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Effect of Kinematic Viscosity on Drainage Behavior in a Unit Structure Composed of Soil Particles
(Proceedings of Symposium on Applied Mechanics)
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Shizuka ESHIRO, Kyoto University
Yosuke HIGO, Kyoto University
E-mail: eshiro.shizuka.72m@st.kyoto-u.ac.jp

The influence of kinematic viscosity on interfacial advancement is investigated in pore-scale two-phase flow
simulations using the lattice Boltzmann method. Equilibrium saturation and gas—liquid interface were nearly
identical even at higher viscosity. Interface tracking during drainage showed that increasing packing density
changes the direction of air invasion from vertical to a more horizontal advance along the pore geometry.
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Fig. 1 Simulation model
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Table 1: Number of steps per one pressure stage and
kinematic viscosity in each case

Case 1 2 3 4 5 6
Steps/ 1000000 2000000
pressure stage
Kinematic

. . 914 548 365 914 548 365
viscosity (X vy,)
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Fig. 2 Relationship between the bottom pressure and
the degree of saturation with different kinematic
viscosities and number of steps per pressure stage
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Fig. 3 Air-water interface advancement during
drainage
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Assessment of Lateral Earth Pressure Distribution of a Self-Supporting Earth Retaining Work Using
Model Experiments and the DEM Analysis (Proceedings of Symposium on Applied Mechanics)
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Akihiro KIKUCHI, Chuo University Graduate School
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Michitaka OKAMOTO, Naoshi INOUE and Yusuke NAKAJIMA, Kajima Corporation
Naoto NAITO, Toyohashi University of Technology
E-mail: yyamakuri340@g.chuo-u.ac.jp

Previous two-dimensional model excavation experiments using aluminium rod model ground, which can
simulate granular material behaviour in 2D, were unable to evaluate lateral earth pressure distribution. This
study therefore combined such experiments with the two-dimensional Distinct Element Method (DEM) to
achieve continuous and high-accuracy assessment of lateral pressure distribution. In this study, the measured
displacement of the model retaining wall from model experiment were applied as a forced displacement in the
DEM analysis. The results confirmed that this approach can be used to evaluate the continuous lateral pressure
distribution on both sides of a deflecting retaining wall with highly accurate ground deformation distribution.
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Table. 1 Parameters for earth pressure measurement analysis

value
parameters ball_ball __ ball—wall
density p 2650 kg/m?
normal stiffness &, 1.0 x 10’ N/m
shear stiffness k; 2.5 x 10°N/m
friction coefficient u 0.464 0.25
rolling friction coefficient y, 0.169 0.20
viscous damping coefficient /4 0.20

-5 mm

5mm

b) Model experiment
Fig. 5 Distribution of horizontal displacement
(Positive: right direction)

a) DEM
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Fig. 6 Distribution of subgrade reaction
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Observation of soil deformation behavior during pullout of belled piles by using DEM
(Proceedings of Symposium on Applied Mechanics)
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Shota IDOGUCHI, Okayama University
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During the pullout of piles, specific areas of the soil surrounding the foundation of the pile form resistance
zones that resist external forces in the vertical direction. Understanding the mechanism behind the formation of
these zones is important for practical applications in the construction process. This study focused on belled piles
and used DEM (discrete element method) simulations to evaluate these zones. Prior to the numerical analysis,
centrifugal model tests were conducted to provide detailed information on the resistance zones in sandy soil
when the edged shapes of belled piles were varied. This report discusses an investigative approach that
combines high-resolution, two-dimensional DEM simulations with centrifuge model experiments.
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Fig.4 Distributions of particle displacement in case of
4M particles. (a) Horizonal and (b) Vertical directions
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A hybrid computational method: coupling bond-based peridynamics with impulse contact dynamics
for granular systems
(Proceedings of Symposium on Applied Mechanics)

Guangzhi Li, Department of Engineering Mechanics and Energy, University of Tsukuba
Fan Zhu, Department of Urban Management, Kyoto University
Takashi Matsushima, Department of Engineering Mechanics and Energy, University of Tsukuba
E-mail: s2530209@u.tsukuba.ac.jp

Efficient simulation of crushing in granular systems remains challenging due to the high cost of resolving
internal crushing and evolving contact topology. This study proposes a hybrid computational method coupling
a bond-based peridynamics solver with impulse-based contact dynamics. A virtual mass scaling strategy
improves stability during rapid bond rupture. A system state transition framework manages grain motion,
reconstruction, and identity across crushing events. A boundary transformation scheme converts contact
forces into equivalent radial loading for peridynamics computation. Together, these components enable
efficient and physically consistent granular crushing simulation.

1. Introduction

Granular systems are widely encountered in natural and
engineered environments, where grain crushing governs
macroscopic mechanical behaviors. Crushing alters contact
topology and force transmission pathways, making it difficult to
accurately capture the transition from intact grains to crushing
fragments and the evolution of contact interactions. While
contact dynamics methods efficiently resolve rigid-body
interactions, modeling grain crushing requires physically
consistent continuum-based formulations to capture internal
fracture processes.

Peridynamics, introduced by Silling" as a nonlocal continuum
mechanics formulation, provides a natural framework for
modeling crushing initiation and propagation without requiring
predefined crack paths. The development of open-source
implementations, such as Peridigm, has enabled systematic
investigation of crushing behaviors in a wide range of materials.
However, despite its strong theoretical foundation, peridynamics
has not been widely adopted for large-scale granular systems,
primarily due to its substantial computational cost. Even in
coupled frameworks that integrate peridynamics with rigid-body
dynamics engines, such as the coupling between Peridigm and
Chrono?), the computational expense associated with resolving
internal fracture within individual grains remains a significant
bottleneck, limiting its applicability to large granular systems.

To overcome this limitation, this work proposes a hybrid
computational method coupling bond-based peridynamics with
impulse contact dynamics for granular systems. Instead of
relying on general-purpose peridynamics solvers, a specialized
bond-based peridynamics solver is developed to resolve
crushing behaviors at the individual grain level. The solver is
designed with a highly parallel and computationally efficient
structure, tailored specifically for grain-scale crushing
simulation within large granular systems. In addition, the contact
dynamics formulation is extended to explicitly incorporate the
transition from parent grains to child grains, enabling consistent
tracking of crushing-induced topology changes and contact
interactions. The resulting hybrid framework enables efficient

Bond-based peridynamics describes the motion of a material
point through pairwise force interactions within a finite horizon.
The governing equation of motion is expressed as:

p)-iin) = [ f () =u(0). =0V, +b0) (1)
Where p(x) is the mass density of the material point, # is
the acceleration of the material point, f is the bond force in
horizon H, u is deformed relative displacement, and p is

body force.

However, Rapid bond rupture during dynamic fragmentation
may produce excessive acceleration due to sudden force
imbalance, leading to unstable velocity growth and nonphysical
bond breakage cascades under explicit integration. This issue is
particularly critical in grain crushing, where high bond stiffness
and abrupt topology changes amplify inertial effects. To ensure
numerical stability while preserving the original bond-based
force formulation, a virtual mass scaling strategy is introduced
in the velocity update:

Jo A )

m, +amp

VI+A! = VI +

Where f is the resultant peridynamics force, m is the

mass of material point, and ¢ is a stabilization coefficient.
This approach locally increases the effective inertia of material
points during rapid bond failure events, suppressing excessive
velocity increments while maintaining physically consistent
crushing evolution.

2.2. Impulse contact dynamics

After bond breakage, child grains are treated as discrete rigid
bodies whose interactions are governed by impulse-based
contact dynamics. Instead of resolving contact forces through
continuous force integration, this approach updates the velocity
of each body directly using contact impulses, ensuring robust
handling of collision and separation. The velocity update is
expressed as:

and physically consistent simulation of grain crushing and Vioar :Vt“‘i 3)

post-fracture  contact dynamics, providing a scalable m,

computational approach for large scale granular systems. Where J is the contact impulse and m, is the mass of the

2. Computational Methods rigid body. This formulation ensures momentum conservation

2'1 Bon d-lp;ase d peridvnamics and stable contact resolution, even under highly dynamic

o peridy crushing conditions. It enables efficient simulation of
post-fracture grain interactions and naturally captures the
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transition from bonded material points to independent rigid
fragments.

3. Framework Implementation Methods
3.1. System state representation and transition

To enable consistent coupling between peridynamics crushing
computation and rigid body contact dynamics, the granular
system is represented as a sequence of discrete system states.
Each system state provides a complete description of all objects,
including both grains and containers, and serves as the unified
interface between successive Chrono simulation systems. For
each object, the state includes a tag identifying its type and a
unique lineage code preserving its identity across crushing
events. The physical configuration is defined by its position and
orientation in the world coordinate system, while its inertial
properties include mass and inertia tensor in the local frame. The
dynamic motion is characterized by linear velocity in the world
frame and angular velocity in the local frame. This
representation ensures consistent tracking of object identity,
physical properties, and motion during crushing generation and
reconstruction.

During simulation, the system state is injected into a Chrono
system to instantiate rigid bodies and initialize their dynamic
variables. As shown in Fig. 1, the Chrono solver advances the
system under impulse-based contact dynamics, updating object
motion and interactions. Grains satisfying the crushing criterion
are converted into material point systems, and the bond-based
peridynamics solver resolves internal deformation and bond
failure. Newly formed child grains are identified, reconstructed
as rigid bodies, and assigned updated lineage codes. These
reconstructed objects form a new system state, which is injected
into the next Chrono system, enabling seamless transition
between crushing computation and contact dynamics.

Object add (bodies) Material points add
System state inject Weak plane add

l Crushinglcriterion | ‘ Compute kernel |
l Boundary handle |

Sys1: system state
Sys2: system state

Sys3: system state

Adaptive dynamic

Sys4: system state relaxation
Connect component
detection

Lineage encoding
System state capture

Reconstruct object

Fig. 1 System state transition framework.

3.2. Boundary condition transformation
To efficiently transfer contact dynamics information into the
peridynamics solver, the grain surface is partitioned into 16
angular regions using uniform divisions in spherical coordinates.
Contact forces acting within each region are grouped and
converted into a representative force to reduce complexity while
preserving dominant loading characteristics. For region k, the
representative force F, is defined as a magnitude-weighted
average of all contact forces within that region:
Sull £
.’ )
S

Where f = denotes the individual contact force acting within

region k, m enumerates all contact forces belonging to
region k. As illustrated in Fig. 2, the magnitude-weighted
representative force F, obtained for each region is further

decomposed relative to the grain centroid. Specifically, a unit

vector Y, is defined from the centroid to the contact region,
and the representative force F, is projected onto this direction.

The resulting radial component, denoted as F; , represents the

effective compressive loading transmitted through the grain
surface and is responsible for driving internal deformation and

fracture. This radial force F,“ is subsequently applied as the
equivalent boundary condition in the peridynamics solver. The
tangential component F,™", which primarily contributes to rigid

body rotation and sliding, is not directly involved in crushing
computation. Through this procedure, discrete contact forces are
first consolidated into regional representative forces and then
converted into physically consistent radial boundary conditions
suitable for peridynamics analysis.

e Reg’ion 4
Fig. 2 Radial decomposition of regional representative force.

Regi‘on;3-‘

3.3. Lineage encoding for crushing tracking

To preserve the crushing history and ensure consistent object
identity across successive system states, a lineage encoding
scheme is introduced. Each grain is assigned a unique lineage
code that reflects its hierarchical fragmentation origin. As
illustrated in Fig. 3, the initial grain is assigned a base code (e.g.,
0001). When crushing occurs, each newly formed child grain
inherits the parent code with an appended identifier (e.g.,
000101, 000102, 000103, 000104), establishing a direct
parent—child relationship. This encoding mechanism allows all
fragments to be uniquely identified while retaining their
connection to the original grain.

When further crushing occurs, the lineage code is extended
recursively by appending additional digits to the parent fragment
code (e.g., 000102 — 00010201, 00010202). This hierarchical
encoding enables efficient tracking of multi-stage crushing
behaviors and ensures consistency between peridynamics
crushing computation and rigid body reconstruction. The lineage
code is stored within the system state and propagated across
simulation stages, providing a robust and scalable mechanism
for managing dynamically evolving granular systems.

| 000101 000102 | | 00010201 |

3P e

Pt | 00010202 |
: 000103 Vecmmmmmmmea

"N

Fig. 3 Lineage encoding of grain crushing tracking
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Comparison of Limit State Evaluations between the Material Point Method and the Limit
Equilibrium Method for Soil Structures
(Proceedings of Symposium on Applied Mechanics)
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This study uses the Material Point Method implemented in Anura3D to investigate the effects of groundwater
conditions on the deformation and stability of soil structures. Parametric analyses that vary the groundwater
level and soil strength demonstrate clear correlations between the limit state index and slope displacements.
The vertical and horizontal slope displacements exhibit an approximately linear relationship, indicating the
potential for displacement-based limit state assessments under groundwater conditions.
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Fig. 1 Analysis cross section.

Table 1 Material parameters.
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Fig. 2 Vertical displacement obtained from MPM versus the
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Case NERE
Bulk unit weight 7 kN/m? 18.82
Unit weight of water %  KN/m? 9.81
Elastic Modulus E  MPa 100
Poisson’s ratio v - 0.3
Initial porosity n 0.44
Hydraulic conductivity & m/s 0.0001
Cohesion c kPa | 35.4 | 33.0 | 30.6
Friction angle ¢  deg. 12.8 | 12.1 | 11.4
Dilatancy angle v deg. 0
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In this study, an un-resolved CFD-DEM coupled analysis was conducted to investigate the influence of
confining pressure on suffusion from the viewpoint of skeletal structure evolution. The structural state was
examined by calculating the skeleton porosity during intemal erosion. The results confirmed that a higher
confining pressure leads to a smaller amount of eroded fine particles, although the reduction tends to become
limited beyond a certain level of confining pressure. In addition, the skeleton porosity remained nearly
constant in all cases, indicating that there was almost no deformation of the skeletal structure throughout the
analysis and that internal erosion predominantly occurred as a result of the migration of fine particles through
pores. It is considered that a higher confining pressure causes the shrinkage of pore channels available for fine
particle migration, thereby tending to reduce the amount of fine particles that are eroded.
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