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ABSTRACT

Herein, a novel algorithm for characterizing stress chains using a
large parallel computer system is presented. Stress chains are
important for analyzing the results of large-scale discrete element
method (DEM) simulations. However, the general algorithm is
difficult to parallelize especially when selecting networks longer
than several particles. Therefore, we propose a new parallel
algorithm to count the number of particles that are tightly connected,
based on iterative operations with nearest-neighbor computations
and communications. The new algorithm is examined via a real-
scale numerical sandbox experiment using 2.4 billion particles. We
successfully compute the stress chains with a reasonable
computational cost comparable to the single-step DEM
computation time. The visualization of the stress chains from the
large-scale DEM simulation result reveals the existence of arcuate
stress structures that may control accretionary prism formation,
which is an important scientific discovery.
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1 INTRODUCTION

Discrete element method (DEM) simulations have begun to
handle simulation sizes of over a billion particles due to the
development of parallelization techniques for shared and
distributed-memory systems [1, 2, 3]. For example, in our previous
work, we performed a real-scale sandbox experiment using 2.4
billion particles as a scaled analog model of accretionary prism
formation [1]. Large-scale DEM simulations generate huge
amounts of data to reproduce such complex granular phenomena.
A stress chain analysis is a powerful tool to record scientific
discoveries from such a dataset. Stress chains are one of the most
prominent features of granular dynamics as they control the
majority of the load applied to the system and probe the non-
continuum features of granular materials. Because stress chains are
constructed using only particles that form a strong network of
contact forces, we can significantly reduce the number of particles

that must be analyzed. Therefore, identifying stress chains is
critical for extracting the catachrestic features of complex 3D
granular dynamics from huge DEM simulation datasets. Several
approaches have been proposed to quantify stress chains [4];
however, such approaches are difficult to parallelize. Therefore, we
propose a new algorithm suitable for parallel computing to
characterize the stress chains during simulation and to applying
them to a real-scale numerical sandbox simulation.

2 Parallel algorithm for characterising stress
chains from a DEM simulation result

Our algorithm to quantitatively identify stress chains is based on
the method proposed by Peter et. al. [4]. We first calculate the most
compressive principal stress vector (03) for all DEM particles from
the stress tensor defined by,
oy = Yo, ferf (1

where 1 < ¢ < m, denotes all particle pairs in contact with each
other, Vis the volume of a particle, f; is the /-th component (in xyz-
direction) of the force between two contacting particles, and 7y is
the J-th component of the radius vector from the center of a particle
to its point of contact with its paired particle. The particles that have
|a'3i| less than the average are filtered out to isolate the strong
network. In addition, we select only those groups of contact
particles that are in a co-linear arrangement defined by the stress
vectors (i.e. 03" and @3/) aligned within a 45° angle. Identifying
the group of candidate particles i € (¢ to form stress chains via
above procedures in parallel using the particle number as a loop
counter is a straightforward process.

Finally, we count the length of the particle connection of i € Q¢
to identify the stress chains that are longer than a given number of
particles, which is four in our case. We developed the algorithm to
parallelize this process in an iterative manner with a counter n. A
length number L; is introduced for each candidate particle i € Q.
These length numbers are updated using the sum of the maximum
L1 and the second maximum length number L., of the adjacent
particles, where ¢ € N; and N; denotes the group of particles
connected to the i-th particle. Because the length number at the
edge of the chain L; .4 shows the integration of the connecting
particles, the length of the chain can be obtained with certain magic



numbers M as shown in Fig. 1. The iterative operations are based
on nearest-neighbor communications and can be parallelized using
the same shared (OpenMP) and distributed-memory
implementations (MPI) as the DEM code. Algorithm 1 summarizes
the proposed algorithm.

Algorithm 1

Step0.  Set the length number L; = 1 for particles i € Q¢ and
the iterative counter n = 0.

Stepl. Update L; = Loy + L,
where Loy = max{Ls:c € N} and L, =
max{L.:c € N; \ c1}
(L;; = OwhenN; \ c1 = 0).

Step2. If L; o < M(n), then the length of the chain is the
iteration counter 7.

Step3.  Update the counter with n = + 1 and return to Step 1.

=0 QOO0 QOO @O
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n=2,M22 QR @@ @D
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Fig 1: Example of the n-th iterative operation to count the length
and criteria number M (n) until n = 4.

3 Results

We implemented the parallel stress chain algorithm in a
parallelized DEM code with a dynamic load balancer available for
various  supercomputer systems, including those with
heterogeneous architectures [1, 3, 5]. Our geoscientific target is a
real-scale sandbox simulation that used 2.4 billion particles to
handle 100-um sized particles ina 1 x 1 x 0.02 m domain using
4096 nodes (32,768 cores) of the K computer (Fig. 2). Sandbox
experiments have been extensively studied to investigate
accretionary prisms, which generate large earthquakes such as
those occurring in the Nankai Trough. Using our new algorithm,
the stress chains in the sand layer are successfully characterized as
shown in Fig. 3. The cost of the stress chain calculations was
comparable to five computation time steps of the DEM kernel and
was negligibly small compared to the total elapsed time when
performed every ten thousand steps.

The 3D stress structures in such sandbox experiments have not
been directly measured due to technological limitations. Therefore,
this is the first visualization result of the stress chains in the billions
of particles inside a sandbox and illustrates important scientific
findings [1]. For example, despite the nearly uniform initial
conditions, macroscale fault undulations similar to those observed
in accretionary prism trenches appeared. Our stress chain analysis
revealed that the formation of stress arches (i.e., pairs of red and
blue chains in Fig. 3) causes these undulations. Similar multiscale
behavior is expected to generate complex 3D stress states inside
accretionary prisms without geological-scale perturbations.

Figure 2: Snapshot of the sandbox simulation using 4096 nodes on
the K computer.

Figure 3: A Map view of the stress chains in a thin layer of Fig. 2.
The o3 of the stress chains are visualized by the colored lines. The
color shows the angle of the vector in the horizontal plane.
Complex lateral stress structure spontaneously occurs in the
granular deformations.

4 Conclusion

We developed a parallel algorithm to perform a stress chain
analysis. In principle, without our technique, it is possible to
compute the stress chains in post processing on a single node.
However, this computation is impossible in practice owing to the
huge size of the output data and the large amount of computational
time required. Our iterative algorithm successfully visualizes the
stress chain during in-situ processing using 4096 nodes. The stress
chain inside a sand layer comprising billions of particles helps
reveal the hidden mechanisms in accretionary prisms.

ACKNOWLEDGMENTS

This study was supported by the Post-K project of MEXT using the
K computer at the RIKEN (Project ID: hp160221), Earth Simulator
project of JAMSTEC, The Large Scale Computational Sciences
with Heterogeneous Many-Core Computers in grant-in-aid for
High Performance Computing with General Purpose Computers of
MEXT and a Grant-in-Aid (Project ID: JP18K03815) from JSPS.

REFERENCES

[1] M. Furuichi, D. Nishiura, O. Kuwano, A. Bauville, T. Hori, H. Sakaguchi,
2018 Scientific Reports, 8, 8685, DOI:10.1038/s41598-018-26534-x



M. Furuichi, D. Nishiura, 2017, Phys. Commun.., 219, 135-148

DOI: 10.1016/j.cpc.2017.05.015

Furuichi, M., Nishiura, D., M. Asai & Hori, T., (2017) SC17
http://sc17.supercomputing.org/SC17%20Archive/tech_poster/tech_poster
_pages/postl13.html.

Peters, J.F., Muthuswamy, M., Wibowo, J., & Tordesillas, (2005) Phys. Rev.
E 72, 041307.

D. Nishiura, M. Furuichi, H. Sakaguchi, 2015. Phys. Commun., 194, 18-32
DOI:10.1016/j.cpc.2015.04.006



