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ABSTRACT

Particle breakage has been investigated extensively in a variety of applications. The Discrete Element Method
(DEM) is commonly used to investigate breakage. However, it has limitations in accurately representing the
natural morphology of particles. Additionally, existing techniques for simulating breakage of irregular particles
have mainly focused on splitting and chipping mechanisms, simplifying fractures as straight lines or flat planes.
In this paper, we introduce a novel 3D breakage model that incorporates all breakage mechanisms (splitting,
chipping, and fragmentation). To determine fracture surfaces, we apply Dijkstra’s algorithm to the particle’s
stress field to find the fracture surface(s). After defining the fracture surface(s), the intersection set operations
and 26 connected components labeling techniques are employed to generate multiple sub-grains. We apply our
method to a compression test on a three-particle system to demonstrate its effectiveness in modeling breakage.
We conduct quantitative analyses on grain count, mass, displacement, kinetic energy, rotational motions, and
inter-particle forces. Our findings indicate that particle displacement is a significant factor in breakage, while the
influence of rotational motion should not be overlooked. Furthermore, our results capture different phases of

breakage and rotational movements.

1. Introduction

Particle breakage (i.e., fracture) can be seen in a wide range of ap-
plications, and the behavior of the broken particles has been known as
an effective parameter in many industries and engineering applications
related to solid and rock mechanics,’ geotechnical,2 pharrnaceutical,g’4
ocean engineering,” lithotripsy,’ etc. Particle breakage has been iden-
tified as a micro-scale behavior of granular assembly, although it can
change the macro-scale behavior of such systems.” The breakage of a
particle produces sub-particles with different geometrical characteristics
(i.e., shape), leading to their different behavior from the original par-
ticle. To be more specific, at the microscale, the redistribution of stress
within sub-particles resulting from breakage alters the inter-particle
dynamics of the system. Additionally, when a broken particle is in
contact with unbroken and/or broken grains, it becomes crucial to
comprehend the inter-particle interactions and their behaviors.
Breakage can occur in a particle when the applied stress reaches its
yielding strength. The magnitude and location of the applied stress can
influence the likelihood of breakage, the path of fracture, and the type of
breakage.
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The breakage phenomenon can be classified into three distinct forms:
(i) chipping, characterized by the generation of sub-particles with sig-
nificant differences in size; (ii) splitting, where a particle breaks into two
nearly equal-sized sub-particles; and (iii) fragmentation, where a parti-
cle shatters into multiple pieces. Each of these scenarios plays a signif-
icant role in the breakage process. While chipping and splitting cases
have received considerable attention, the fragmentation mechanism
remains poorly understood due to the intricate nature of fracture sur-
faces under such conditions. Moreover, previous studies®!' have
emphasized the importance of considering the particle’s shape during
the breakage process, as it influences key grain parameters such as
positioning, interlocking, and fracture characteristics.

In experimental studies, capturing the microscale behaviors of
breakage can be costly and challenging. As an alternative, numerical
methods offer a way to investigate the behavior of broken and unbroken
particles in such systems. Among the numerical methods, the Discrete
Element Method (DEM) proposed by Cundall and Strack,'? has been
widely adopted by researchers studying breakage. In the literature,
sphere-based methods are commonly used to simulate particle breakage
with DEM. One approach involves creating a grain using sub-spheres
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Fig. 1. The implemented image analysis technique to capture the morphology of a particle from XRCT and apply the Gaussian filtering and trilinear interpolation to

eliminate pixelated areas.

that are bonded together. The parallel bond model @®PM) "> 719 and the
flat-joint model EIM)132921) have been extensively used to bond the
sub-spheres. These models allow for the creation of non-spherical par-
ticles by increasing the number of sub-particles. However, this approach
significantly increases the computational cost, and even with a large
number of sub-spheres, it is unable to accurately represent the natural
shape of a particle with complex concavities, convexities, and sharp
features. This issue is discussed and tested elsewhere.?” Furthermore, a
previous study”> demonstrated that the breakage behavior is influenced
by the number of sub-spheres and bonding parameters.

The replacing approach is another sub-sphere technique to model
breaking particles.”**® In this method, when a particle reaches its
failure strength, it is substituted with smaller spheres. However, deter-
mining the properties of these smaller spheres, such as their diameter
and mass, in relation to the original grain can be complex and may not
accurately reflect reality. While the computational cost of this replace-
ment approach is lower compared to the sub-sphere method, it is unable
to capture the natural shape of the particles.

The Bonded Block Model (BBM) is another technique used for
modeling breakage. In the BBM, the sub-spheres used in sphere-based
approaches are replaced by rigid polyhedral elements that are bonded
together to form a grain. Similar to sphere-based methods, the results of
the BBM are influenced by the bonding parameters. However, the BBM
method is unable to capture the concavity of a particle’s natural
morphology. Another technique that can closely represent the shape of
natural particles is the Finite-Discrete Element Method (FDEM). How-
ever, the effectiveness of the FDEM is highly dependent on the number
of meshes (faces) used to create the particles, and the method is asso-
ciated with high computational costs.

To capture the morphology of particles when undergoing breakage,
advanced DEM methods (e.g., Level Set-DEM) has also been used.””*° In
this approach, X-ray computed tomographic (XRCT) images are used”'
to capture the natural shape of a grain. A mathematical function should
be defined to read the XRCT images in the computational code. To do so,
the Potential Particle Method (PPM)>? can interpret the binary images
from XRCT in the code. The PPM defines the aforementioned mathe-
matical function (IT) to categorize the coordinates into: (i) inside (IT >
0), (ii) outside (IT < 0), and (iii) on surface (IT = 0). Within a similar line
of accurate DEM modeling, Zhang and Tahmasebi also proposed a
multiphysics framework with much less computational burden using
Enhanced Distance Transform (EDT).>* The former approach was also
resigned to deal with fracturing, and it only takes into account the
splitting breakage mechanism and does not consider the fragmentation
scenario.””*" Furthermore, this approach suggests creating a fracture
path by connecting points with the highest force, resulting in a flat

fracture plane. Treating the fracture as a flat plane can be unrealistic,
although it simplifies the breakage process and its calculations. More-
over, in a 3D system, a particle in contact with two other grains cannot
break, even if it meets the breakage criteria, because, in a 3D system, at
least three contact forces are required to form a fracture plane. To
incorporate the fragmentation scenario in breakage, another study uti-
lized stress field calculations in their investigation of 2D polygonal
shapes to determine the fracture path(s).>* While using the stress field in
grains can provide valuable insights for modeling fragmentation during
breakage, their assumption of the particle as a polygon and the
consideration of fracture path(s) as lines may not achieve the desired
accuracy.

Up to this point, the limitations of previous methods in capturing the
natural shape of grains, neglecting fragmentation, and assuming a flat
fracture plane have been emphasized. Therefore, there is a need to
develop a systematic breakage algorithm to address these research gaps
in the field. In this regard, we have employed the iDEM (image-based
Discrete Element Method), which has demonstrated its capabilities in
accurately modeling irregular particles.”>33°

The remaining sections of this paper are structured as follows. Sec-
tion 2 will delve into the governing equation of the iDEM, the meth-
odology for finding fracture path(s), and the breakage algorithm. In
Section 3, the results of the study will be presented, illustrated, and
discussed. Finally, Section 4 will provide the conclusion and summary of
the investigation.

2. Numerical method

In this section, we will provide a detailed explanation of the devel-
oped numerical method. Firstly, we will elaborate on the image-based
Discrete Element Method (iDEM), which enables us to accurately cap-
ture the natural morphology of grains, determine in-contact particles,
calculate properties of irregular particles, and simulate the motion of
grains. Following that, we will discuss the proposed breakage process
and its characteristics. This includes the breakage criteria used, the
calculations of post-breakage properties, and the algorithm of the
model.

2.1. Image-based Discrete Element Method (iDEM)

As mentioned earlier, the natural morphology of a particle can be
accurately captured using image analysis techniques. In this regard, we
will discuss the Enhanced Distance Transform method (EDT) that we
have employed to capture the morphology of particles and also con-
verting the binary images into useful contours for penetration
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Fig. 2. Demonstration of (a) the 3D natural shape of the particle and (b) the nodes on the surface of the irregular particle (D = 0) to deploy the node-to-

surface method.

calculations. Moreover, we will delve into the calculation of character-
istic properties, such as particle mass, based on the captured
morphology. To calculate the inter-particle forces, we first need to
determine if a collision occurs between a particle and other particles or
walls. We will elaborate on the contact detection process, which in-
volves identifying and analyzing the collisions between particles. Once
the contacts are detected, we can proceed to calculate the forces be-
tween particles (particle-particle forces) as well as between particles and
walls (particle-wall forces). These forces will then be applied to the
grains to determine the motion of each particle.

2.1.1. Image analysis technique

To capture the real morphology of a particle, we need to use the
binary images produced using XRCT to construct a particle. Each binary
image consists of pixels inside (i), outside (0), and boundary (b) of a
grain. The first step of image analysis is to measure the distance between
the inside and those on the boundary of the particles (d). Some
methods can be used to calculate the minimum of d?, including
chessboard, city block, and Euclidean. In our approach, we employ the
widely-used Euclidean method. Using the Euclidean method, the mini-
mum distance di% can be calculated.*® The Euclidean distance method
generates a field where outside points are assigned negative values while
the inside point receives a positive value. However, the calculation of
the distance field on the image’s pixels can result in pixelation and loss
of smoothness in the images. To address this issue, we enhance our

proposed method by incorporating Gaussian filtering and trilinear
interpolation.®” Gaussian filtering is applied to the entire domain, while
trilinear interpolation is specifically used on the pixels near the surface.
This helps to eliminate sharp transitions in those areas and improve the
resolution of the distance value at coordinate p (DP), using the trilinear
interpolation. Additionally, trilinear interpolation is employed during
contact detection and overlap calculations to enhance the accuracy of
these steps. The discussed steps to capture the natural morphology of
grain are summarized in Fig. 1.

The properties of each particle should be calculated based on the
calculated EDT 3D map. To this end, the mass of grain, the center of
mass, and the moment of inertia are calculated based on previous studies
on the iDEM. These equations can be found elsewhere.?*>%3%37

2.1.2. Finding in-contact particles

In the conventional Discrete Element Method, the initial step in-
volves identifying the particles that are in contact in order to calculate
inter-particle and particle-wall forces. However, determining these
values can be complex when dealing with non-spherical particles like
the ones in our study. To address this challenge, we employ the node-to-
surface method. Since the distance field values for the particle surfaces
are close to zero, we strategically place nodes at coordinates where
DP =~ 0. By using the node-to-surface technique, contact detection and
overlap calculations can be performed for these irregular particles. Fig. 2
showcases a 3D particle and the results obtained using the node-to-

Fig. 3. (a) Initial in-contact guess based on the detection radius to decrease computational cost. (b) Two irregular particle in-contact (c) overlap checking procedure
to check the presence of overlap between these particles and measure the overlap value to calculate inter-particle forces. Note: the overlap is exaggerated for

illustration purposes.
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Fig. 4. Stress calculation for a spherical particle based on the Boussi-
nesq equation.

surface method.

Once nodes are assigned on the surface of irregular particles, we need
to establish a procedure to identify and measure the overlap between
these particles. This procedure will be explained specifically for particle-
particle contacts, but it can also be applied to interactions between
particles and walls. To detect contact, we compare the coordinates of
nodes on one particle with the distance fields of other particles. In other
words, we check if the coordinates of a node on particle j (p;) fall within
the distance field of particle i (Dp‘;). To enhance the accuracy of overlap

estimation, we employ trilinear interpolation when calculating Dpi, the
trilinear interpolation is also implemented to increase the accuracy of
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overlap estimation. If Dpi_ < 0, then particlesiand j are in-contact in node

pj. To reduce the computational burden, we initially guess the potential
in-contact particles for each particle. This is achieved by defining a
detection radius (Ry) around particle i within which we search for par-
ticles that could potentially come into contact with particle i. Qualified
grains (i.e., |di,j| < |R4|, where d;_; is the distance between particle i and
j center of mass) should be checked for the existence of overlap with the
procedure as mentioned earlier. The applied procedure to solve the
complexity of contact detection can be found in Fig. 3. The overlap
between in-contact particles (5) can be calculated as the difference be-
tween the distance fields of each in-contact grain. The procedure for
calculating the overlap between particles and particle-wall can be found
elsewhere.>**>*” The interparticle force direction can also be measured

—
using the contact normal vector (C}} ) expressed as:

— VDPj
G =~ - M
725

2.1.3. Particle motion governing equations

This section focuses on the governing equations derived from the
Discrete Element Method (DEM). The DEM is capable of determining the
behavior of individual particles within the computational domain. The
motion of a particle can be classified into rotational and translational
motions. By applying Newton’s Second Law, the DEM calculates these
motions and the trajectory of the particle. Therefore, the motions can be
computed using the following equations:

dv; .
SENTEr SR 4 e 2

dw;
s XJ:sz + Z:Mm @)

where m; is the mass of particle i (Eq. (2)), and the velocity of particle i is
defined as V;. F}’ and F;"* are the inter-particles and particle-wall forces,
respectively. F&* is the external forces that can be applied to particle i,
which in this work the external force is gravity. Moreover, w; is the
rotational velocity and [; is particle i’s moment of inertia in Eq. (3). The
inter-particles and wall-particle torques are also presented as M and
M,,. ng is:

Fig. 5. 2D visualization of (a) Main particle and applied forces, (b) calculated stress field, (c) stress field for coupled forces, (d) calculated fracture path (black) for

each coupled force, and (e) combination of coupled forces and fracture paths.
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Fig. 6. 2D presentation of (a) Sample particle and calculated paths where have intersections, (b) calculated sub-sections for the fracture path (I), (c) calculated sub-
sections for the fracture path (II), (d) sub-grains, (e) sub-grains which set operations cannot separate, and (f) label field to separate those sub-grains with 26
connected-component labeling technique.

Fig. 7. 2D illustration of (a) Main particle and fracture paths, (b), (c), and (d) are fragments created by this breakage scenario and 3D demonstration of (e) main
particle. (f), (g), and (h) are post-breakage sub-grains resulting in breakage.
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Table 1

Properties of particles used in the simulations.
Property Value
Normal stiffness (N/m) 7 x 106
Shear stiffness (N/m) 7 x 106
Friction Coefficient 0.4
Weibull’s modulus 3
Time step (s) 1x107°
Breakage Criteria (MPa) 100
Density (kg/m®) 2650
Diameter (mm) 0.75

N N
Fr= Z (Fu rwrm)n n Z (F,;/ mn)n7 4
n=1

n=1

where N is the number of nodes on particle i that are inside particle j.
Also, F;™" and Fj* are the normal and tangential contact forces,
respectively, expressed as:

F.norm —
i -

— K5;C" ©)

ij

Fo :R(F,-,- ra") _aK {Vi/ — (Vyffj) CZ] dr, (6)

t+dt

where K is the normal stiffness, the rotational matrix is R, dt is time-step,
a is the normal and shear stiffness ratio, and relative velocity (V) also
expressed as:

V,j:V,+a)i><<f’[7?,>7V,-7w,-><(?Cf?j), )]

where ¢’; and ¢’; are particle’s i and j center of mass, respectively. Also,

P ¢ is the position of the contact point. The inter-particle moments (M
and Mj;) for overlapped grains can be formed as:
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—
My=F? <P .- 7) ®

My=F" <17‘ . - ?,-) . ©)

The calculated contact force for particle i is applied on particle j by
action-reaction rule (F; = —F)

2.2. Breakage model

To this point, we have described the iDEM approach using which one
can capture the natural shape of particles and incorporate the governing
equations of the DEM to calculate applied forces and particle motions.
As mentioned, in order to address the discussed research gap on frac-
turing, it is necessary to develop an algorithm that can encompass the
scenarios of chipping, splitting, and fragmentation in 3D breakage. The
proposed breakage procedure aims to systematically address two
fundamental questions: (i) when a particle should break and (ii) how it
breaks. The first question can be answered by comparing the calculated
stresses on a particle with the breakage criteria. However, to answer the
second question, techniques need to be deployed to handle the
complexity of calculating multiple fracture paths and to avoid using flat
and unrealistic planes as fracture surfaces.

2.2.1. Breakage detection

In this section, we will discuss the procedure designed to detect the
occurrence of breakage. Breakage can occur when a grain is in contact
with other particles or walls. Therefore, the computational domain
needs to be searched to identify particles that are in contact with other
grains or walls. Additionally, for breakage to occur, the applied stress on
a particle (6;) must reach the breakage criteria. The stress applied on
each particle can be calculated as follows>®:

Fig. 8. Demonstration of a spherical particle under 1-D compression at time-step (a) 0, (b) 7,000, (c) 14,000, (d) 18,000. (e) Experimental data from Cil

and Alshibli.”®

Fig. 9. 2D top-view of a spherical particle under 1-D compression at time-step (a) 0, (b) 7,000, (c) 14,000, (d) 18,000.
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Fig. 10. 3D Demonstration of the domain and grains in the modeled three-
particle breakage system.

N
P 2 : pw — —
Gi:Z n=1 <(ng +F§ )n®<p e l)) (10)

Then, the principal stresses (6;/) are calculated as the eigenvalues of
o;. These principal stresses can then be compared with the yielding stress
criteria. In this study, the particle’s stress is compared using both the
Tresca and von Mises yielding criteria. In our calculations, both tensile
and compressive stresses can lead to breakage. The Tresca stress (67) can
be defined as:

1
arzimax(\ol — 0a),|o2 — 63,|01 — 03]), 11

where 01, 02, and o3 are principal stresses of the particle. The von Mises
yielding criteria (o) is presented as follows:

— 0'2)2 + (O'] - 0'3)2 + (0'3 — 62)2}, (12)

whenever the particle’s o, and o7 exceeds the designated breakage stress
(oB), then the particle can break.

2.2.2. Finding breakage Surface(s)

If a particle meets the breakage criteria, it is necessary to determine
the breakage surface(s). In order to break the original 3D particle into
sub-particle(s), the path where breakage can occur needs to be identi-
fied. It is preferable to determine the path during simulations rather than
relying on user input, as a self-made breakage path can lead to conflicts
in the simulation. Additionally, using an arbitrary 3D fracture path is not
desirable in breakage systems, as experimental investigations would be
required to accurately capture such a path. Therefore, we have devel-
oped a systematic approach to create 3D breakage paths that consider all
breakage scenarios.

Among the different breakage mechanisms, fragmentation is the
most complex one, as it involves multiple paths and the generation of
multiple sub-particles. To address this complexity, calculating the stress
field within the grain can be useful. Numerical studies have been con-
ducted to calculate the internal stress distribution in a grain,>%3%40
Although one can use more sophisticated approaches for defining the
stress distribution within the particles, in this study the Boussinesq
equation is employed, which has been validated with photoelastic
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Fig. 11. Comparison between the previous experimental investigation® and
our proposed numerical method with respect to wall force versus top wall
vertical displacement.

experiments. '’ This approach provides a rapid and simple evaluation of

stress as a scaler property.’' *> The combination of these individual
stress distributions yields the final stress field.*” Therefore, we have
implemented the Boussinesq equation to calculate the stress field in each
grain as follows:

_3Qcos 0

Y a3

where Q is the point load, r is the distance between load and point, and ¢
is the angle between the r and load direction; see Fig. 4.

Experimental results have shown that the fracture surface is often
more likely to connect the locations of contact forces on each grain.?>**
Taking this into account, we can utilize the node-to-surface approach in
the iDEM to identify the contact forces on each particle. By determining
the contact forces and their respective locations, we can then pair the
highest contact force with another applied contact force on a grain,
based on previous investigation on fragmentation.>* This allows us to
define the starting and ending points of the fracture path(s).

Fracture propagation is typically observed in areas of high stress,
making the calculated stress field crucial for determining the fracture
path. To achieve this, it is necessary to explore all potential fracture
paths between two coupled forces (i.e., contact forces) and identify the
path that traverses the highest stress regions in the field. In essence, we
aim to find a path with the greatest cost (representing stress) between
the starting and ending points. To accomplish this, we can employ the
concept of Dijkstra’s algorithm from graph theory.*>*” Dijkstra’s algo-
rithm determines the minimum cost path between two points in a
weighted graph among all possible paths. However, in our case, we seek
a path that traverses voxels with the highest stress values. To reconcile
the contradiction between the stress field and Dijkstra’s algorithm, we
invert the stress field, thereby prioritizing the fracture path through
high-stress regions. After post-processing, including this inversion, the
starting and ending points of the path (corresponding to the locations of
the contact forces) are used. Consequently, Dijkstra’s algorithm calcu-
lates the fracture path(s). To facilitate visualization and better under-
standing, we have demonstrated the step-by-step breakage process in 2D
in Fig. 5. Moreover, to create smooth 3D fracture surface(s), we used the
3D minimum error cut concept’® on the produced stress volume S. Here,
the cumulative minimum stress along the start-end direction is calcu-
lated. This algorithm starts with the first layer (k) of S and each voxel on
this layer is denotated by [i,j],i = 1....,p; j = 1,...,q. Then, the cumu-
lative minimum stress E using the closest 9 voxels is calculated on the
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Fig. 12. Dynamic evolution of breakage process in 3D at time step (a) 0, (b) 100,000 (c) 170,000 (d) 199,000 (e) 200,000, and (f) 202,000.

previous k — 1 layer by:

breakage incident. However, set operations can only capture these:

Eijx=Six+ min(E(i—l.j—l,k—l)7E(i—l.jAk—l)7E(i—].j+1Ak—l)7E(ij—l,k—])7E(i.j.k—l)7E(ig+l,k—])7 ) _ (14)

EGiij1k-1), Eqrgx—1): Egrijrix-

After defining the fracture surface, one can use the set operations (e.
g., intersection) to decided how to split the original particle.>* However,
in scenarios where fracture surfaces have intersection(s), the set oper-
ations cannot split them accurately, and multiple separate fragments
might be considered as a grain. To illustrate the complexity when
fracture surfaces intersect each other, Fig. 6 is demonstrated in 2D. In
Fig. 6(a), three forces are applied to the sample grain, and two paths are
calculated based on the previously mentioned steps. Then, each path
divides the original grain into two sub-sections; see Fig. 6(b) and (c).
Based on paths in Fig. 6(a), five sub-grains should be produced after this

SiNSy= P,

SiNS; =P

i as)
S$ENSy,=P;+Ps

NS =pr,

where S! and S? are subdivisions which created by fracture path (I). S}
and sg are subdivisions which constructed by fracture path (II). More-
over, P;, P;, P3, P4, and Ps are sub-particles produced by fracture paths
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(I) and (II). As calculated in Eq. (15), the intersection operation (N )
cannot systematically separate the sub-grains P; and Ps, and problem
can rise in creating new sub-grains; see Fig. 6(c). To tackle the issue, the
26 connected-component labeling technique has been implemented in
our proposed method. The 26 connected-component labeling ensures
that only one fragment exists within each sub-grain by checking the
connected pixels. If multiple connected objects are detected, they will be
separated, and assign each object to a separate sub-grain; see Fig. 6(f).

After fragments are created, distance fields can be generated for the
new sub-grains. The 2D and 3D visualization of the main grain and
fragments after the breakage process is depicted in Fig. 7. These dem-
onstrations indicate that our proposed method can conduct fragmenta-
tion while irregular and realistic fracture surfaces are produced.

2.2.3. Calculating characteristics of new sub-particles

So far, the sub-particles and their distance field have been generated.
To designate the properties to new sub-grains, we took the following
steps.

1. Nodes should be allocated on the surface of each sub-particles by
deploying node-to-surface method.

2. General properties of each sub-particle, including mass, center of
mass, and moment of inertia, should be calculated.

3. Moreover, the material characteristics (i.e., density) of sub-particles
should be allocated to them based on the original particle.

International Journal of Rock Mechanics and Mining Sciences 174 (2024) 105640

4. To minimize the computational errors, the velocity and forces of the
original particle are designated to sub-particles.

5. Since we are working on the local coordinates in the broken particle,
the transition from the local to the global framework should be
considered to put new grains in the original particle’s exact location.

6. When particles become smaller, they tend to become stronger. In
light of this observation, previous studies’>*’ have proposed the
following equation to account for the breakage criteria of a sub-grain
after each fracture event:

1o0)w _ (Q) 16)

(UB)main ain

where (0g),;, and (6g),,4, are the breakage criteria of the sub and main
particles, respectively. dy,;, is the sub-particle diameter and dyg, is the
main grain’s diameter. Moreover, Weibull’s modulus is defined as m.

2.2.4. iDEM breakage algorithm

Our proposed algorithm can address all the discussed issues and
model the dynamic breakage process by considering the natural
morphology of the particle. The proposed method is summarized in
Algorithm 1.

Algorithm 1. Breakage Algorithm Implemented in Image-based DEM

ALGORITHM 1: BREAKAGE ALGORITHM IMPLEMENTED IN IMAGE-BASED DEM

Input: Number of Particles (nParticle) and Overlaps

Output: Sub-grains distance fields and New nParticle

for i=0, nParticle do

If particle(i) has contact with other particles and/or walls

nodes forces to stress < Eq. (10)

Tresca and von Mises « Egs. (11) and (12)

if 0, > 05 && o > 0Op
Finding contact forces

Couple contact forces

Calculate the stress field for each coupled force (Boussinesq)

Reverse stress field
Apply Dijkstra’s algorithm

Set operations

26 Connected Component labeling

sub-grains < splitting original distance field

Node-to-Surface < Allocate nodes on the surface of new particles

Properties of sub grains

Designate to sub-particles < Density, Velocity, and Force of the original particle to subs.

nParticle « nParticle + nSubParticles -1

end if
end if

end for
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Fig. 13. Dynamic evolution of breakage process in the 2D YZ side view at time step (a) 0, (b) 100,000 (c) 170,000 (d) 199,000 (e) 200,000 and (f) 202,000.

3. Results and discussion

In this section, we discuss the results obtained from the proposed
method. First, we will study the compression test on a spherical particle
breakage to show the capability of our method visually as this problem
has been studied widely, both experimentally and computationally.
Table 1 summarizes the properties that have been used for this model
based on previous studies.?>?%°" Fig. 8 demonstrates the 3D breakage
process of a spherical particle. As can be seen, fracture paths align with
the fundamental understanding of fracture paths in a 1-D compression
test, where the fractures are parallel to the loading direction.”’ To make
a direct comparison between our results and those produced experi-
mentally, one of such results is shown in Fig. 8(e), which demonstrates a
reasonable reproduction of fracture paths. Moreover, to present our
method’s capabilities in capturing different breakage mechanisms, the
top views of this simulation are shown in Fig. 9. In Fig. 9(b), the splitting
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mechanism is illustrated, which is followed by fragmentation and
chipping in Fig. 9(c) and (d), respectively. Capturing such small chips
shown in Fig. 9(d) can illustrate how such small features are reproduced.
Furthermore, the top-view illustration reveals that the fractures
concentrate close to the center of the spherical, which was expected.

After illustrating a single spherical grain breakage, the compression
tests are conducted on a three-particle system, originally described in a
previous experimental study by Cil and Alshibli.? In our simulations, we
selected three particles with an average diameter of 0.75 mm to repre-
sent ASTM 20-30 Ottawa sand. The computational domain size was set
to 1 mm x 1 mm x 2.5 mm. For the 1D compression test, the top wall of
the domain was subjected to a constant displacement rate, the same as
the experimental setup.?® Fig. 10 illustrates the domain and particles at
the beginning of the compression. In addition, Table 1 provides an
overview of the properties used in our numerical investigation based on
previous works.?>?%%0

To validate our model, we have plotted the applied force from the top
wall versus the vertical displacement in Fig. 11 and have compared it
with previous experimental investigation’® for breakage criteria set to
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Fig. 14. Dynamic evolution of breakage process in the 2D XZ side view at time step (a) 0, (b) 100,000 (c) 170,000 (d) 199,000 (e) 200,000 and (f) 202,000.

45 MPa. Upon examining Fig. 11, we can observe an increasing trend in
the applied load force until its peak (i.e., breaking point). However, after
the breakage incident, the force load rapidly decreases. This behavior
indicates that the force is applied to the particle until it breaks, and once
breakage occurs, the force decreases as sub-grains find void spaces to
move into. The trend of the calculated wall force aligns with the
experimental data obtained by Cil and Alshibli,?® despite the differences
in particle morphology between our simulations and their experiments.
We should note that the comparison was conducted until 0.2 mm of the
vertical displacement since the experimental work was done until this
displacement. However, we simulated our model until displacement of
0.4 mm to study the breakage comprehensively.

Fig. 12 provides a 3D illustration of the breakage evolution observed
in the three-particle system during the compression test. The compres-
sion test can be divided into three distinct phases.

(D In the initial phase, the particles attempt to find void spaces or
rotate within the domain to avoid breakage. This phase is char-
acterized by the particles’ movements as they try to redistribute
the applied forces.

(II) As the compression continues, if a particle is unable to find suf-
ficient space for movement, either rotationally or translationally,
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it undergoes breakage. This phase is marked by the occurrence of
particle fractures.

(IIT) After breakage, the applied force on the resulting sub-particles
causes them to move into available void spaces within the
domain until they become stuck again. This process of movement,
breakage, and repositioning is repeated throughout the
simulation.

For example, in Fig. 12(a), (b), and (c), the middle and bottom par-
ticles primarily experience phase (I), where they try to find room for
movement. On the other hand, the top particle undergoes all three
phases during these time steps. In contrast, in Fig. 12(d), (e), and (f), the
top particle transfers the applied force from the wall to other grains,
while the remaining particles go through all three phases to accommo-
date the compression force. In general, the breakage evolution observed
in the simulation captures the dynamic response of the particles under
compression and highlights the different phases involved in particle
rearrangement and fracture.

To gain a better understanding of the breakage process and the
different phases involved, it is beneficial to visualize the results in 2D
from different viewing directions. Figs. 13 and 14 provide side views of
the system in the YZ and XZ planes, respectively. Analyzing these figures
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Fig. 15. Time evolution of (a) the number of grains and (b) the average, maximum, and minimum mass fraction in the domain during simulation.

Fig. 16. Time evolution of the average displacement and kinetic energy of all
grains in the computational domain.

reveals several interesting phenomena. In Fig. 13, a comparison between
(a), (b), and (c) shows that the top particle, which experienced phases (I)
and (II), undergoes another breakage in Fig. 13(b). This indicates the
occurrence of multiple breakage events for the same particle. Addi-
tionally, comparing Fig. 13(b) and (c), one can observe rotational
movements in the middle and bottom particles. These rotational motions
play a crucial role in preventing these particles from breaking. Similar
rotational movements around the Y-axis can also be observed in Fig. 14
(a), (b), and (c). Thus, the XZ side view (Fig. 14) reveals two distinct
rotational patterns. The first pattern, observed in Fig. 14(a) and (b),
involves rotation around the Y-axis and is primarily caused by the
movement of the top particle. On the other hand, the comparison be-
tween Fig. 14(b), (¢), and (d) reveals the second pattern, characterized
by rotation around the Z-axis. This rotational motion is only observed in
the middle particle and serves as an escape route for this particle to
avoid breakage.

Quantifying these rotational motions is crucial, and this paper dis-
cusses the methods used to analyze and measure them. It should be
noted that conventional DEM codes often lack the ability to accurately
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calculate such rotational movements due to their limited consideration
of the natural shape of particles. In this paper, on the other hand, the 2D
side view illustrations in Figs. 13 and 14 provide valuable insights into
the breakage process and the occurrence of rotational movements,
shedding light on the dynamic behavior of the particles during the
compression test.

During our simulation, it is important to examine the number of
grains in the domain to understand when breakage occurs over time.
Fig. 15(a) presents the number of breakage incidents that occurred in the
domain. As expected, in each breakage event, the number of grains
increased. However, the particles break into more pieces as the domain
becomes smaller due to the vertical displacement of the top wall.
Initially, three particles were present, but at the end of the simulation,
they broke and split into a total of 10 particles. Monitoring the mass of
the particles in the system can also provide useful information in
conjunction with the number of grains. Fig. 15(b) illustrates the mini-
mum, maximum, and average mass fraction, which represents the ratio
of the grain’s mass to the original grain’s mass (= ML) As depicted,

original grain
by the end of the simulation, the average mass fraction has decreased by

more than 70 %. This indicates that the particles have undergone sig-
nificant breakage and fragmentation. As can be seen, the comparison
between the force load and the number of grains provides insights into
the occurrence of breakage incidents, and the analysis of the mass
fraction reveals the extent of breakage and fragmentation that has taken
place during the simulation.

The study of displacement can provide valuable insights into the
relationship between breakage and particle movement. Fig. 16 illus-
trates the displacement versus time steps, along with the corresponding
kinetic energy. It can be observed that during each breakage incident,
the average displacement of particles decreases rapidly. However, after
breakage, the trend reverses, and displacement increases again. This
behavior is mirrored in kinetic energy as well. Our results indicate that
breakage occurs when the displacement of a particle decreases, leading
to a reduction in kinetic energy (i.e., energy release). In other words,
during a compression test, if a particle fails to move or rotate due to a
lack of void space, breakage is likely to occur. The observed fluctuations
before and after breakage events support the discussion in this paper
regarding the relationship between movement and breakage occurrence.
Specifically, the newly formed fragments after breakage are smaller than
the original particle and can easily occupy the available void spaces.

As mentioned earlier, we observed rotational motions in our simu-
lations. To quantify these observations, we studied the pre-breakage
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Fig. 17. Dynamic time evolution of pre-breakage average rotation in each time step of (a) the bottom, (b) the middle, and (c) the top particle and each direction
rotation for (d) the bottom, (e) the middle, and (f) the top.
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Fig. 18. Time evolution of the average particle-particle force for all grains
during the simulation.

rotational behavior of each grain. Fig. 17(a) and (d) specifically focus on
the bottom grain. In Fig. 17(a), the average Euler angles (i.e., roll, pitch,
and yaw) for each time step are shown. The results indicate that the
average rotation of the bottom grain does not exceed 0.6° at its highest.
Fig. 17(d) provides a calculation of the rotational movement of the
bottom grain from its original formation at the start of the simulation,
considering each Euler rotation. It can be seen that the bottom particle
has undergone a —16° pitch rolling displacement prior to its breakage.
The highest rotational movements during the simulation are approxi-
mately —13° and —10° for yaw and roll, respectively. Therefore, the
dominant rotational direction for this particle is pitch.

The rotational behavior of the middle particle before breakage is
illustrated in Fig. 17(b) and (e). The average rotation in each time step
reveals that, as observed in Figs. 13 and 14, the middle grain has
experienced an average rotational motion of 1.8° during the breakage
process. In contrast to the bottom particle - Fig. 17(a)- the middle par-
ticle exhibited two significant rotational patterns. Prior to its breakage,

International Journal of Rock Mechanics and Mining Sciences 174 (2024) 105640

the middle particle rotated approximately 50° around its Y axis (yaw)
and 25° in the pitch direction (Z axis), as shown in Fig. 17(e). Aside from
these observations, after the breakage of the top particle (at time step
~47,000), the average rotation increased due to the lateral movement of
the top particle. This trend can be attributed to the release of energy
observed in the system following breakage, as depicted in Fig. 17.
Particularly, as shown in Fig. 11, the applied top-wall force reached its
peak during each breakage incident. As explained earlier, grains are
unable to find void spaces near each breakage event within the domain,
leading them to experience rotational movement instead of lateral
displacement.

The rotational behavior of the top particle prior to its breakage is
depicted in Fig. 17(c) and (f). As shown, the average rotation of the top
particle before breakage is not significantly high compared to the other
grains, suggesting that its displacement can be primarily characterized
as lateral movement. However, among the particles, the top particle
exhibits a notable amount of rolling rotation just before its breakage.
Therefore, at this stage, we have identified three distinct rotational be-
haviors among these particles. The top particle displays a dominant
rolling rotation compared to yaw and pitch rotations observed in the
middle grain and primarily pitch rotation in the bottom particle. While
displacement remains a crucial parameter in understanding breakage,
the influence of rotation should also be thoroughly studied in such
systems. To achieve this, and as demonstrated in our results, it is crucial
to consider the natural morphology of the grains in order to accurately
capture these rotational motions.

The inter-particle force, which is a parameter that can influence
breakage, is depicted in Fig. 18. It is observed that the inter-particle
force increases before breakage occurs. However, the results indicate
that the occurrence of breakage is not solely dependent on inter-particle
forces. For instance, at time-step ~ 40,000, the average inter-particle
force reaches its highest value (prior to the first breakage), but none
of the particles experience breakage. This can be attributed to
displacement, as shown in Fig. 16. During this period of high force, the
average displacement is still increasing, indicating that the force is
causing particle movement rather than breakage. Furthermore, the first
breakage event occurs in the top particle, which is in contact with the
top wall. Therefore, in this initial breakage, the top particle fractures due
to the strong force applied by the wall. However, the results indicate that
particle-particle interactions contribute to the subsequent breakage

Fig. 19. Dynamic time evolution of force chain in the domain at time step (a) 33,000, (b) 159,000, (c) 200,000, and (d) 202,000.
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Fig. 20. Demonstration of sub-grains formation after going through the breakage process due to the compression test at the end of the simulation.

Fig. 21. Time evolution of the average shape parameters for all grains during
the simulation.

incidents.

To enhance our understanding of inter-particle interactions, studying
force chains provides valuable insights. Fig. 19 depicts the evolution of
force chains at different time steps. Initially, vertical force transfer is
evident before the occurrence of the first breakage event (Fig. 19 (a)).
Subsequently, the force chains become more intricate after each
breakage event. Notably, at the end of the simulation, a horizontal force
chain between sub-particles emerges, which is not observed in the early
stages (Fig. 19 (a) and (b)). Fig. 18 also demonstrates an increase in
inter-particle force during the compression test, as mirrored in the force
chain values. Consequently, breakage within the system impacts the
magnitude and direction of force exchange between particles. During
the compression test, there is a discernible force transition from the top
to bottom particles due to the displacement of the top wall.

15

To illustrate the formation of sub-grains after the breakage process,
Fig. 20 is presented. The irregular fracture paths and the particle frag-
mentation due to the breakage process can be seen in particles, which
shows the capability of our method to capture the mentioned breakage
characteristics. Fig. 20 depicts that grains tend to become more irregular
at the end of breakage, which was expected.

To quantify our previous observations regarding the change in the
shape of grains due to fracturing, we calculated various shape parame-
ters over time. To this end, we demonstrated the time evolution of shape
parameters during the simulation, which shows how the computed
morphological parameters change during the simulation. In Fig. 21, the
average roughness and aspect ratio of grains are the only shape pa-
rameters that experienced increasing trends during simulations. The
reason can be found in the nature of breakage, which makes particles
sharper as they experience fracturing. Hence, one should expect parti-
cles with more roughness and aspect ratio (i.e., irregularity). Further-
more, our results indicate that the average sphericity and volume of
grains decreased by more than 30 % and 75 %, respectively, which is in-
line with our previous findings. The mentioned shape parameters are
calculated using the following equations:

Largest axis length

Elongation = m a7
Roughness = % (18)
e -
Sphericity :@ (20)

Surface Area

Here, we have changed the orientation of the previously studied pack
to understand if the results are sensitive to the orientation and if they
are, then, how variable the result might be. As shown in Fig. 22(a—c), we
changed the initial orientation of grains systematically, and results for
each case are demonstrated in Fig. 22(d-f), respectively. One can clearly
observe the different behavior of these setups at the end of simulations.
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Fig. 22. Demonstration of three particle systems under 1-D compression at the initial time-step (upper row) and at the end of simulations (lower row).

As can be seen in Fig. 22 (d), at the first setup (i.e., Fig. 22 (a)), the
middle particle remained unbroken. For the second orientation (i.e.,
Fig. 22 (b) and (e)), the top particle only experienced damage. On the
other hand, all grains went through the breakage in the third setup; see
Fig. 22 (c) and (f). The comparison in this figure reveals that the initial
orientation of particles can play an essential role in defining the
occurrence of breakage and fracture paths.

To quantify our observations regarding the influence of the initial
orientation of grains, different shape parameters have been studied. To
this end, we illustrated a wide range of shape characteristics in Fig. 23.
The error bars in Fig. 23 represent the standard error of the Probability
Density Function at each corresponding shape parameter. Both bimodal
(Fig. 23 (a) and (d)) and multimodal (e.g., volume) distributions can be
seen in Fig. 23, which can be interpreted into multiple subpopulations of
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the data. Thus, it showed that particles in different orientation setup
have different morphological properties. The different distribution
pattern for shape parameters illustrated that one can expect a wide
range of shape parameters values in such simulations. Furthermore, as
can be seen in Fig. 23 (a), the Aspect Ratio has the highest variation
among shape parameters which indicates a higher variability in the
estimated PDF. To sum up, our results highlight the importance of initial
orientation since it can change the fracture paths, which leads to a
change in the shape of grains.

4. Summary and conclusions

The breakage process is relevant in various applications, and accu-
rately modeling such systems poses a challenge. While considering the
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Fig. 23. Probability Density Function (PDF) with respect to (a) Aspect Ratio, (b) Elongation, (c) Roughness, (d) Sphericity, (e) Surface Area, and (f) Volume for all

initial orientations’ simulations.

actual morphology of particles can lead to more realistic results, it also
adds complexity to the model. Previous numerical studies have not
incorporated fragmentation breakage scenarios (involving multiple
fracture surfaces) and non-planar fracture surfaces, mainly due to
simplification concerns. In this study, we introduced an innovative
method that addresses these limitations by incorporating irregular
particle morphology, multiple fracture surfaces, and non-planar fracture
surfaces. To achieve this, we have enhanced the image-based Discrete
Element Method (iDEM) by integrating it with a graph-based method for
fracture surface identification. Additionally, we have utilized 26 con-
nected components labeling and set operations to create sub-grains,
enabling a more comprehensive representation of the breakage process.

To investigate the proposed breakage model, we applied the method
to a compression test on a three-particle system and compared the re-
sults with experimental data. Our aim was to gain a comprehensive
understanding of the behavior of particles before and after breakage.
During the simulations, we analyzed various parameters, including the
number of grains, mass fraction, displacement, kinetic energy, rotational
motions, and inter-particle force. Through this numerical investigation,
we obtained intriguing findings that shed light on the breakage process
and its associated phenomena, which are.

I. At the end of the simulation, all original particles broke, and the
number of grains reached 10.

II. The smallest grain’s mass is one-tenth of the original grain (i.e.,

unbroken), and the average mass of the system decreased by 80

%.

Before each breakage event, the displacement of particles

increased, and during breakage, a rapid decline was observed.

III.
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IV. The energy release after each breakage incident was also
observed in our results.

V. The rotational motion of a particle should not be neglected in
such a system. Although the top wall moves laterally, each par-
ticle has its own rotational motion. Among particles, the middle
particle, since its motion is not limited to the top or bottom wall,
has the most rotational motion.

VI. The inter-particle can cause the breakage, although, at the first
breakage event, the top wall-particle interaction is the reason for
the breakage.

VII. The change in initial orientations of particles can lead to different
fracture paths, which means a change in grains’ shape.

Therefore, conducting a thorough investigation of irregular particle
breakage while considering multiple non-planar fracture surfaces can
provide valuable insights. The proposed method allows for the identi-
fication of microscale characteristics of grains before and after each
breakage event. In future studies, this method can be applied to various
breakage applications across different scales, further enhancing our
understanding of the breakage process. Moreover, alternative criteria
can be formulated to delineate fracture paths and fragmentations. In this
study, our primary focus lies in delineating an irregular fracture path
within a stress field. One approach involves utilizing a combination of
stress and other fracture criteria, generating a scalar map within each
particle. This map serves as a foundation for producing a more realistic
field, integral to the fracture path identification algorithm discussed in
this paper.
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