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ABSTRACT: The hybrid finite—discrete element method (HFDEM) has proven its high effectiveness in simulating rock fracture and
soil mechanics at macro scales. This study extends HFDEM to microscopic scale to simulate the crushing of calcareous sand particles.
Based on high-resolution micro-CT imaging (25 um), complex particle geometries were meshing with over 225,000 tetrahedral
elements. The cohesive element formulation within HFDEM enables an accurate simulation of the transition from continuum
deformation to discrete fracturing, allowing modelling the complete crushing process of the highly porous grains of calcareous sand.
The HFDEM modelling results demonstrate a brittle crushing behavior for calcareous sand, featured with an initial elastic response,
crack initiation at contact points, propagation through porous structures, and final progressive fragmentation. Internal porosity is shown
to affect fracture evolution, with stress concentrations forming along pore boundaries and eventually leading to preferential cracking.
A peak crushing force of 212 N occurs at 0.30 mm displacement for a particle with a maximum dimension of 17 mm, followed by 85%
strength loss due to multiple fracture events. These findings demonstrate HFDEM offers a promising approach to investigate the
crushing mechanisms of calcareous sand and its potential to bridge up macro-scale geotechnical behavior.
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1 INTRODUCTION interior. Such features are liable for substantial particle crushing
under engineering level loads, directly influencing macro-scale
properties (Wu et al., 2022), bearing capacity (Coop, 1990), and
long-term settlement performance (He et al., 2020).

The combined finite—discrete element method (FDEM) has
emerged as a powerful numerical tool in geotechnical and rock
engineering, demonstrating exceptional capabilities in
simulating large-scale failure processes. Originally proposed by /'
Munjiza et al. (1995), FDEM's unique ability to capture the ey

complete transition from continuum deformation to St
discontinuous fracture within a unified framework has been
extensively validated across various engineering problems,

including slope instability (An et al., 2022), tunnel collapse / e

(Han et al., 2020), blast-induced fracturing (An et al., 2021; Liu g s

et al., 2021) and rock failure (Fukuda et al., 2021; Wu et al., Ed _Z,",;*‘e. — 5

2022). These applications highlight the method's capability to o "jj:""?{" Ovmg;;}g;f l;OIOgy Su(rma:enliagzzsvtirs:;;x re
handle problems involving large deformations, fracture 4 gw ; g —

propagation, and fragmentation in both soils and rocks under
diverse loading and boundary conditions. While these large-
scale applications have been extensively validated, extending
HFDEM to microscopic particle breakage presents unique Calcareous sands

challenges due to geometric complexity, mechanical ‘

nonlinearity, and high computational demands (Li et al., 2023).
Calcareous sand represents a particularly challenge among

17.21mm

arange of geomaterials. These biogenic sediments, prevalent in Ove”g} ITOIFP‘;OlOgy Surface pore structure
offshore regions including north-west shelf of Australia, the article (magnitied view)
South China Sea, and the Middle East (Gao & Ye, 2023), can Figure 1. Morphological characteristics of calcareous sand particles.

present critical difficulties for marine infrastructure

development. Their biological origin results in irregular compression tests and CT imaging, numerical studies capturing
morphologies, extensive internal porosity, and significantly the complete fracture process remain limited (Li et al., 2025).
lower particle strength compared to siliceous sands (Xu et al., The hybrid finite-discrete element method (HFDEM),
2022), making them highly susceptible to crushing (Lv et al,, developed by Liu et al., (2015), incorporates advanced features
2024).  Understanding  these  particle-scale  breakage including GPGPU parallelization and adaptive contact
mechanisms  is es.sentlal for. predicting the macro-scale algorithms, achieving computational efficiency improvements
performance of‘mar‘me foundatlons‘. ) of 8,000-61,000 times compared to sequential implementations

As shown in Figure 1, the particles manifest complex pore (Fukuda et al., 2021). This study applies the HFDEM to
networks extending from the particle surface deep into the simulate single calcareous sand particle crushing, based on

Despite experimental investigations using single particle
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mesh constructed from Micro-CT scanning to reveal crack
evolution patterns, identify critical breakage stresses, and
provide fundamental insights in calcareous deposits.

2  HFDEM METHOD AND RECENT ADVANCES

2.1 Basic Principle

The hybrid finite-discrete element method (HFDEM) combines
the strengths of finite element methods (FEM) in capturing
continuum deformation and discrete element methods (DEM)
in simulating discontinuous fracture and contact behavior. As
illustrated in Figure 2, cohesive elements inserted between
finite elements allow for the simulation of tensile and shear
softening, enabling realistic modeling of crack initiation,
propagation, and coalescence within individual particles (Liu et
al., 2015).

A o*oh

Intact Regime

/': \
/-/ Model I Fracture

0p i energy, G,

Tension

%

P | o o
Softening Regime
Compression (a)
74 coh
Intact Regime
by ETT
A !
1
1
1
1 ~
i \ Shear
i
¢ i
1
/‘ :
1+ Model II Fracture
1
v / i energy, Gp
[ - A4/ - P e e e e e e e S T e o= -
1 H
'
] i
. P H »
= [|5]]

Softening Regime

(b)
Figure 2. Constitutive behaviors of cohesive elements: (a) Mode 1
tensile failure with traction-separation law; (b) Mode II shear failure
with traction-separation law.

In HFDEM, the normal cohesive traction ¢*" is computed
based on the opening displacement o and damage state:

20
( —— 7T, 0<0
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Where T is the tensile strength, op is the elastic limit for
opening displacement, oOoveriap is the representative overlap
when o is negative.

The shear cohesive traction " incorporates the Mohr-
Coulomb failure criterion with tension cut-off:

[25 (Isl)2
" ={1s, \s

f(D)c — o tangd, s, < |s|

[f(D)c —o"tan],0 < |s| < s,,

@

Where s is the shear displacement, s, is the elastic limit of shear
displacement, @ is the internal friction angle, c is the cohesion.
Opening displacement o and tensile stress 0" become
positive during crack formation. The f{D) function governs
strength reduction as fractures develop. Once elements enter the
softening regime beyond op (or sp), damage accumulation
becomes irreversible even upon unloading. Complete
separation occurs when thresholds (o > oy, ||s|| > s/) are exceeded,
after which interaction is governed by contact mechanics only.

2.2 Computational Enhancements

To address the intensive computational requirements for
contact detection and fracture modeling in irregular particles,
significant advances have been implemented in the GPGPU-
parallelized HFDEM code. The computational efficiency
improvements include GPGPU parallelization using CUDA
C/C++, achieving speedups of 8,000—61,000 times compared to
sequential implementations (Fukuda et al., 2021).

Dynamic equilibrium is achieved through local damping
with mass scaling:

0%u
Mscale —

9tz (3)
Where M*<?’ signifies the scaled concentrated mass matrix, fior
refers to the unbalanced nodal force vector, ||fir| expresses the
absolute value magnitude for individual components of fio, v
stands for nodal velocity values, sgn(:) functions as the
mathematical sign operator, while a characterizes the localized
damping coefficient.

Additional computational strategies include adaptive
contact activation that restricts calculations to boundary
elements and newly failed regions, semi-adaptive contact
activation to prevent spurious fracture modes under shear
softening, hyperplane separation theorem for efficient contact
detection, and mass scaling techniques enabling larger stable
time steps (Liu & Fukuda, 2022). These enhancements
collectively enable efficient simulation of complex particle
breakages involving thousands of irregular-shaped fragments.

feot + allftocllsgn(v)

3 APPLICATION TO CALCAREOUS SAND
PARTICLES

3.1  Particle Selection and Imaging

Individual calcareous sand particles ranging from 1-5 cm in
diameter were isolated and prepared for high-resolution
imaging. Micro-computed tomography (uCT) scanning was
performed using the Phoenix Nanotom M scanner (Waygate
Technologies) at the University of Melbourne (Tee et al., 2023)
with a scanning accuracy of 25 microns, providing sufficient
resolution for detailed characterization of both external
morphology and internal pore networks. Figure 3 illustrates the
complete workflow from bulk sample selection to CT
acquisition.



Micro-CT Scanning Device
Figure 3. Physical sample and CT scanning result of calcareous sand.

3.2 Mesh Generation for HFDEM Analysis

The pCT tiff stack datasets were converted into computational
meshes through systematic image processing. Image
enhancement included ring artifact removal, intensity bias
correction, and contrast enhancement (Schliiter et al., 2014).
Threshold-based segmentation distinguishes solid material
from voids, followed by morphological filtering to remove
noise and isolated pixels.

Tetrahedral mesh generation used Delaunay triangulation
with a minimum element size of 0.1 mm, balancing
computational efficiency with morphological detail capture.
Mesh quality control included automatic repair, aspect ratio
checks, and degenerate element removal. Figure 4
demonstrates the complete processing workflow for a
representative calcareous sand particle, resulting in a mesh
containing 225,537 tetrahedral elements and 485,580 surface
nodes.

Image

Tetrahedral Mesh  Mesh Optimization &
Enhancement

Generation /Export (.inp format)

Assembly Definition & HFDEM Conversion (.dat)

Figure 4. Micro-CT image processing and mesh generation workflow
for HFDEM simulation.
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Material parameters are summarized in Table 1, reflecting
typical calcareous sand properties with relatively low tensile
and shear strengths. Lower cohesive element fracture energies
(GI=0.30 N/mm, GII = 0.20 N/mm) were deliberately chosen
to enhance crack propagation visualization and fragmentation
behavior. While detailed parameter calibration is beyond this
study's scope, the selected values effectively demonstrate the
fracture evolution patterns under investigation.

Table 1. Calibrated parameters in HFDEM simulation.
Category Parameters Symbol Value
Density o 2700kg/m?
Particle Young's modulus E 20 GPa
elements Poisson's ratio N 0.32
Coefficient of friction s 0.5
Normal stiftness . 5000 N/mm?
Shear stiffness ; 4000 N/mm?*
Cohesive Tensile strength £ 15 MPa
element Shear strength 1 10 MPa
Tensile fracture energy g, 0.30 N/mm
Shear fracture energy Gy 0.20 N/mm
Loading Coefficient of friction MR 0.05
Platen Loading rate v 0.1 m/s
3.3 Simulation Setup and Computational Details

The single particle crushing simulation employed uniaxial
compression between two rigid plates. The bottom platen
remained fixed, while the top platen moved downward at a
constant velocity of 0.1 m/s. This loading rate was chosen to
balance fracture pattern clarity and computational efficiency,
noting this analysis is a quasi-static process. The particle was
oriented with its longest axis approximately perpendicular to
the loading direction to maximize contact stability.

Automatic critical damping combined with viscous
damping was utilized to mitigate dynamic effects and
approximate quasi-static conditions. An explicit time
integration scheme with adaptive time stepping ensured
numerical stability throughout the crushing process. The
simulation continued until complete particle fragmentation
occurred.

4  SINGLE PARTICLE BREAKAGE ANALYSIS
4.1

Crack Propagation Evolution

Figure 5 illustrates the front and side section planes that serve
as reference orientations for multi-view observation of the
particle crushing process.

Front Section
XOZ

Figure 5. Section planes for multi-view analysis.



Figure 6 presents the progressive crushing behavior of a different perspectives (front view, front section XOZ, side

calcareous sand particle under uniaxial compression at four section YOZ), while subfigures (d) depict fully fractured
simulation time steps: 20 ms, 30 ms, 50 ms, and 70 ms. Using cohesive elements, representing the spatial evolution of
the section orientations illustrated in Figure 5, subfigures (a)— cracking.

(c) in Figure 6 show Z-directional stress distributions from

Fron / Front Section Side Section Transparent View

T=20ms

Initial contact

(al)

T=50ms

T=70ms
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Figure 6. Progressive crushing of a calcareous sand particle under uniaxial compression at T = 20, 30, 50, and 70 ms: (a) front view, (b) front section,
(c) side section, and (d) internal crack evolution.

At 20 ms, the upper platen makes initial contact with the particle. fragmentation. The development of an arch-like structure
Stress concentrations are observed at the top and bottom contact between the two upper contact zones results in stress
areas, indicated by intense red and blue zones near the loading accumulation from opposing directions, accelerating internal
boundaries. Correspondingly, localized cracking initiates in failure. Figure 6(d4) reveals a more extensive and
these zones, as shown in Figure 6(d1). interconnected crack network, confirming the culmination of
By 30 ms, additional contact is established on the elevated particle breakage.

ridge at the particle’s left side. A clear stress band emerges from These results demonstrate the capability of HFDEM in
the left-top contact point to the lower-left base, following the capturing stress redistribution, pore-induced crack guidance,
internal pore structure. Stress transmission is also evident along and progressive fragmentation in calcareous sand grains,
adjacent pores. Figure 6(d2) illustrates the expansion of damage offering fundamental insights into micro-scale failure
zones, notably the appearance of a new crack near the upper- mechanisms.

left region, increasing the number of active breakage sites.

At 50 ms, stress concentration in the previously loaded 42 Mechanical Response

area diminishes, indicating energy release through fracture. Figure 7 presents the force—displacement response of a
Multiple cracks propagate through the porous structure, calcareous sand particle under uniaxial compression, with
forming splitting patterns. A prominent vertical crack emerges overlaid snapshots illustrating the crack evolution at
from the lower-left breakage zone, guided by internal pore representative stages. The curve reveals characteristic features
weaknesses. Meanwhile, a new central crack starts to develop, of brittle particle crushing, segmented into distinct mechanical
as seen in Figure 6(d3). phases.

By 70 ms, crack coalescence forms major splitting bands
throughout the particle. The central region exhibits significant

3448



250

200

D
(=}

Contact Force (N)

=2
1=20ms & T=70ms

LI s B e B e S S e R e

5 e
0.2

1

08 1

0.4 06

Displacement (mm)

(=]

Figure 7. Force-displacement curve of a calcareous sand particle
under uniaxial compression with representative crack evolution
snapshots.

In the initial stage (0-0.2 mm displacement), the force rises
nonlinearly to approximately 200 N, reflecting gradual contact
formation between the irregular particle surface and the loading
platen. This is followed by a quasi-linear segment (0.2—-0.3 mm),
indicating elastic deformation with increasing contact stiffness.

The peak force of approximately 212 N occurs at a
displacement of 0.30 mm, marking the onset of unstable crack
propagation. A significant force drop—about 35% to 130 N—
is observed between 0.30-0.50 mm, corresponding to the rapid
development of splitting cracks through the porous interior, as
depicted in the crack overlay.

A second major force reduction occurs between 0.50-0.60
mm, dropping from 130 N to approximately 60 N, indicating
the formation of a primary splitting plane that effectively
divides the particle into major fragments. This critical failure
event is clearly visible in the crack evolution at T=50ms.

The post-peak stage (0.60—1.0 mm) is characterized by
gradual force degradation with smaller intermittent drops, each
associated with secondary fragmentation and crack coalescence.
By 1.0 mm, the residual force stabilizes at approximately 30 N,
retaining only ~15% of the peak strength. This correlates with
extensive structural disintegration shown in the final image.

Overall, the force—displacement behavior reflects the
typical crushing response of highly porous particles: an initial
nonlinear contact phase, brittle peak failure, and gradual post-
peak softening via successive fracture events. The area under
the curve represents the energy dissipated through particle
crushing, indicative of the particle's fracture toughness and
internal heterogeneity.

5 CONCLUSIONS

This study demonstrates the applicability of the hybrid finite—

discrete element method (HFDEM) in simulating the crushing

of calcareous sand particles under uniaxial compression. The
key findings are as follows:

e HFDEM effectively captures the complete fracture
process of porous particles, including crack initiation,
propagation, and coalescence, through cohesive element
modeling with GPU-based computational acceleration.

e UCT-based geometry integration enables realistic particle
morphology representation, revealing how internal pore
structures fundamentally control crack evolution
pathways and the formation of failure planes.

e  The mechanical response exhibits typical brittle crushing
characteristics: nonlinear contact establishment,
catastrophic failure at peak load, and gradual post-peak
softening through progressive fragmentation. The
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observed fracture energy dissipation directly reflects the

particle's microstructural complexity and heterogeneity.

These insights contribute to understanding calcareous sand
behavior at the particle scale and provide a validated numerical
framework for investigating marine geomaterials. Future work
will explore the relationship between particle morphology and
crushing behavior, as well as inter-particle contact mechanisms
in multi-particle systems.
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