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Particle breakage commonly occurs during processing of particulate materials, but a mechanistic model
of particle impact breakage is not fully established. This article presents oblique impact breakage char-
acteristics of nonspherical particles using discrete element method (DEM) simulations. Three different
particle shapes, i.e. spherical, cuboidal and cylindrical, are investigated. Constituent spheres are
agglomerated with bridging bonds to model the breakage characteristics under impact conditions. The
effect of agglomerate shapes on the breakage pattern, damage ratio, and fragment size distribution is
fully investigated. By using a newly proposed oblique impact model, unified breakage master surfaces are
theoretically constructed for all the particle shapes under oblique impact conditions. The developed
approach can be applied to modelling particulate processes where nonspherical particles and oblique
impact breakage are prevailing.

© 2023 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creative

Bonded contact model

commons.org/licenses/by/4.0/).

1. Introduction

Particle impact breakage is commonly encountered in typical
particulate processes such as milling, pneumatic conveying (Wang,
Ge, et al., 2021). The mechanistic-based systematic description of
particle impact breakage is highly desirable but is not yet fully
established. This is mainly because of complicated stressing con-
ditions, varied particle properties and empiricism of breakage
models. Experimental studies of particle impact breakage were first
conducted in early stages and have been widely reported by
numerous researchers in the literature (Cheong et al., 2003; Qin
et al., 2023; Salman et al., 1995; Subero & Ghadiri, 2001; Yuregir
et al., 1986). The focal point of these research is identification of
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influential breakage parameters and distinction of breakage pattern
regarding the impact conditions (Subero & Ghadiri, 2001). The
influential parameters of impact breakage can be summarized as
internal properties such as binding mechanism and structure (Ge
et al., 2018), physical properties such as size and shape (Liu et al.,
2010; Thornton & Liu, 2004), mechanical properties such as hard-
ness and fracture toughness (Wang, Chen, & Ooi, 2021), statistical
properties such as varied particle strength of primary particles
(Orozco et al., 2019), impact target (Ye et al., 2021), and impact
conditions such as impact velocity, impact number and impact
angle (Salman et al., 1995; Wang et al., 2022). Despite significant
insights from the above studies, a major shortcoming from the
experiments is the post-mortem analysis of impact breakage in-
formation such as particle size distribution. The short duration of
impact breakage presents a huge challenge for experimental
apparatus to fully capture the contact behaviour between particles
and the impact target. Even with the aid of high-speed recording

1674-2001/© 2023 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of Sciences. Published by Elsevier B.V. This is an open access article
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Nomenclature

a Major half-axis length (m)

Ap Section area of the bond (m?)

b Moderate half-axis length (m)

B Breakage ratio

c Minor half-axis length (m)

d Diameter (m)

D Damage ratio

D¢ Standard variation of compressive strength (Pa)
Ds Standard variation of shear strength (Pa)
Dr Standard variation of tensile strength (Pa)
erp Particle—particle restitution

epg Particle—geometry coefficient of restitution
Ep Bond Young’s modulus (Pa)

Ep Particle Young’s modulus (Pa)

Eg Geometry Young’s modulus (Pa)

F Bond side force/moment vector

Iy Bond section moment of inertia (m*)

K Bond stiffness matrix

l Cylinder length (m)

Ly Bond length (m)

Le Cube edge length (m)

m Velocity exponent

ny Total number of bonds

Ne Average coordination number

np Total number of constituent spheres

p Porosity
Bond radius (m)

Sc Mean compressive strength (MPa)

Ss Mean shear strength (MPa)

St Mean tensile strength (MPa)

u Bond side displacement/rotation vector
vr Reference velocity (m/s)

Vv Total particle volume (m3)

Greek symbols

o Constant

i} Intermediate parameter

Y Velocity normalisation factor (m/s)

% Scaling factor for constituent sphere

Ce Contact radius multiplier for constituent sphere
0 Impact angle (rad)

A Bond radius multiplier

J Particle—particle static friction

Hrp Particle—particle rolling friction

Hsg Particle—geometry coefficient of static friction
Iirg Particle—geometry coefficient of rolling friction
v Poisson’s ratio

Vp Particle Poisson’s ratio

Vg Geometry Poisson’s ratio

d Timoshenko beam stiffness factor

Pp Particle density (kg/m>)

ac Bond compressive strength (Pa)

ot Bond tensile strength (Pa)

T Bond shear strength (Pa)

¢ Tangential contribution factor

system, the identification of impact site and the crack propagation
through internal structure of particles is still not possible. In a
nutshell, very little insight into the dynamics of breakage process
can be provided solely from the experimental means. Only recently
Ge et al. proposed a new 3D printed test particle approach that
could experimentally investigate the particle breakage character-
istics under highly controllable conditions (Ge et al., 2017, 2018).
In view of the experimental limitations, computational tech-
niques, such as Monte Carlo method (Mishra, 2000), Discrete
Element Method (DEM) (Chen et al., 2021; Ge et al., 2019, 2020;
Shang, 2022) and Finite Element Method (FEM) (Kh et al., 2011)
have been generally accepted as powerful tools for particle impact
breakage. Amongst these methods, DEM which describes the re-
lationships between microscopic and macroscopic properties ren-
ders impact breakage with both scientific and industrial interests.
This is due to the fact that DEM is able to consider the shapes and
properties of individual particles and forces acting on them (Zeng
et al,, 2019; Zheng et al., 2015). Therefore, probing the breakage
of a single particle using DEM becomes essential towards a sys-
tematic understanding of particulate system behaviour spanning
from geotechnical, through mineral (Wang et al., 2022) and
chemical (Moreno-Atanasio & Ghadiri, 2006) to pharmaceutical
engineering (Chen et al, 2020). In the context of DEM, particle
impact breakage is often simulated using cohesive or rigid bonded
particle model. A large number of this kind of study on particle
impact breakage using DEM can be found in the literature (Kafui &
Thornton, 2000; Thornton & Liu, 2004; Wang et al., 2022). The key
findings from DEM-based particle impact breakage include but are
not limited to the following highlights: 1) The damage ratio (the
proportion of broken inter-particle bonds) is increased with the
increase of impact velocity (Wang et al., 2022). 2) The breakage
pattern can be transmitted from disintegration to fragmentation by
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increasing the contact density or changing the agglomerate surface
(Wang et al., 2022). Alternative DEM methods lie in replacing
parent particles by smaller ones once failure criterion is met over
the impact process and fast-breakage model using Laguerre_vor-
onoi teseelation to segment the particle in 2D polygons or 3D
polyhedral (Monteiro et al., 2015). A comprehensive assessment of
these three methods was performed whereas more details can be
found elsewhere (Jiménez-Herrera et al., 2018). Nevertheless, the
above-mentioned DEM studies of particle impact breakage were
predominantly carried out under normal impact for spherical par-
ticles. However, the particles agglomerated through the granula-
tion process are not ideally spherical and hence the collision
behaviour of nonspherical particles is much more different from
that of spherical particles (Liu et al., 2010). Moreover, the impact
angle is not expected to be always normal and oblique impact is
understood to be prevailing in a wide spectrum of particulate
system behaviour.

There have been a few DEM studies of impact breakage for
nonspherical particles. For example, a DEM study of agglomerate
impact breakage was carried out considering three shapes, i.e.
spherical, cuboidal and cylindral (Liu et al., 2010). It was found that
internal damage of particle is closely tied to the particle decelera-
tion adjacent to the impact site. Nevertheless, the breakage mode
for nonspherical agglomerates is not decisively depdent on the
local microstructure (Liu et al., 2010). Another example of impact
breakage for six particle shapes including spherical, regular tetra-
hedral, cuboidal, regular octahedron, regular dodecahedron and
regular icosahedrons was reported in the DEM simulations by
Zheng et al. (Zheng et al., 2015). They found that the size of contact
area plays a key role in particle breakage. The maximum target
force and final damage ratio decreases when the face-impact, edge-
impact and vertex-impact modes are applied. Minor changes in
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particle sphericity give rise to remarkable different breakage pat-
terns for nonspherical particles. Further DEM study of ellipsoidal
particle impact breakage was carried out to probe the effect of
impact velocity and moisture content through the parallel bond
models (Zeng et al., 2019). The effect of moisture content on
ellipsoid particle breakage relies on the impact velocity, showing
the damage ratio increases linearly whilst the size ratio of the
largest fragment decreases linearly for the local disintegration
mode.

This article presents an innovative approach to establish a uni-
fied breakage master curve for nonspherical particles under various
impact velocities and impact angles. The oblique impact breakage
of three shaped particles, i.e. cubical, cylindrical, ellipsoidal is car-
ried out using a DEM bond contact model. The micromechanical-
based damage ratio, which is conventionally used in DEM as a
function of number of bonds is converted as macroscopic breakage
ratio as a function of fragment size distribution. The conversion
from damage ratio to breakage ratio is enabled by implementing a
Breadth-First Search algorithm. A recently developed oblique
impact model considering the effect of impact angle is extended to
construct unified breakage master curve for nonspherical particle
impact breakage.

2. Particle breakage model in DEM

In this study, the interparticle bond contact model is adopted for
modelling particle breakage. Constituent spheres are bonded to
form an agglomerate, which represents the particle for breakage in
DEM simulation. The bond contact model adopted in this study is
Edinburgh bonded particle model (EBPM). EBPM was initially
developed by Brown et al. (Brown et al., 2014) and implemented as
an API plugin in commercial DEM code EDEM afterwards. EBPM
performs the mechanical behaviour of bond between two neigh-

Particuology 90 (2024) 61-71

Particle A Particle B

Fig. 1. Illustration of the bond of Edinburgh bonded particle model (EBPM) (particle
radius ra, bond length Ly, bond radius ) (Ge et al., 2020; Yang et al., 2023).

incrementations at both sizes of the bond, K represents the stiff-

ness matrix, in which the stiffness parameters k; = Eli—’:h ky, =
12E,1, _ 6B, _ Bl _ Ely(4+D) _ ElL(2-D)
o) K3 = pate ka = gty ks = e ke = TaTe)

contact area A, = wrg, contact section moment of inertia [;, = TFT",

%ﬁg""), bond radius r,=
nmin (r1, 1), E, and v, are bond Young’s modulus and Poission’s
ratio, respectively, n is bond radius multiplier, rq, r, are the radii of
the two bonding spheres, respectively.

The bond will fail as its stress exceeds the strength in the cor-
responding direction, after which the bond contact will switch to
Hertz—Mindlin granular contact. The bond failure criteria are as
follows:

Timoshenko beam parameter & =

bouring particles with a tiny gap (Fig. 1). The bond acts as a Tim- 3 >
oshenko beam mechanically after generation, linking the centres of o Fpe  Tby M iy T M, . _
. . : . gi=-2-—Y T “i=ab (5)
the two particles at its both sides. The mechanical act of the contact Ap Iy
is described as follows:
AF=KAu (1) gc=min(ogq, 0p) < —[0(] (6)
where, a,b represent the two sides of the bond, AF represents the .
collection of force/moment incrementations at both sides of the 0t =max(da, 0p) = [o1] 7)
bond, Au represents the collection of displacement/rotation
[ kq 0 0 0 0 0 -k O 0 0 0 0 T
0 k2 0 0 0 k3 0 —kz 0 0 0 k3
0 0 ko 0 k3 O 0 0 -k, 0 —k3 O
0 0 0 kq 0 0 0 0 0 kg4 O 0
0 0 7’(3 0 k5 0 0 0 k3 0 ke 0
K= 0 k3 0 0 0 ks 0 7](3 0 0 0 k5 (2)
|-k O 0 0 0 0 k4 0 0 0 0 0
0 —’(2 0 0 0 —k3 0 k2 0 0 0 —k3
0 0 7’(2 0 k3 0 0 0 k2 0 k3 0
0 0 0 kg4 O 0 0 0 0 ky 0 0
0 0 —k3 0 ks 0 0 0 k3 0 k5 0
L 0 ’(3 0 0 0 kG 0 —k3 0 0 0 k5
AF=[AFqyx AFgy AFg; AMgy AMgy AMg; AF, AFy, AF, AM, AMj, AMbZ]T 3)
Au= [Adax Aday Adgz;  Afax A‘gay Aflq, Adbx Adl:uy Adbz A"’]b.x Aaby A'9bz}T (4)
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2 2
Tﬁ‘Max|rb+4\/Fﬂy + Fg,

21, 34, (8)

> [7]

where, g.,0¢,7 are compressive, tensile and shear stresses of the
bond, respectively, and [o¢],[o¢],[7] are compressive, tensile, and
shear strengths of the bond, respectively.

3. Particle assembly and DEM simulation setup
3.1. Nonspherical particle assembly

Nonspherical particles can be performed using a variety of de-
scriptors. Multisphere clump is a conventional descriptor. A mul-
tisphere clump contains several rigidly composed spheres, based
on which all interparticle contacts are processed. The whole clump
is one particle when dealing with particle motion though. There are
also ellipsoidal clumps and even superelliosoidal clumps available
in these DEM codes (DCS Computing GmbH, 2020; Liu et al., 2021).
Another multielemental descriptor is bonded sphere series in
which spheres are all bonded into an agglomerate and the
agglomerate describes the particle. This descriptor has the advan-
tage of revealing micro mechanical behaviour of particle breakage
with the mechanical evolution of bonds between the constituent
spheres. In this article, this descriptor is adopted. Despite multi-
elemental descriptors, there are continuous function representa-
tion (CFR) and discrete function representation (DFR) describing
the surface of particles (Lu et al, 2015). CFR describes particle
surface with a continuous function and a specific contact detection
algorithm needs to be developed to resolve the (non-)contact be-
tween particles, whilst DFR describes particle surface with a set of
points base on which contact detection can be conducted. There are
many types of nonspherical particles based on CFR descriptor.
Polyhedra can be one type of CFR nonspherical particles with
several facets, and superellipsoids (Podlozhnyuk et al., 2017) can be
another type of CFR nonspherical particles. There are also other
continuous functional surfaced particles (Andrade et al., 2012;
Capozza & Hanley, 2021). It is noted that there are some differences
on bulk mechanical behaviour when using different nonspherical
particle descriptors such as multisphere clumps and superquadrics
(Soltanbeigi et al., 2018, 2021).

In this article, the nonspherical particle is assembled by bonding
an amount of constituent spheres. Three shapes of the nonspherical
particles are considered: cube, cylinder, ellipsoid. These can all be
described as superellipsoids, with different roundness parameters
(see superquadrics in (Lu et al., 2015), superellipsoids are included
in superquadrics). Superellipsoid with the first roundness e; - 0
and the second roundness ¢, —0* refers to a quasi-cube. Super-
ellipsoid with the first roundness ;= 1.0 and the second round-
ness e, — 07 refers to a quasi-cylinder. Superquadric with the two
roundness parameters e;=e,= 1.0 refers to an ellipsoid. Our pre-
vious study adopted a spherical particle with a 50 mm radius for
breakage study (Wang et al., 2022). The three shapes in this study
keep the volume consistent to the spherical particle. Therefore, the
size of the three shapes can be derived. It is noted that for cylinder,
the length equals to the diameter, and for ellipsoid, the major
aspect ratio a/b= 2.0 whilst the minor aspect ratio b/ c=1.0. Then,
constituent spheres are filled into the particle space. The size dis-
tribution and filling method of constituent spheres keep the same
as those in previous study (Wang et al., 2022). Fig. 2 shows the size
distribution of constituent spheres. Particle scaling (Thakur et al.,
2016) is introduced in this study with the scaling factor of 1.15.
This allows fewer constituent spheres within the simulation and
thus accelerate the DEM simulation. In addition, the contact radius
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Fig. 2. Size distribution of constituent spheres.

of the constituent spheres is set to 1.1 multiplying scaled radius, to
provide a reference gap of 10% within which the other constituent
sphere will be bonded. Following this principle, all the bonds are
generated. The size parameters of the three shapes are listed in
Table 1 in which the number of bonds can be found, along with
other size parameters mentioned above. The assembled
nonspherical agglomerates are illustrated in Fig. 3. The average
coordination number is between 6.8—7 for all types of nonspherical
particles, which refers to densely bonded agglomerates.

3.2. Model parameterisation

The parameters of EBPM are shown in Table 2, which are
all consistent to (Brown et al., 2014; Wang et al., 2022). When the
bond fails, the particle—particle contact model goes to nonslip
Hertz—Mindlin model. The same model is adopted for
particle—geometry contacts, but with different parameters. All
these parameters are listed in Table 3 (Brown et al., 2014; Wang
et al., 2022). The parameters used for EBPM have been justified in
our previous work (Wang et al., 2022).

3.3. Simulation setup

Once produced, the bonded nonspherical agglomerates are set a
velocity by assigning all the constituent spheres the same velocity.
The magnitude of the velocity, or the reference velocity v, is 5, 10,
15, 20, 25, 30, 35, 40, 45, 50 m/s, respectively. A steel plate (planar
geometry) is set on which the oblique impact occurs. The direction
of the velocity keeps an angle ¢ to the normal vector of the plate
(Fig. 4). 8§ = 90°,75°,60°,45°, 30°, respectively. Therefore, a total
number of 150 DEM simulation cases (three agglomerate shapes,
ten reference velocities and five impact angles) have been per-
formed. It is noted that no gravity is set for all the DEM simulations.
The agglomerates will move until contacting steel surface and then
breaking into fragments. The process of an oblique impact is then
reproduced. The orientation of nonspherical particles keeps the
same in orthogonal direction to maintain the same point of impact
on particle surface among different simulations. Further work will
be done in the future incorporating the effect of particle orientation
on oblique impact.

The time step adopted in this study is At = 1.00 x 10~7s. For two
nonspherical particle scenarios, Peng et al. (Peng et al., 2021) gives a
critical time step calculation. Substituting EBPM bonded contact
parameters, the critical time step is Atg;= 7.08x 107 7s.
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Table 1
Characteristics of particle assembly.

Particuology 90 (2024) 61-71

Parameter Description Cube value Cylinder value Ellipsoid value
Shape-relevant parameters
Le Edge length (m) 8.06 x 102 — -
d Diameter (m) _ 8.74 x 102 -
I Length (m) _ 8.74 x 102 —
a Major half-axis length (m) _ _ 7.94 x 10~2
b Moderate half-axis length (m) _ _ 3.97 x 102
c Minor half-axis length (m) _ _ 3.97 x 102
a/b Major aspect ratio (—) _ _ 2.0
b/ c Minor aspect ratio (—) _ _ 1.0
Shape-irrelevant parameters
v Total volume (m?3) 5.24 x 1074 5.24 x 1074 524 x 1074
& Scaling factor for constituent sphere (—) 1.15 1.15 1.15
¢c Contact radius multiplier for constituent sphere (—) 1.10 1.10 1.10
np Total number of constituent spheres (—) 18,112 18,093 18,030
p Porosity (—) 0.37 0.37 0.37
ny Total number of bonds () 61,898 62,632 62,581
ne Average coordination number (—) 6.835 6.923 6.942
(b) Cylinder (c) Ellipsoid
Fig. 3. Nonspherical agglomerates used for DEM simulation.
Table 2 Table 3
Input value of bond parameters (Brown et al., 2014; Wang et al., 2022). Input value of non-bonded parameters (Brown et al., 2014; Wang et al., 2022).

Parameter Description Value Parameter Description Value
Ep Young's modulus (GPa) 28 E, Particle Young’s modulus (GPa) 70
” Poisson’s ratio () 02 Pp Particle density (kg/rp3) 2650
Sc Mean compressive strength (MPa) 300 Vp 1’3“@6 PO]SS?“ S ratlf) (_,) 0.25
D¢ Standard variation of compressive strength (MPa) 0 Erp Parqclefpart?cle rest.ltutl'on' =) 0.9
Sy Mean tensile strength (MPa) 60 Hsp Particle—particle static friction (—) 0.3
Dr Standard variation of tensile strength (MPa) 0 Hrp Particle—particle rolling friction () 0.01
Ss Mean shear strength (MPa) 60 Eg Geometry Young's modulus (GPa) 200
Ds Standard variation of shear strength (MPa) 0 Vg Geometry Poisson’s ratio () 0.25
A Bond radius multiplier (—) 0.5 epg Particle—geometry coefficient of restitution (—) 0.7

g Particle—geometry coefficient of static friction (—) 0.35

g Particle—geometry coefficient of rolling friction (—) 0.01

Considering multi contacts in the bonded agglomerates, the critical
time step is shrunk to ensure stable numerical computation
(Otsubo et al., 2017).

4. Results and discussion
4.1. Failure mode, force, and velocity evolution during impact

Specifically, a typical simulation case with impact velocity of
10 m/s and 6 = 90° is selected for failure mode study. The bond
network failure characteristics of different types of nonspherical
particles are illustrated in Fig. 5. As shown in Fig. 5, cube has
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fractured during post-breakage process, but the fracture is later
than the local crush on the impact surface. Cylinder has a similar
breakage mechanism as spherical agglomerate in previous study
(Wang et al., 2022), with a fracture through the agglomerate along
with localised crushes on the impact surface. Multiple fragments
could be observed when t = 0.01s. Ellipsoid does not have a crack
through the whole impact process. The difference between ellip-
soid and other two shapes is that it contains inhomogeneity, and
the direction of impact for ellipsoid is its major axis of scale. As the
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s
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Y

Fig. 4. Illustration of the oblique impact breakage setup.

t=5ms

»

Fig. 5. Surface damage resulting in localised damage at impact velocity of 10 m/s and # = 90°. (a) Cube (b) Cylinder (c) Ellipsoid (red = intact bond, blue = broken bond).

major axis has the largest resistance towards fracture failure, only
local crush can be observed.

Fig. 6 shows the velocity evolution of these impacts. For cube
and cylinder with fractures, the regions of constituent spheres with
reduced velocities are the same as those with fracture and local
crush. Constituent spheres with large velocity difference transfer
large kinematic energy into bonds, and thus cause bond failure in
micro and fracture and local crush in macro. In the post-failure
stage, the spheres spread backwards the agglomerate, with the
velocity half of the initial. More than 3/4 of the initial kinematic
energy of these spheres is dissipated. For ellipsoid without fracture,
constituent spheres in local crush region also experience large
velocity drop, but in post-failure stage small number of spheres
spread with similar velocity to initial while large number of spheres
are close to stop. The agglomerate with fractures has larger coef-
ficient of restitution, due to different level of resistance provided by
micro bonds. The results in Figs. 5 and 6 show the effect of particle
shape, especially the shape relevant to the impact surface could
significantly affect the breakage patterns.

4.2. Influence of impact orientation and tangential velocity

Fig. 7 shows the velocity field of constituent spheres within
three types of agglomerates with impact angle § = 90°, 60°, 30°,
while the reference velocity keeps the same as v, = 10 m/s. The
local crush decreases when the angle of impact 6 increases, as
normal impact velocity v, = v, sin § decreases with # and the local
crush is mainly induced by normal impact. The region of constit-
uent sphere spread is linked to the impulse energy of impact and
shrinks as § increases due to the decrease of normal impact velocity.

4.3. Damage ratio analysis

Fig. 8 shows the damage ratios D for the three types of shapes
with all impact velocities and angles. Here, the damage ratio is
defined as the number of broken bonded contacts over the
number of total bonded contacts and should be from 0 to 1. The
damage ratio increases with impact velocity due to the increase of
kinematic energy charging to the bonds during oblique impact.
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=10 ms

Velocity (m/s)
30.00

24.00
18.00
12.00

6.00

0.00

Fig. 6. Velocity field of constituent spheres at impact velocity of 10 m/s and # = 90°. (a) Cube (b) Cylinder (c) Ellipsoid.

The damage ratio decreases with impact angle. This is due to the
decrease of normal velocity to the surface of impact, showing that
the normal direction is the major direction causing bond failure.
Cube and cylinder have similar damage ratios during impact, as
the two surfaces representing cube and cylinder in Fig. 7(b)
intersect with each other; ellipsoid has apparently lower damage
ratio compared to the other shapes, as the surface representing
ellipsoid in Fig. 7(a) is apparently apart from the other two sur-
faces. This further indicates the effect of shape on the breakage
characteristics.

4.4. Fragment size distribution and breakage ratio

During post-breakage, the size distribution of fragments from
the original agglomerate differs from the one of constituent
spheres, as there will be bonds remaining in the fragments. Size
distribution analysis is therefore essential. A Breadth-First search
algorithm is used to analyse the fragment size distribution of par-
ticle assemblies. Firstly, each contact is assigned an ID. At each
iteration the algorithm can be used to check if a new ID belonging
to an existing particle cluster. An individual particle cluster could be
identified by checking through all the particles in contact. In this
way, all the fragments within a particle assembly could be identi-
fied. Afterwards shape fitting function is used to analyse the frag-
ment size distribution. Each fragment is assumed to have an
ellipsoidal shape for simplification. The size is calculated using the
following function:

d=06,/0.5(1+ a?) (9)
where, d is the calculated fragment size, § is the intermediate
diameter, and a= 0.9 is a constant between the shortest and in-
termediate diameter of an ellipsoid. Detailed descriptions of
Breadth-First search algorithm and shape fitting approach are given
in our previous work (Wang et al., 2022).

Fig. 9 shows the particle size distribution (PSD) of the fragments
at the final stage of the impact. Fig. 9(a) shows the PSD of impacts
with same impact velocity v» = 10 m/s. The curve can be separated
into two series: for cube and cylinder with impact angle 6 > 60°,
the PSD tends to be flatter, indicating that the original agglomerate
was segmented to several major blocks; for cube and cylinder with
impact angle # = 30° and ellipsoid with all impact angles, the PSD
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experiences a sudden increase caused by the unbroken part of the
original agglomerate, indicating that only small fragments were
generated. This result corresponds to the failure of agglomerates
that is shown in Fig. 5. Fig. 9(b) shows the PSD of impacts with same
impact angle ¢ = 90°. For all types of shapes, the amount of frag-
ments generated increases apparently with impact velocity, due to
the increase of impulse energy during impact; cube and cylinder
have similar PSDs for all impact velocities, while ellipsoid generates
fewer fragments compared with cube and cylinder with the same
impact velocity. All the PSD curves in both Fig. 9(a) and (b) have
expressed a low slope at the left and a huge increase at the right,
referring to small fragments and the largest mother fragment,
respectively. This corresponds to the experimental results (Subero
& Ghadiri, 2001; Wang et al., 2022) and numerical results in pre-
vious study (Wang et al., 2022).

4.5. An oblique impact model and unified breakage master surface

An oblique impact breakage model developed in our previous
work (Wang et al., 2022) is adopted to unify the oblique impact of
agglomerates. An equivalent velocity veq is proposed by Wang et al.
(Wang et al., 2022) that can take the velocity tangential component
into account:

Veq = ur\/sin2 0 + ¢ sin® fcos? 0 (10)

In this expression, v, is impact velocity magnitude (m/s), 6 is
angle of impact (—), £ is tangential contribution factor (—).

To describe the breakage ratio B of fragmentation under impact
loading, the Weibull distribution is used:

o-t-oo ()’

where, m and c are fitting parameters (—). Substituting Eq. (10) into
Eq. (11), it evolves

m
B=1—-exp {— (% \/sinzGH—Esin2 0cos? 9) }

In this expression, the tangential contribution factor &, the ve-
locity normalisation factor y and the velocity exponent m are model
parameters and need to be fitted.

(11)

(12)
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Fig. 7. Spatial distribution of particle velocity under different impact angles under 10 m/s impact. (a) Cube (b) Cylinder (c) Ellipsoid.

Fig. 10 shows the unified breakage master surface for breakage Gaussian Newton iteration method, with Eq. (12) as expression.
ratio of three types of agglomerates. The surface is fitted using the Table 4 shows the corresponding fitting parameters in Fig. 10. As
Levenberg—Marquardt algorithm (Moré, 2006), an advance of mentioned above, all these three types of shapes belong to
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superellipsoid, with the only difference of roundness. From ellip-
soid to cylinder, the first roundness ¢; keeps 1.0 whilst the second
roundness &, decreases from 1.0 to positive infinite small
(Soltanbeigi et al., 2021); from cylinder to cube, the first roundness
g1 decreases from 1.0 to positive infinite small whilst the second
roundness e, keeps the positive infinite small. Therefore, £ and y
decrease with e, while m increases with decreased &5, from com-
parison of ellipsoid and cylinder; £ and vy increase with decreased &,
while m decreases with &1, from comparison of cylinder and cube.
There might be quantitative links between &, v, m and roundness
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parameters e1,e;, which needs further investigation in the future. In
addition, according to the previous study (Wang et al., 2022), £
refers to tangential behaviour and should not be negative. However,
for cylinder, the mean of fitted ¢ is below zero, which is unphysical.
Comparing subfigures in Fig. 10, the fitting of master curve for
cylinder is the most suboptimal. As £ refers to tangential behaviour,
and the three types of agglomerates have different instant contact
area during oblique impact, it is assumed that the instant contact
area may have an effect during oblique impact and the master curve
model may be upgraded considering the effect in the future work.
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Table 4
Fitted parameters.

Description Value

Cube

0.13755 + 0.09609
16.07175 + 0.38260
1.08669 + 0.03391

Tangential contribution factor &
Velocity normalisation factor vy
Velocity exponent m

Cylinder

—0.08600 + 0.25903
11.66754 + 0.77681
1.60526 + 0.17135

Tangential contribution factor &
Velocity normalisation factor y
Velocity exponent m

Ellipsoid

0.40447 + 0.04067
25.15075 + 0.18234
1.43027 + 0.01594

Tangential contribution factor &
Velocity normalisation factor vy
Velocity exponent m

4.6. Discussion on constituent sphere resolution

The constituent sphere resolution, as well as the bond param-
eters/properties, may affect the master curve. When the size of
agglomerate remains unchanged while the size of constituent
spheres decreases, i.e. the agglomerate contains more constituent
spheres, the coarse graining approach (Nasato et al., 2015) can be
adopted giving the same mechanical behaviour (including
breakage) by combining several constituent spheres to relatively
larger particles and changing the contact properties accordingly as
the coordination number has changed. In this case, the master
curve model can still predict the breakage of the agglomerate,
though the fitting parameters of the curve may change with bond
properties. However, when the size of agglomerate decreases while
the size of constituent spheres remains unchanged, i.e. the
agglomerate contains fewer constituent spheres, the boundary ef-
fect will enlarge within the agglomerate and the simulated me-
chanical behaviour of the agglomerate may not be true. Therefore,
sufficient constituent spheres are needed within the agglomerate
to control its boundary effect and properly represent its mechanical
behaviour. O’Sullivan (O'Sullivan, 2011) discussed this issue and
suggested the size of the agglomerate should be at least 10—20
times the largest constituent sphere size to ensure enough con-
stituent spheres with the number of at least 1000—8000. The ag-
glomerates in this article all contain around 18,000 constituent
spheres, which is appropriate.

5. Conclusions

In this article, DEM modelling of nonspherical particle breakage
under oblique impact conditions was carried out using a DEM
bonded contact model. Three particle shapes, cubical, ellipsoidal
and cylindrical, are considered where particle shape plays a critical
role in the breakage pattern. The damage ratio, as a function of the
number of broken bonds, is converted to breakage ratio, a function
of fragment size distribution. This conversion serves to establish
the relationship between microscopic and macroscopic breakage
properties. To that end, a Breadth-First Search Algorithm was
developed to elaborate the bonding clusters following impact
breakage. The effect of impact angle is specifically studied for
nonspherical particle impact breakage and the tangential velocity
component becomes increasingly important at shallow impact
angles. In particular, the breakage ratio with varied impact angles is
found to deviate as a function of either impact velocity or normal
velocity component. The equivalent velocity model exclusive to
oblique impact is proposed in a recently developed breakage
model. Using the equivalent velocity combined with DEM, unified
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breakage master surfaces are theoretically constructed for various
particle shapes. It is noted that in this article the bond model is
adopted to model fracture and breakage in macro scale; particle
breakage mechanism at nanoscale may differ from this prediction
due to constitutive model inapplicability.
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