characterization of force chains in granular material, Physical
Review E 72, 041307 (2005)”. It utilizes the concept of minor principal stress to identify
quasilinear chains, each consisting of at least three particles. However, significant algorithmic
modifications have been implemented to enhance the accuracy of the procedure, enabling the
detection of chain branching and merging.

1 Introduction

Granular materials, including soils, powders, and sand, are abundant in both natural and
industrial settings, attracting significant attention from scientists and engineers due to their
intriguing behavior. While the macroscopic or bulk properties of these materials provide
valuable information for engineering applications, a more detailed understanding is necessary

to comprehend phenomena such as jamming, shear-induced yielding, and mechanical response.

This requires a closer examination of the microstructures that emerge at the particle level.

One crucial aspect contributing to the mechanical behavior of granular materials is the
formation and propagation of heterogeneous distributions of inter-particle force networks
commonly referred to as force-chains. Force-chains represent paths within the granular system
that transfer forces between particles, bearing the majority of the load in the system. The
identification of force-chains holds significance not only for granular materials but also for the
characterization of other material systems, including foams, emulsions, and dense active

matter.

The subject of analysis has received significant attention, encompassing various
perspectives and objectives. Pioneering investigations utilized photoelastic beads to acquire a
qualitative phenomenological understanding [1-5]. Subsequently, Howell, Behringer and Veje
[6] quantified this approach in the context of jamming, and the method continues to be further

developed to this day [7-11].

Various investigations have been conducted to understand the influence of macroscopic
stress on the microscopic arrangement of particles in granular materials. Early experiments and
simulations revealed the distribution of forces in confined packings of particles, showing a
power-law distribution below the mean force and exponential decay above it and the correlation
between contact forces and packing texture was established [12, 13]. Furthermore, some studies

examined the distribution of forces during compression, demonstrating near-uniform
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distribution below the mean force and exponential decay above it [14]. In another study,
fragility was linked to the marginal stability of force-chain networks, while jamming transitions
were characterized by an increase in mean contact number and pressure [15]. Moreover, forced
fields can be applied in the identification of crystallization, as demonstrated by An, Yang, Dong

and Yu [16] in the case of mechanical vibrations.

Despite the wide range of applicability and importance of force-chains, there is no
universally accepted detection method for identifying force-chains. Some studies involve
visualizing individual contact forces using lines, where the thickness of the lines represents the
magnitude of the contact force [13, 17]. Alternatively, some methods rely on tracking the path
of maximum contact force at each particle [18, 19]. Other detection methods utilize particle

properties such as potential energy density [20] or differences in principal stresses [6, 19, 21].

The aforementioned methods are incomplete in either quantifying the force magnitude,
recognizing the linearity of the chains, or their applicability to real-world three-dimensional
scenarios. Within this field of research, a significant contribution closely related to the present
study is the work of Peters, Muthuswamy, Wibowo and Tordesillas [22]. They introduced a
method for quantifying force-chains using a well-defined criterion comprising two
components. Firstly, a force-chain is defined as a quasi-linear arrangement of three or more
particles. Secondly, the vector representing the most compressive principal stress identifies the
stress concentration within each particle along the chain. Therefore, the method of Peters,
Muthuswamy, Wibowo and Tordesillas [22] becomes a quantitative approach by introducing
the maximum principal concepts and also preserves the linearity (quasi-linearity) of the force-
chain. In the past decade, attempts to detect force-chains by incorporating concepts from
network science [23] or by relying on digital image correlation [24], and more recently, with
the application of graph neural networks to predict force-chains in jammed solids [25] are

reported.

Among the existing approaches, the method presented by Peters, Muthuswamy, Wibowo
and Tordesillas [22] is widely regarded as the most precise and comprehensive. Not only does
it provide quantitative measurements, but it also offers insights into the direction of force
distribution while preserving the linearity or quasi-linearity of force-chains. Leveraging this
algorithm, we have developed our software, which incorporates several new algorithmic

enhancements and fixes. Notably, we propose a recursive approach that ensures the inclusion
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of all relevant particles, including those involved in chain branching and self-intersections—a

research direction proposed by Peters, Muthuswamy, Wibowo and Tordesillas [22].

The other notable advantage of our algorithm lies in its ability to analyze specific and
moving regions, enabling a more detailed examination of the formation and propagation of
force-chains. This capability holds great promise for enhancing our understanding of the
mechanical behavior of granular materials in real-world engineering scenarios. The enhanced
functionality of our software, known as the Force-Chain Finder, positions it as the first open-
source tool capable of efficiently and reliably detecting force-chains in discrete simulations. Its
potential applications span a wide range, from predicting landslides [26] to optimizing powder-
based additive manufacturing processes [27-29], as well as supporting operations in the

pharmaceutical [30] and ceramic production [31] industries.

2 Theoretical background
Peters, Muthuswamy, Wibowo and Tordesillas [22] demonstrated that the particle property
to identify both the direction and magnitude of force chains is the most compressive principal

stress that can be derived from the particle stress tensor:

1Y
0,,~=;Zﬁ°r,~‘ (1)
c=1

where V, N¢, f° and r© are the volume of particles, the number of contacts of the particle, the ith
component of the force acting at the contact, and the jth component of the radius vector from

the center of the particle to the point of contact, respectively. The principal stresses are given

by:

2
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where the o, 07, and o3 are the components of the symmetric part of the particle stress, the
major principal stress, and the minor principal stress, respectively. Furthermore, the direction
of the major principal stress (i.e., the direction of the most compressive force as a tension-
positive convention is adopted),  is given by:

20,
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In [22], it was suggested that only contact forces with magnitudes greater than the average,
or equivalently, particles with stresses greater than the average, should be considered as part of
force chains. Consequently, the following criterion is applied for the inclusion of a particle in

the force chain:

N
o] >%;‘0§‘. 5)

where N is the number of particles. The above criterion suggests that only those particles with
minor stresses greater than the average minor stress of surrounding particles can be part of the
force-chains. However, the implementation suggested in the current study allows for relaxing
this criterion. It should be noted that even though this check is skipped, the same force network
can be obtained by the current algorithm using the provided post-processing filters without any
loss of information. The other necessary definitions here are particle assembly and (quasi-
)linearity. Particle assembly states that an assembly of particles with less than three is not
recognized as a chain where the quasilinear condition implies the line up of the minor principal

stresses with a defined deviation angle («).

3 Force Chain Finder overview

The software can read LIGGGHTS (LAMMPS improved for general granular and granular
heat transfer simulations) [32] output file format containing particle pair interactions. The stress
tensor on each particle based on its interactions with other particles is calculated, and then the
Eigen Library [33] is used to find the magnitude and direction of the most compressive
principal stress. It should be noted that LIGGGHTS is an open-source software package for
discrete element method (DEM) simulations of granular materials, including particles of
various shapes and sizes, with various interactions between them, such as friction, cohesion,
and deformation, and is built on top of the large-scale atomic/molecular massively parallel
simulator (LAMMPS), which is a widely used open-source software package for molecular
dynamics (MD) simulations. While the Force-chain Finder uses the LIGGGHTS file format as
an input, there is no restriction on using any other commercial (e.g. [34, 35]) or in-house (e.g.
[36-40]) particle-based code for generating the system under analysis, as long as the outputs

are formatted accordingly.

Force-chains are found recursively by traversing a particle, its neighbors, neighbors of those
neighbors, and so on. The software also offers post-processing features, including exporting

the force-chain results in CSV format, analyzing a specific region, analyzing a moving region,
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finding the normal vector of a force-chain, and chains statistics such as average, median,

minimum, and maximum length, as well as the number of chains.

Fig. 1 illustrates the file structure of the software. The figure includes only some of the
crucial files. Within the example directory, a subdirectory containing the LIGGGHTS output
files, as well as sample force-chains detection applications can be found. For instance,
"single.cpp" is used for analyzing a single snapshot of the DEM results, "batch.cpp"
is employed for processing various snapshots in a transient simulation, "moving.cpp" is
utilized in scenarios with moving elements, and "filter.cpp" is designed for filtering the
results based on specific criteria. The python directory contains Python applications
dedicated to generating visualization data, specifically tailored for use with the Paraview
software. The source files for the software are located in the "src" directory. The packages
Eigen and Pybind are placed in the src directory. Pybind is an open-source C++ library that
offers a seamless bridge between C++ and Python. It enables users to expose C++ code to
Python and vice versa, allowing them to call C++ functions from Python and Python functions
from C++. Both Eigen and Pybind are header-only libraries, meaning that they do not require
a separate installation or compilation. They can be used by simply including the appropriate

header files in the C++ code and then compiling the code as part of the project build process.

ForceChai
nFinder

Examples l L
[""L"T"'l_""l{"" R
1i hts single. | Il moving.cp || filter.cp |
999 : 9 P |} batch.cpp |: 9-P |: P I
output | P 1 I P 1) P I
I L L S | I
—» python
Y l
v:l.sue.nlls? writeNode
_chains.i sEdges
pynb ges.py
— src L ——— — |
¥ v (=== ___"|I'____!___"nr____!___"ur____t__"\
: - | chainFind || liggghts || 1 |
Eigen pybind } er.h H reader.h H filter.h H stat.h }
1 | L 1

Fig. 1 The file structure of the Force Chain Finder. The solid boxes represent directories

and the dashed boxes represent files.
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3.1 Software algorithm

The Software implements a class called ‘ChainFinder’, which is responsible for finding
chains of particles in a system. The class takes in a vector of particle objects and a maximum
angle a (in radians) between neighboring particles that can form a chain. The ChainFinder class
has a method called ‘RecursiveFindChains’ which is the entry point for finding all the chains
in the system. It iterates across individual particles and if a particle exhibits a non-zero minor
stress and is not yet part of a chain, the process of chain identification commences. This is
initiated by invoking the ‘RecursiveFindOneSideOfChain’ function in both potential
orientations (forward and backward relative to the minor principal stress) that a chain-affiliated
particle could assume. As depicted in Fig. 2, the propagation of force along the chain is visually
represented by a white line. Notably, the bidirectional arrow superimposed on the particle
currently under scrutiny (red) signifies the alignment of the predominant compressive stress

direction.

Fig. 2 Representation of particles within a simplified segment of a force chain and the
input angle a.

The ‘IsNeiNextLink’ function is a private member function that checks if a neighbor particle
(‘NEIGHP’) can be the next link in a chain (‘LINKEDP”). It considers various conditions such
as neighbor particles having minor stress, belonging to the same or different chain, satisfying
angle constraints, and range checks. The chain is either stored in the ‘chain’ vector and each
particle in the chain is assigned a chain ID (‘CHAIN _ID’) or it is discarded if it has less than 3

particles. Below is a code snippet representing the ChainFinder implementation:

#include "vector"
#include "particle.h"
#include <Eigen/Dense>
#include <cmath>



192 #include "vectorAngle.h"

193 namespace ForceChain

194 {

195 class ChainFinder

196 {

197 std::vector<Particle> gparticles;

198 double alpha;

199 public:

200 std::vector<std::vector<size t>> chains;

201 ChainFinder (std::vector<Particle> &particles , double alpha )
202 : particles(particles ), alpha(alpha ) {}

203 protected:

204 auto IsNeiNextLink (Particle &link, Particle &nei, int
205 &neiDirSign)

206 {

207 if (!nei.hasMinorStress || nei.chainId>=0)

208 return false;

209 auto xln = nei.distanceTo (link);

210 if (xln.norm() > 2 * (nei.radius + link.radius))

211 x1n[l] = -x1ln[1];

212 auto angle forward = angleBetweenVectors (xln, link.minorDir);
213 if (angle forward >= alpha)

214 {

215 return false;

216 }

217 auto angle back = angleBetweenVectors(-xln, nei.minorDir);
218 neiDirSign = +1;

219 if (angle back > M PI / 2)

220 {

221 angle back = M PI - angle back;

222 neiDirSign = -1;

223 }

224 if (angle back >= alpha)

225 {

226 return false;

227 }

228 return true;

229 }

230 void  RecursiveFindOneSideOfChain (std::vector<size t> s&chain,
231 Particle *1ink)

232 {

233 for (auto inei : link->neighbors)

234 {

235 auto &nei = particles[inei];

236 int neiDirSign;

237 if (!IsNeiNextLink(*link, nei, neiDirSign))

238 continue;

239 chain.push back(inei);

240 nei.chainId = link->chainId;

241 nei.minorDir = -neiDirSign * nei.minorDir;

242 RecursiveFindOneSideOfChain (chain, &nei);

243 }

244 )

245 public:

246 auto &RecursiveFindChains ()

247 {

248 for (auto &center : particles)

249 {

250 if (!center.hasMinorStress || center.chainId>=0)
251 continue;

252 std::vector<size t> chain;



253
254
255
256
257
258
259
260
261
262

264
265
266
267
268
269
270
271
272
273
274

275

276
277
278
279
280
281

282
283
284
285

286
287
288
289
290
291
292
293
294

}

chain.push back(center.id);
center.chainId = chains.size();
RecursiveFindOneSideOfChain (chain, &center);
// Trying the other side of center
center.minorDir = -center.minorDir;
RecursiveFindOneSideOfChain (chain, &center);
if (chain.size () < 3)
{

for (auto &particleId : chain)

{

particles[particleId] .chainId = -1;

}
}
else
{

chains.push back(chain);

}

return chains;

abbreviations DIR, FWD, and BWD correspond to direction, forward, and backward,
respectively. Within the algorithm, o3 represents the minor principal stress, while the symbol
'P' signifies a particle. This algorithm serves as a valuable reference for understanding the

operational steps and relationships within the system, providing a foundation for subsequent

Fig. 3 illustrates the comprehensive algorithm outlining the flow of the system. The

analyses and discussions.

3.2 Software functionalities

simulation, a few features are added to the tool that enhances the functionality of the

While the main goal of the FCF is the accurate detection of the force-chains in a granular

software. The main functionalities are as follows:

1)
2)
3)

4)

Automatic detection of the chains based on the work of [22]
Versatility for the analysis

Filtering the results for specific purposes: This capability allows for deleting the chains that
do not satisfy certain conditions.
Writing the output in VTP and CSV format for postprocessing via different tools. VTP
stands for VTK Polydata where VTK is a powerful open-source library for processing and
visualizing scientific data in 3D. Therefore, the results can be analyzed by ParaView, as
well as other software that supports VTK file formats. The average, median, minimum and

maximum length, and number of chains are provided as well.
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5) Capability of finding the force-chain in a batch simulation

6) Capability of finding force-chains in a moving box with arbitrary dimensions.

4 Exemplary test cases

4.1 Fabricated force-chain case

The first example presented in this study involves retrieving a carefully designed force
network as shown in Fig. 4(a), imposed on a simple configuration of nine particles. The force
at every contact point is the same in magnitude except for the contact between particles 5 and
6, where no force exists by design. Moreover, these forces are aligned with the local surface

normal vector at the points of contact.

In order to capture all the force-links, irrespective of the minor principal stress alignment,
we initially set the value of a to /2. Fig. 4(b) illustrates a potential configuration of force-
chains generated using the algorithm proposed by Peters, Muthuswamy, Wibowo and
Tordesillas [22]. It is evident that in this particular scenario, the algorithm fails to detect all the
force-links present and gives rise to two distinct force-chains. In contrast, the FCF software
successfully identifies the complete imposed configuration, as depicted in Fig. 4(c). By
selecting a smaller a value, such as /4, only the linear chains are retained, as shown in Fig.
4(d). It is noteworthy that the force-link between particle 4 and 5 is not picked up in this case
due to the restriction of the minimum number of particles in a chain being set to 3. Finally, it
is important to emphasize that the Force-Chain Finder (FCF) possesses the capability to
accurately identify not just all the particles involved in the force-chains but also all the
individual force-links. This is a significant advantage over the existing algorithm since it
facilitates the formation of force-chain structures, which better reflect the accompanying

physical phenomenon.
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Fig. 3 Flowchart presenting the devised algorithms
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(c) (d)

Fig. 4 (a) Representation of an arbitrary fabricated force-chain, (b) the detected force-
chain using the algorithm of Peters, Muthuswamy, Wibowo and Tordesillas [22], (c) FCF
detected force-chains with a = /2, and (d) FCF detected force-chains with a = n/4.

4.2 Shear-driven granular flow in a two-dimensional setup

The following example serves to demonstrate the algorithm’s efficacy in detecting chains in
a two-dimensional shear scenario. Initially, a number of particles are generated randomly inside
a box, which extends in the z-direction only by a particle diameter, in order to create a 2D
system. These particles are then subjected to bi-axial compression, followed by shearing
exerted by two opposing moving walls, made up of particles moving only with a pre-specified
velocity. The prevailing consensus is that the dominant force-chains in such systems are formed
along the compressive shear direction [15] which in the current case corresponds to a 45°
orientation (slope -1 line) in relation to the shear direction. These chains undergo intermittent
construction and destruction as the flow progresses. In Fig. 5, a snapshot of the simulation at a
specific time is presented. Fig. 5(a) shows the velocity of the particles, illustrating the
propagation of wall velocity throughout the system. Fig. 5(b) and (c) display the force-chains
through the maximum compressive stress experienced by the particles and their corresponding
chain IDs, respectively. This visual examination serves as a straightforward test, and it is

evident that the detected force-chains concur with the anticipated behaviour.

b
(a) Welocity (x- direction) ( ) Maximum comprassive strass (C) Chain 1D
-82e02 -004-002 0 002 004 006 92e02 -1.7e+05 -8.5e+4 -1.3e-04 00 1 2 3 4 50

Fig. 5 Snapshot of the sheared particulate system after compression: (a) Particle velocity
in the x-direction, (b) Force-chains represented by particles colored according to their
maximum compressive stress, (c) Force-chain network visualized with colors indicating
chain IDs.
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4.3 Isotropic compression of a three-dimensional box filled with particles

The subsequent example demonstrates the evolution of force-chains in a simulation
involving 3D isotropic compression. A cubic box, randomly seeded with 5 mm diameter
particles at 0.3 solid fraction, is shrunk until a solid fraction of 0.64 is attained. Intuitively, it is
expected that as the compression progresses, an increasing number of force-links will form
within the system. However, what is unclear beforehand is the size and distribution of the
distinct force-chains that appear and vanish in the process as depicted in Fig. 6(a) to (e). In
these figures, the outer box represents the initial domain while the inner box depicts the region
of confinement as the simulation progresses. Initially, the domain contains 354 relatively
shorter chains. Subsequently, as the box is further compressed, the number of chains escalates
to 579 and then 785 before abruptly decreasing to 139 longer chains. Ultimately, a single
persisting force-chain appears, which is not surprising as the angle a dictating the permissible
alignment among links was set to the maximum i.e., /2. The emergence of a single force-chain

however marks a critical transition in the structural arrangement of the particles.

Fig. 6 Formation and merging of force-chains detected by the FCF software in a three-
dimensional isotropic simulation case. Panels (a) to (e) display sequential snapshots at
varying compression levels, as indicated by the inner box. Panel (f) represents the
probability density functions for steps (a) to (d).

Fig. 7 illustrates the tendency for the emergence of distinct cluster sizes denoted by c. These
sizes pertain to the total count of particles encompassed within a particular force-chain
configuration, observable at various stages of the compression process. The likelihood of

encountering a cluster possessing a size ¢ is determined through the subsequent calculation:

nC

S, ©)

c=3

P(c)=

where n., and cmax are the number of clusters and the maximum cluster size.

The cluster sizes at a given step are first normalized by the largest cluster size at that step,
and then a probability density function is constructed. At the beginning of the compression, the

force-chains with normalized cluster size at the lower end of the spectrum significantly

13
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outnumber those with higher cluster sizes. The effect becomes even more pronounced as the

compression proceeds.

124\ n —— compression step 0
s . ' .
210 - compression step 1
g: 8- - compression step 2
- - compression step 3
= 64
5
8 47
2
a 21

0 4 —— — —— ——

Cluster size / Maximum cluster Size

Fig. 7 The propensity of formation of the different cluster sizes for the case of three-

dimensional isotropic compression

5 Conclusions

The Discrete Element Method (DEM) has emerged as a widely recognized simulation
technique for granular systems, finding extensive applications in both industry and academia.
A multitude of commercial and open-source packages have successfully implemented the DEM
formulation, enabling efficient simulation of particulate systems. Additionally, significant
efforts have been directed toward the development of post-processing and visualization tools

[20].

Despite the evident significance of force-chain detection in granular systems, as highlighted
in previous sections, the absence of open-source software capable of automatically detecting
and outputting force-chains with minimal user input has been a notable limitation. Addressing
this gap, our work represents the first endeavor to fulfill this objective. Building upon the well-
established methodology proposed by Peters, Muthuswamy, Wibowo and Tordesillas [22], we
carefully revisited and refined the approach, incorporating slight modifications. These
enhancements were diligently encoded into an accessible software solution, freely available as

open-source code.

The development of our software, designed to detect force networks in granular materials,
holds substantial implications for the field of granular material physics. Our software provides
an accurate and efficient means of identifying and analyzing force-chains, opening new
avenues for research in this domain. It enables researchers to explore the intricate relationship

between microstructures and the mechanical behavior of granular materials, as well as

14



377
378

379
380
381
382
383
384
385
386
387
388

389
390
391
392
393
394

395
396
397

398

399
400
401
402
403
404
405
406
407
408
409
410
411
412
413

investigate the role of force-chains in phenomena such as granular flow, deformation, and

jamming.

This study has provided a comprehensive discussion of the structure of the developed code
and the flow of the software. Moreover, the capabilities of the software, along with the
implemented algorithmic fixes, have been successfully demonstrated through the presentation
of three illustrative examples. These examples encompassed a wide range of scenarios, ranging
from a simple fabricated network to a more intricate three-dimensional compression case
involving a significant number of particles. The successful verification of the software's output
in these examples further solidifies its reliability and suitability for analysing force-chains in
granular materials. Thus, the availability of our software empowers researchers to swiftly and
accurately analyze force-chains in granular materials, enabling them to focus on more complex

research questions without the burden of developing new tools.

Our software has been met with positive reception among the intended user group and is
actively being employed in various projects, including in [29]. Moving forward, our efforts
serve as a foundation for future developments and refinements in force-chain analysis. We
anticipate that our open-source software will stimulate collaborative research, enabling
researchers to expand upon our work and enhance the capabilities of force-chain detection

algorithms.
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